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Abstract The ventral hindwings of Pipevine Swal-
lowtail butterflies, Battus philenor, display a colour-
ful pattern, created by variously coloured wing scales.
Reflectance and transmittance measurements of single
scales indicate that the cream and orange scales contain
papiliochrome pigments, while brown, black and blue
scales contain melanin. Microspectrophotometry and
scatterometry of both sides of the wing scales show that
the lower lamina acts as a thin film, with reflection prop-
erties dependent on the scale’s pigmentation. Notably in
the orange scales, the reflectance spectrum of the lower
lamina is tuned to the pigment’s absorbance spectrum.
The dorsal hindwings of the male (but not the female)
B. philenor are blue-green iridescent. At oblique illumi-
nation, the light reflected by the male’s dorsal hindwings
can be highly polarised, which may have a function in
intersexual signalling.

Keywords Wing scales - Microspectrophotometry -
Scatterometry - Iridescence - Sexual signaling

Paper for a special issue of JCPA, celebrating the 100th
anniversary of the publication of the paper by Karl von Frisch
demonstrating honeybee colour vision.

D. G. Stavenga (PX) - H. L. Leertouwer - B. D. Wilts
Computational Physics, Zernike Institute for Advanced Materials,
University of Groningen, 9747 AG Groningen, The Netherlands
e-mail: d.g.stavenga@rug.nl

Present Address:

B. D. Wilts

Cavendish Laboratory, Department of Physics, University

of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE, UK

Introduction

Butterflies have attracted scientific interest since time
immemorial, initially because of their colourful wings that
intrigued the human observer (Kinoshita 2008), but in the
last century also because butterfly vision has become well
investigated (Arikawa 2003). Already Hooke recognised
that insect vision relies on the multifaceted compound
eyes, but he was astounded at how the tiny visual instru-
ments of insects were able to perform their task (Hooke
1665). Much anatomical detail and optical insight were
obtained in the nineteenth century (Exner 1891), but a
major breakthrough in insect vision research was achieved
by Karl von Frisch, who published 100 years ago his pio-
neering, behavioural work on colour vision of the Euro-
pean honeybee, Apis mellifera (von Frisch 1914). Insect
colour vision has since been a central theme in insect biol-
ogy. Electrophysiological and behavioural studies une-
quivocally demonstrated that bees have trichromatic vision
(Menzel and Backhaus 1989), and as this also holds for
humans, this was for a long time expected to be the case
for insects in general. In the recent decades, this view has
become modified, particularly for the papilionid butterfly
Papilio xuthus, which perceives the colourful world with a
tetrachromatic colour vision system (Kinoshita et al. 1999;
Koshitaka et al. 2008).

In addition to his pioneering work on bee colour vision,
Karl von Frisch also opened up the field of polarisation
vision by his discovery that polarised light plays a princi-
pal role in bee vision, specifically in navigation (von Frisch
1949). Polarisation vision has since played a central role in
visual studies of arthropods. For instance, recent research
has shown that butterflies also have well-developed polar-
isation vision (Bandai et al. 1992; Kelber et al. 2001;
Sweeney et al. 2003; Kinoshita et al. 2011).
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Here, we investigate the spectral and polarisation prop-
erties of the wings of Pipevine Swallowtails, B. philenor,
strikingly coloured butterflies, common in the southern
US states and Mexico, and their relationship with butterfly
vision. The butterflies are aposematic, because the caterpil-
lars feed on plants in the chemically defended genus Aris-
tolochia, thus accumulating abundant aristolochic acids,
which makes the butterflies unpalatable for bird predators.
The colouration of the butterfly is of particular interest,
because the species is at the centre of a mimicry complex
shared by a number of other papilionid as well as nymphalid
butterfly species (Brower 1958; Brower and Brower 1962).
The mimicked pattern is that of the ventral hindwings, dis-
played when resting with closed wings, which consists of
a main, metallic blue field dotted with orange, cream and
white patches (Rutowski et al. 2010; Pegram et al. 2013a).

Several studies have been devoted to the biology of B.
philenor’s colouration, especially its role in mimicry and
signalling (Pegram et al. 2013b; Rajyaguru et al. 2013;
Rutowski and Rajyaguru 2013). Less attention has been
devoted so far to the optical basis of the colours, which
essentially reside in the wing scales that cover the wing
substrate like tiles on a roof. As holds generally for butter-
fly wings, the packing of the scales on the wing membrane,
their pigmentation, and their fine-structure together deter-
mine the colouration (Srinivasarao 1999; Stavenga et al.
2006a; Kinoshita 2008; Kinoshita et al. 2008). A butterfly
wing scale basically consists of two layers of cuticle, the
upper and lower laminae, which are connected by pillars,
the trabeculae (Ghiradella 1998, 2010). The space between
the lower and upper lamina, the lumen, is in many scales
virtually empty, but the lumen sometimes is filled with lay-
ered or intricate three-dimensional structures (Ghiradella
1984). Whereas the lower lamina is usually relatively flat,
the upper lamina is highly structured, with rows of par-
allel ridges (typical interdistance 1-2 pm) covered by
overlapping lamellae. On the ridge slopes, parallel micro-
ribs (interdistance ~0.2 wm) run perpendicular to the ridge
direction. Most of the microribs are commonly interrupted,
and those remaining form the so-called crossribs, which
frame more or less open windows to the scale lumen.

As is usual in colour studies, butterfly wing colours are
classified as structural and pigmentary. Structural colours
predominate when the scale has regular, periodic-spaced
elements, with distances in the submicrometer range. The
most well-known examples are the brightly blue-reflecting
Morpho butterflies, which have scales whose ridges bear
lamellae that function as optical multilayers (Vukusic et al.
1999; Kinoshita et al. 2002). A similar structural organisa-
tion exists in various butterfly species in families other than
the nymphalids, for instance pierids (Ghiradella et al. 1972;
Stavenga et al. 2006; Rutowski et al. 2007; Ingram and
Parker 2008), riodinids (Vukusic et al. 2002) and lycaenids
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(Tilley and Eliot 2002; Bir6 et al. 2007; Wilts et al. 2009).
The blue lycaenids have in the lumen of the blue scales a
multilayer that reflects in the blue wavelength range (Wilts
et al. 2009; Balint et al. 2012). Other lycaenids have scales
with gyroid structures acting as 3D photonic crystals,
reflecting blue and yellow, resulting in a greenish colour
(Michielsen and Stavenga 2008; Michielsen et al. 2010).
Similar 3D structures occur in some papilionids (Vukusic
and Sambles 2003; Wilts et al. 2012a).

When the scale structures are irregularly arranged, inci-
dent light is scattered randomly. In the absence of pigment,
the scales are white (e.g. Stavenga et al. 2010). However,
when a scale contains a pigment, it becomes coloured
depending on the pigment’s absorption spectrum. Actually,
when the pigment absorbs exclusively in the ultraviolet, the
scale remains white for a human observer but it is coloured
in the eyes of butterflies. With absorption spectra extending
into the human visible wavelength range, distinct pigmen-
tary colourations occur that are visible to both butterflies
and humans. Melanin pigments, creating brown to black,
are encountered universally in butterfly wings, but the vari-
ous butterfly families express in addition characteristically
different pigment classes. For instance, ommochromes and
their precursor kynurenine create the red and yellow col-
ours of nymphalids (Nijhout 1991, 1997; Reed and Nagy
2005). Similarly, in papilionids various papiliochromes
yield yellow, orange or red (Umebachi 1985; Koch and
Behnecke 2000; Wilts et al. 2012b). The melanins, ommo-
chromes and papiliochromes are distributed throughout the
wing scale’s structural components, but in the wing scales
of pierid butterflies, pterin pigments are concentrated in
granular beads, attached to the crossribs. The beads func-
tion as short-wavelength absorbing, long-pass filters as well
as effective light scatterers, thus causing bright-white, yel-
low, orange or red-coloured wing scales (Stavenga et al.
2004; Rutowski et al. 2005; Stavenga et al. 2006; More-
house et al. 2007; Wijnen et al. 2007). In some scattered
butterfly cases, flavonoids, carotenoids, and bile pigments
have been demonstrated, specifically in the wing mem-
brane (Nijhout 1991; Stavenga et al. 2010).

Many butterfly wing scales are coloured by both struc-
tural and pigmentary methods. A clear example is the
Papilio nireus group. The wings of these butterflies have
conspicuous blue-green bands surrounded by black mar-
gins. The lower lamina of the scales in the coloured wing
areas is a thin film, reflecting broad-band blue light. The
upper lamina is a thick meshwork of crossribs that con-
tains the violet-absorbing pigment papiliochrome II. The
upper lamina thus acts as an optical band-filter, limiting the
reflected light to the blue-green wavelength range (Trzeciak
et al. 2012; Wilts et al. 2012b).

Melanin pigment has often a contrast enhancement func-
tion. For instance, in Morpho wing scales, the melanin
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deposited below the multilayered ridges effectively absorbs
transmitted light, which potentially could be scattered
back by the wing or other scale structures. The melanin
thus enhances the saturation of the colour signal (Mason
1924; Kinoshita et al. 2008). In a different way, in several
pierid butterflies, the ridge interference reflectors create
an enhanced chromatic signal, which increases contrast
and/or visibility, because they contribute to the reflectance
in the short-wavelength range, where the wing pigments
strongly absorb (Stavenga et al. 2004; Rutowski et al. 2005;
Stavenga et al. 2006; Morehouse et al. 2007; Pirih et al.
2011; Wilts et al. 2011).

To unravel the various components and optical mecha-
nisms that determine the colouration of B. philenor wings,
we have performed (micro)spectrophotometry, (electron)
microscopy, scatterometry, and optical modelling. We thus
found that the blue iridescent colour of the ventral hind-
wing scales has clearly a structural basis, whilst the orange
spots have a pigmentary colour. Our measurements of the
reflection properties of the two sides of single scales, taken
from the different wing areas, indicate that the various col-
ours result from unique combinations of thin-film reflectors
and papiliochrome or melanin pigments.

Of specific interest is that the two sexes of B. philenor
exhibit a strong sexual dichromatism (Rutowski et al. 2010;
Rutowski and Rajyaguru 2013). The dorsal hindwings of
males are blue-green iridescent. The light reflected by the
iridescent hindwings can be distinctly polarised, depending
on the angle of light incidence, which may play an impor-
tant role in intersexual signalling.

Materials and methods
Animals

Wings of B. philenor butterflies, glued to black card-
board, as well as intact butterflies were obtained from a
colony maintained by Kimberly Vann Pegram and Ronald
Rutowski (School of Life Sciences, Arizona State Univer-
sity). Butterflies were also supplied by Ric Wehling (Eglin
AFB).

Photography

The male B. philenor of Fig. 1 was photographed in the
butterfly collection of the National History Museum Nat-
uralis (Leiden, curator Dr R. de Jong) with a Nikon D70
camera, which was also used for photographing the male
and female dorsal hindwings (Fig. 6a, b). Photographs of
single scales, obtained by gently pressing the wings onto
a microscope slide, in immersion fluid (refractive index
1.60 at 586 nm; Figs. 2, 6¢c, d) were made with a Zeiss

Universal Microscope (Zeiss, Oberkochen, Germany) using
a Nikon Fluor 40/1.30 oil objective (Nikon, Tokyo, Japan);
the digital camera was a Kappa DX-40 (Kappa Optron-
ics GmbH, Gleichen, Germany). For the photograph of a
local wing area, an Olympus 10/0.30 objective was used
(Olympus, Tokyo, Japan; Fig. 3a). For the photograph of
an orange scale (Fig. 3b), a dark field Zeiss Epiplan 80/0.95
objective and for that of a blue scale (Fig. 3c) a bright
field Epiplan 40/0.85 objective were used. Photographs of
both the adwing (lower) side and abwing (upper) side of
single scales glued to a glass micropipette (Fig. 4) were
made using a Zeiss Epiplan16, 0.35 objective. Photographs
of the dorsal hindwing scales (Fig. 6¢, d) were made with
an Olympus SZX16 stereomicroscope equipped with an
Olympus DP70 digital camera.

Spectroscopy

Reflectance spectra of different wing areas (Fig. 1c) were
measured with a bifurcated probe (Avantes FCR-7UV200;
Avantes, Eerbeek, Netherlands), using an AvaSpec 2048-2
CCD detector array spectrometer (Avantes, Eerbeek, Neth-
erlands). The light source was a deuterium-halogen lamp
(AvaLight-D(H)-S). The bifurcated probe, positioned nor-
mally to the wing surface, illuminated an area with a diam-
eter of about 1 mm and captured the light reflected in a
small spatial angle, aperture about 20°. The reference was
a white diffuse reflectance tile (Avantes WS-2), and thus
non-diffusively reflecting wing parts could yield relative
reflectance values larger than 1. The white diffuse refer-
ence was also used in the measurements of the reflectance
spectra of both sides of single scales attached to a glass
micropipette, which were performed with a microspectro-
photometer (MSP; Fig. 4). The MSP consisted of a Leitz
Ortholux microscope (Leitz, Wetzlar, Germany) connected
to the detector array spectrometer, with a xenon arc lamp
light source. Absorbance spectra of single scales immersed
in refractive index fluid were also measured with the MSP
(Fig. 2). The area measured with the MSP was rectangular
with sides typically ~15 pm. The microscope objective was
an Olympus LUCPlanFL N 20x, 0.45 (Olympus, Tokyo,
Japan). Due to the glass optics, the MSP spectra were lim-
ited to wavelengths >350 nm. To determine the absorp-
tion properties of cuticle at shorter wavelengths, we used
two opposed optical fibres with the deuterium-halogen
light source and the detector array spectrometer and meas-
ured the spectral transmittance of a wing piece of a cicada
(probably Cicochila australasiae), which has clear wings
without scales (Fig. 5a). The thickness was derived from
reflectance measurements using thin-film theory (Stavenga
et al. 2012b) and the known refractive index (Leertouwer
et al. 2011). This allowed calculation of the absorption
coefficient.
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Fig.1 A male Pipevine Swallowtail. a Dorsal view, showing the
brown forewings and the blue iridescent dorsal hindwings, with whit-
ish areas and cream-coloured crescents. b Ventral view, showing
brown forewings with creamy spots, and hindwings, which also have
a brown area, but mostly feature a bright blue iridescent area (4),
together with orange spots (3), bordered by black (6) and white (1)
areas, and cream-coloured (2) crescents at the wing margins; scale
bar a, b 2 cm. The arrow points to the area where Fig. 3a was taken.
¢ Reflectance spectra measured from the numbered areas in b
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Fig. 2 Absorbance spectra measured from single scales, taken from
the numbered areas of Fig. 1b. a Absorbance spectra of a cream-col-
oured (Fig. 1b, #2; inset, left scale) and an orange (Fig. 1b, #3; inset,
right scale) wing scale, measured from the tip (solid curves; inset,
solid squares) and root (dashed curves; inset, dashed squares) areas.
Scale bar (insets): 50 wm. b Absorbance spectra measured from a
black, blue, brown, and white scale (Fig. 1b, #6, 4, 5, and 1, respec-
tively)

Scanning electron microscopy (SEM)

A scanning electron microscope (Philips XL-30 ESEM,;
Philips, Eindhoven, The Netherlands) was used to visualise
the scale anatomy (Fig. 3d, e). Prior to imaging, the sam-
ples were sputtered with palladium.

Imaging scatterometry

For investigating the spatial reflection characteristics of the
wing scales, we performed imaging scatterometry (Stavenga
et al. 2009; Vukusic and Stavenga 2009; Wilts et al. 2009). An
isolated, single scale attached to a glass micropipette (Fig. 4)
or a wing patch (Fig. 7) was positioned at the first focal point
of the ellipsoidal mirror of the imaging scatterometer. The
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Fig. 3 Structure of various Battus philenor wing scales. A Photo-
graph of a small area of the ventral hindwing, with orange, white,
blue and black scales (indicated by the arrow in Fig. 1b). b Epi-
illumination light microscopy of an orange scale. ¢ A blue scale with
in between the ridges bright-blue reflecting areas with central rows
of small, dark dots. d Scanning electron microscopy (SEM) of an
orange scale, showing ridges with slightly overlapping lamellae and
crossribs creating irregularly shaped windows. e SEM of a blue scale
with microribs leaving very small windows. f, g Two of the scale
types classified by Ghiradella (1998, 2010). Scale bars a: 100 pm; b,
c: 10 um; d, e:2 pm

scatterograms were obtained by focusing a white light beam
with a narrow aperture (~5°) at a small circular area (diam-
eter ~13 pwm) of the isolated scale, and the spatial distribution
of the far-field scattered light was then monitored. A flake of
magnesium oxide served as a white diffuse reference object.

Polarisation- and angle-dependent reflectance
measurements

The angle- and polarisation-dependence of the reflectance
spectra of the male dorsal hindwing was measured using
two optical fibres (Fig. 8). One end of the first optical fibre
was connected to a xenon lamp, and its other end was
mounted at a goniometer together with a small lens, which
focused the fibre tip at the goniometer’s rotation axis.
At a second goniometer one end of the second fibre was
mounted with additionally a focusing lens and a polarisa-
tion filter, which could be rotated around the optical axis of
lens and fibre entrance; the other end of the fibre was con-
nected to the CCD detector array spectrometer. The rotation
axes of the two goniometers coincided and the two fibre
tips rotated in the same plane. The wing patch to be meas-
ured was positioned in that plane, at the axis of rotation
of the goniometers. The aperture of the fibres was 5° (full
width at half maximum of the far-field radiation pattern),
and the distance of the tips to the centre of the illuminated
spot was 4 and 12 cm, respectively. The receiving fibre thus
sampled a larger area than the illuminated spot (but it did
not fully capture all the reflected light). The white diffuse
reflectance tile (Avantes WS-2) served as reference.

Calculations of thin-film reflectance spectra

For calculating the reflectance of a single thin film (Fig. 5b,
c), we used the Airy formulae, as before (Stavenga et al.
2012b). For the calculations of the reflectance of a mul-
tilayer consisting of three thin films (Fig. 5c), we used a
matrix formalism (Stavenga et al. 2011).

Results
Colour and reflectance spectra of B. philenor wings

Both dorsal (upperside) and ventral (underside) hindwings
of the male Pipevine Swallowtail butterfly have a main
bluish-metallic reflection, whereas the forewings are dark-
brown to black (Fig. 1). The ventral hindwings are strik-
ingly marked by a curved row of prominent submarginal
orange spots, which are flanked by black and white areas.
The ventral hindwings are fringed by cream crescents
(Fig. 1b). The forewings are dotted with similar cream-col-
oured spots (Fig. 1a, b).

We measured reflectance spectra from the various col-
oured areas with a bifurcated probe (Fig. 1c); the spec-
tra’s number corresponds to the numbered area in Fig. 1b.
In the cream and orange wing patches, the reflectance is
low at short wavelengths and high at long wavelengths,
which is characteristic for light scattering media containing
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Fig. 4 Optics of single ventral
hindwing scales (male). Left-
hand column photographs of
abwing (top) and adwing (bot-
tom) sides of a blue (a), black
(b), white (c), and orange scale
(d); scale bars 50 pm. Middle
column reflectance spectra
measured from a small area,
indicated by the white square in
the photographs of the left-hand
column. Right-hand column
scatterograms of a small area in
the ab- and adwing sides of the
four scales. The circles indicate
scattering angles of 5°, 30°, 60°,
and 90° (see Fig. 7b)
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short-wavelength absorbing pigments, which thus act as
long-pass optical filters. In all wing areas, the reflectance
in the ultraviolet is minor, except perhaps in the very small
white patches.

Pigmentation of the wing scales
To investigate the nature of the pigments present in the

scales, we isolated single scales from the various wing
areas, embedded them in a medium with refractive index

«Fig. 5 Thin film optics of blue/green scales. a Refractive index of the

scale cuticle and its associated absorption coefficient. Inset: diagram
of a blue scale, consisting of a flat lower lamina and a curvy upper
lamina, which are connected by trabeculae. b Reflectance spectra of
a single thin film, consisting of chitin, with thicknesses 160, 200 and
240 nm. The dashed curves hold for thin films made of cuticle with
refractive index as given in a, but neglecting absorption. The con-
tinuous curves are obtained when absorption is taken into account,
assuming an absorption coefficient as given in a. ¢ Reflectance spec-
tra for a thin film cuticle with thickness 220 nm, with the refractive
index and absorption coefficient of a (blue curve chitin); for the same
thin film, but containing melanin with half of the absorbance of the
blue scale of Fig. 2b (cyan curve melanin); for the latter thin film but
with an 0.2 higher refractive index (green curve mel plus); for two
of the latter thin films separated by an air gap at a distance 1.0, 1.1,
1.2,...2.0 wm (grey spectra), yielding as the average reflectance spec-
trum the red curve (3 layers). Calculation of the reflectance as the
average electric field amplitude squared yielded the black curve

1.6, which approximates the refractive index of butterfly
scales (Leertouwer et al. 2011; Stavenga et al. 2013), and
then measured the absorbance spectra at various locations
of the scale (Fig. 2). The absorbance spectra of one and
the same scale have always the same shape, but the ampli-
tude gradually decreases from the scale tip to the scale root
(Fig. 2a). The pigment of the cream scales absorbs mainly
in the (ultra)violet and has a peak absorbance at 387 nm
(Fig. 2a). The spectrum closely matches that of papili-
ochrome II, which was first identified in another papilionid
butterfly, the Japanese Yellow Swallowtail, Papilio xuthus
(Umebachi 1985; Wilts et al. 2012b). The absorbance spec-
trum of the pigment in the orange scales of B. philenor
peaks also in the ultraviolet, but it extends to much longer
wavelengths than papiliochrome II (Fig. 2a).

Not surprisingly, the absorbance of the white scales
appears to be very minor above 400 nm (Fig. 2b). Never-
theless, the reflectance of the white area (Fig. 1c, #1) in the
far-ultraviolet (<300 nm) is very low, which must be due
to chitin, the basic material of the scales and wings of B.
philenor, like in the wings and cuticle of other insects (see
below). Evidently, when the scales are additionally filled
with the pigments of Fig. 2a, the long-pass spectra of the
cream (Fig. 1c, #2) and orange scales (Fig. 1c, #3) result.

The absorbance spectra of the black, blue, and brown
scale have a similar shape, clearly revealing the presence
of melanin (Fig. 2b). The reflectance spectra of the cor-
responding wing areas are quite different, however. The
wing areas with brown scales have a higher reflectance than
the black areas (Fig. lc, #5 and #6), which can be read-
ily understood from the brown scales’ lower absorbance
(Fig. 2b). The absorbance of the blue scales is in between
those of the brown and black scales (Fig. 2b), and thus a
reflectance spectrum of the blue wing area in between
those of the brown and black wing areas might have been
expected, but the actually measured reflectance spectrum is
completely different (Fig. Ic, #4). This suggested that the
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Fig. 6 Sexual dimorphism of the dorsal hindwings. a, b Photographs
of the dorsal hindwings of a male and female B. philenor glued to
black cardboard. ¢, d Close-up views of the male and female wings
indicated in a and b by the small dot in front of the arrowhead.
Insets: scales immersed in a fluid with refractive index 1.60 observed
with transmitted light. e Reflectance spectra of the wings measured
near the arrowheads in a and b with a bifurcated probe. Scale bars a,
b: 1 cm; ¢, d: 100 pm

blue colour must have a structural basis, which we, there-
fore, further investigated.

Scale structure
To uncover possible differences in scale structure, we applied
incident light and scanning electron microscopy (Fig. 3).

We thus encountered in B. philenor two of the seven main
classes of butterfly scale types distinguished by Ghiradella
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(1998, 2010). The abwing (upper) surface, i.e. the surface
of the upper lamina, always features parallel ridges (Fig. 3b,
c), consisting of slightly overlapping lamellae, with micro-
ribs running perpendicularly to the ridges (Fig. 3d, e). In
all scales except the blue ones (Fig. 3e), the microribs leave
irregularly shaped open windows (Fig. 3d). The size of the
windows somewhat varies between the different coloured
scales. The windows of the blue scales’ upper lamina are
very small (see Ghiradella 1985), which apparently has a
profound effect on the scale’s reflectance properties.

The adwing (lower) surface, i.e. the surface of the lower
lamina, is generally rather smooth with slight wrinkles, as
is well-known to hold for most butterfly wing scales (Ghi-
radella 1998; not shown).

Dependence of the spectral reflectance on scale structure
and pigmentation

To learn how the pigmentation, structure and reflection char-
acteristics of the various scales are related, we isolated single
scales from the various coloured wing areas, mounted them
on a glass micropipette and measured from both the abwing
and adwing surface the reflectance spectra, using a micro-
spectrophotometer. The rationale for investigating both scale
surfaces was the question to what extent the lower lamina
contributes to the total scale reflectance when the scale is
illuminated from above in the normal, in situ situation.

Figure 4 shows the results for a blue (Fig. 4a), a black
(Fig. 4b), a white (Fig. 4c), and an orange (Fig. 4d) scale,
in the left-hand column photographs of the ab- and adwing
surface and in the middle column reflectance spectra. The
small squares in the photographs indicate the areas where
the reflectance spectra were measured.

The blue scale has a blue-metallic appearance at both
sides (Fig. 4a). The shape of the reflectance spectra une-
quivocally indicates thin-film reflection (see further below).
The black scale’s abwing side is, indeed, black, with mini-
mal reflectance (Fig. 4b), clearly due to the high mela-
nin absorbance (Fig. 2b). The adwing side shines metal-
lic, in agreement with the measured reflectance spectrum
(Fig. 4b). Colour and reflectance spectrum somewhat
depend on the location, indicating that the lower lamina
is an optical thin film with slightly varying thickness. The
white scale’s abwing side is dull-white, and the reflec-
tance is substantial at all wavelengths (Fig. 4c), in agree-
ment with the absence of an absorbing pigment (Fig. 2b).
Locally at the adwing side a blue sheen is visible, indicat-
ing that the lower lamina of the white scale also acts as a
thin film. Reflectance spectra measured from different areas
of the white scale’s adwing side resemble those measured
at the abwing side. This suggests that in both cases light
scattering by the ridges and crossribs as well as thin-film
reflections by the lower lamina contribute to the reflectance
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Fig. 7 Imaging scatterometry of a wing piece from the dor-
sal hindwing of a male Battus philenor. a A spot with diameter
about 530 pwm, indicated by the red circle, is illuminated; scale bar
100 wm. b Diagram of the reflection by the wing piece from inclina-
tion angles 15°, 45°, and 75° (#1, 2, 3, respectively). If the wing acts
as a mirror, the reflected beams have the same inclination angles as
the incident light beams. The red circles represent angular directions
with inclination angles of 5°, 30°, 60°, and 90°. These directions are

signal. Finally, the orange scale has abwing a dull orange
colouration, clearly due to the short-wavelength-absorbing
pigment identified in Fig. 2a, which causes a low reflec-
tance at short wavelengths and leaves a high reflectance
at long wavelengths (Fig. 4d). Observation of the adwing
side shows a metallic reflection, varying from golden to
purplish, again indicating thin-film optics, but the thin film
must be quite different from those of the other scales. Com-
pared to the other scales, the reflectance spectrum is shifted
~100 nm towards shorter wavelengths, which suggests an
appreciable lower thickness, as follows from the analysis
below (section Thin films).

Spatial distribution of scattered light by the wing scales
of B. philenor

The reflectance spectra of Fig. 4 (middle column) were
measured with a microspectrophotometer via an objective

shown as red circles in the polar plots of ¢ and d. ¢ Superimposed
scattering patterns obtained with narrow aperture (~10°) beams of
polarised white light incident from three directions, with inclina-
tion angles about 15°, 45°, and 75° (beam 1, 2, and 3, respectively,
indicated by white dots). The TE-polarised light creates patterns 1, 2,
and 3, respectively. d Superimposed scattering patterns obtained with
TM-polarised light, incident from the same angles as in ¢. The black
shadow at 9 o’clock is due to the glass pipette holding the wing piece

with a limited aperture, which thus captures only part of
the reflected light. To study the angular distribution of the
scattered and reflected light in the full hemisphere above
the scales’ surface, we applied imaging scatterometry. A
narrow aperture, white light beam illuminated a small area
in the middle of the scale shown in the photographs in the
left hand column. This yielded the scatterograms of Fig. 4,
right-hand column.

The scatterogram of the abwing side of the blue scale
(Fig. 4a) is a blue-coloured dotted pattern, resembling a
diffraction pattern. The upper lamina of the blue scale is a
blue-reflecting layer interrupted by an array of longitudinal
ridges (Fig. 3c), which will cause a blue diffraction pat-
tern oriented perpendicular to the ridges. The scatterogram
of the adwing side of the blue scale is a blue fuzzy spot.
Clearly, the lower lamina acts as a blue-reflecting thin film,
but because it is not perfectly flat (see the adwing photo-
graph), the reflected light is slightly spread out.
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Fig. 8 Angle and polarisation dependence of the light reflection of
the male dorsal hindwings. a Reflectance spectra measured as a func-
tion of the angle of light incidence for TE-polarised light. b Reflec-

In the black scale’s abwing scatterogram (Fig. 4b), dif-
fraction is prominent, but also wide-field scattering is
visible. We have to note here that the scatterogram was
obtained with a long exposure time, because the reflection
intensity was very minor (as shown by the minimal abwing
reflectance spectrum). Quite in contrast is the adwing scat-
terogram, which is again a fuzzy blue spot, clearly due to
the lower lamina’s (slightly wrinkled) thin film.

The scatterogram of the white scale’s abwing sur-
face features a distinct, spatially extended coloured line
(Fig. 4c), demonstrating that the scale ridges acted as a
reflection grating. Wide-field scattered light can be addi-
tionally recognised. The scatterogram of the white scale’s
adwing surface shows in the centre a bluish, fuzzy spot,
which must represent thin-film reflections from the lower
lamina. Additionally, a diffraction pattern can be seen,
which must be due to light that had passed the scale’s lower
lamina and was subsequently reflected by the scale’s upper
lamina, where the ridges again acted as a reflection grating.
Furthermore, there is wide-field scattered light, which
must be due to scattering by the scale components, i.e. the
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incidence angle (deg)

tance spectra for TM-polarised light. ¢ Peak wavelengths of the
reflectance spectra. d Peak reflectance of the spectra for TE- and TM-
polarised light

crossribs and the trabeculae that connect the upper and
lower lamina.

The scatterogram of the abwing side of the orange scale
(Fig. 4d) also shows a diffraction pattern, but here wide-
field, orange-coloured scattered light dominates, undoubt-
edly emerging from the irregular arranged structures in the
upper lamina and the trabeculae. The adwing scatterogram
has a prominent central fuzzy spot, due to the directionally
reflecting lower lamina, plus wide-field-scattered, orange
light coming from the other scale components.

Figure 4 does not include a cream-coloured scale,
because it appeared to be an intermediate case of the white
and orange scales. Similarly, the data obtained with brown
scales resembled those of the black scales.

The scatterograms show that butterfly wing scales are
complex optical systems. With normal illumination, that is,
from the upper, abwing side, light diffraction by the array
of ridges in the upper lamina is always present. Indeed, dif-
fraction by the array of parallel ridges of the scales’ upper
lamina is universally observed in butterfly scales (Giraldo
2008; Kinoshita 2008). Wide-field light scattering is
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especially prominent in the pigmented scales, and thin-film
reflection is dominant in the blue scales. Thin-film reflec-
tion also occurs in black and brown scales, but the high
pigment absorbance effectively prevents its contribution
to colouration. The blue scales also have a considerable
amount of melanin, even substantially higher than that in
the brown scales (Fig. 2b), and, therefore, the contribution
of the blue scales’ lower lamina to the reflected light sig-
nal is minor, like in the brown scales. In other words, the
reflectance of the blue scale measured with normal, abwing
illumination will be virtually exclusively determined by
the reflecting upper lamina. This conclusion is underscored
by the absence of a fuzzy spot in the abwing scatterogram,
which only shows a narrow diffraction pattern (Fig. 4a).

Thin films

The combination of pigments and structures determine the
colours displayed by the wing scales of B. philenor. Of pri-
mary importance is, of course, the main material of the but-
terfly wing scales, chitin. We previously studied the glass
scales of another papilionid butterfly, Graphium sarpedon
(Stavenga et al. 2012b). These scales are unique, since tra-
beculae are missing and the upper and lower lamina, each
with thickness ~200 nm, are collapsed, together approxi-
mating a single cuticular plate with thickness ~400 nm.
The glass scales allowed the measurement of the refractive
index throughout the visible wavelength range, being about
1.55, with a minor, normal dispersion (Fig. 5a, from Leer-
touwer et al. 2011). The absorption spectrum of the scales’
chitin could only be measured with our microspectropho-
tometer at wavelengths >350 nm and, therefore, we meas-
ured the absorption coefficient of a piece of cicada wing
(Fig. 5a). The cicada’s chitin absorbs in the far-ultraviolet,
with a distinct peak at ~280 nm (Stoddart et al. 2006). The
absorption peak fully corresponds with the reflectance min-
imum of the white areas in the ventral hindwings (Fig. lc,
#1).

The reflectance measurements and scatterometry of the
adwing side of the scales demonstrated that the lower lam-
ina acts as a thin film (Fig. 4). Using the refractive index of
the glass scales of G. sarpedon, we calculated the reflec-
tance spectra for three thin films, with thickness 160, 200,
and 240 nm (Fig. 5b). We distinguished two cases. First,
we neglected the cuticle absorption, which yielded the
dashed spectra of Fig. 5b. Second, we included the chitin
absorption, which yielded the continuous curves (Fig. 5b).
The calculated reflectance spectra have 150-200 nm wide
bands, with peak reflectances only slightly depending on
dispersion and absorption; the wavelength position of the
extrema strongly depends on the film thickness, however.
Concerning shape and bandwidths, the calculated spectra
resemble the oscillating reflectance spectra measured from

single, isolated scales, but the extrema of the reflectance
spectra measured from the different scales did not all have
the same wavelength position. This indicates that the thick-
ness of the scales’ lower lamina varies (Fig. 4). The thin
film thickness of the black (Fig. 4b) and white (Fig. 4c)
scales appears to be <200 nm, and especially for the orange
scales (Fig. 4d), the reflectance spectra suggest values
<160 nm. A smaller thickness of the orange scales may
have special functional relevance, because the reflectance
is then high in the long wavelength range, that is, where
the orange scale’s pigment no longer absorbs. The lower
lamina thus can noticeably contribute to the total scale
reflection.

The reflectance spectra measured from the two sides of
the blue scale are very similar (Fig. 4a). Thin-film theory
yields for a thin film with thickness 220 nm and the refrac-
tive index of an unpigmented butterfly scale a blue-peaking
reflectance spectrum (Fig. 5c, cuticle—blue curve). How-
ever, the blue scales contain a substantial amount of mela-
nin pigment (Fig. 2b), which must be taken into account.
Assuming that the melanin is equally distributed in the two
laminae yields a reduced reflectance for the same thin film
(Fig. 5c, melanin—cyan curve). Yet, highly concentrated
melanin in a very thin layer can cause a substantial increase
of the refractive index, from 1.6 up to 1.8 (Stavenga et al.
2012a). Assuming such a refractive index increase not only
causes an increased reflectance, but also shifts the reflec-
tance spectrum to distinctly longer wavelengths (Fig. Sc,
mel plus—green curve). Still, the blue scale is not a sin-
gle thin film, but it is in fact a multilayer, consisting of two
melanin-pigmented cuticle layers that are separated by a
variable air gap (Fig. 5a, inset). We, therefore, calculated
the reflectance spectra for 11 cases of two parallel thin
films, separated by an air gap varying in steps of 0.1 pm
between 1.0 and 2.0 wm. These 3-layer systems yielded
strongly oscillating reflectance spectra (Fig. Sc, grey
curves; see also Trzeciak et al. 2012). The amplitude of the
average reflectance spectrum of the 11 cases is only slightly
higher than the amplitude of the spectrum for a single layer
(Fig. 5c, 3-layers—red curve). Yet, instead of averaging
the reflectance of the 11 individual cases, it may be more
appropriate to calculate the square of the average of the
electric field amplitudes (Fig. 5c, 3-layers—black curve).
That yields a reflectance spectrum that is almost indistin-
guishable from the one of a single layer. This suggests that
the absorbing melanin in the layers in fact optically isolates
the lower and upper lamina from each other.

Sexual dichromatism of the dorsal hindwings
Male B. philenor have dorsal hindwings with a number of

whitish spots in a main, prominent metallic blue-green area
(Figs. la, 6a). The dorsal hindwings of female feature the
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same assembly of spots, but the main area is here brown-
black (Fig. 6b; see also Rutowski et al. 2010). Although
the male and female dorsal hindwings have strongly dif-
ferent colours, they have similar scale patterns (Fig. 6c,
d). Microspectrophotometry of their scales immersed in
a refractive index fluid showed very similar melanin pig-
mentation (Fig. 6¢c, d, insets) with absorbance spectra vir-
tually identical to those of the blue scales of the ventral
hindwings (Fig. 2b). The wing reflectance spectra strongly
differ (Fig. 5e), which is probably due to the scales’ struc-
ture, as indicated by scanning electron microscopy. The
abwing surface of the scales at the dorsal hindwings of the
male resembles that of the blue scales of the ventral hind-
wings (Fig. 3e, g), however, with slightly larger windows
(not shown), while in the female the dorsal hindwing scales
have rather large windows, similar as those of the orange
and black scales (as in Fig. 3d). Scales with melanin pig-
ment and large windows illuminated from the abwing side
are brown or black (Figs. 1, 2b), but scales with small
windows are blue-green iridescent (Figs. 1, 2, 3). In other
words, the size of the windows has a crucial effect on the
scale’s appearance. Like in the blue scales of the ventral
hindwings, the upper lamina of the scales of the male dor-
sal hindwings acts as a thin film reflector, causing a blue-
green colour, while the upper lamina of the female scales
rather acts as a pigmented diffuser, causing a dull black
colour, or, at most a dim iridescence in some females (R.
Rutowski, personal communication).

The strong sexual dichromatism of the dorsal hind-
wings suggests a primary role in intersexual signalling.
The male’s blue on the dorsal hindwings is known to be a
sexual signal (Rutowski and Rajyaguru 2013). During wing
movements, the angles of light incidence and reflection, as
well as the wing angle with respect to an observer, severely
changes, which thus will make the reflectance angle-
dependent. Interestingly, because the wings reflect light
more or less directionally, polarisation becomes an impor-
tant aspect. We have, therefore, investigated the angle- and
polarisation-dependent reflections of the male’s dorsal
hindwings (Fig. 7). We mounted a small wing piece at a
glass micropipette and measured its light reflection prop-
erties with the imaging scatterometer, using a linear-polar-
ised, narrow aperture white light beam (~5°). The beam
illuminated an area with diameter ~0.53 mm (Fig. 7a) from
angular directions about 15°, 45°, and 75° with respect to
the normal (indicated in the diagram of Fig. 7b by the num-
bers 1, 2, and 3) with the plane of light incidence approxi-
mately parallel to the longitudinal ridges.

If the scales reflected the incident light specularly, the
reflected light beams would leave the wing piece under
the mirror angle (diagrammatically shown in Fig. 7b by
the numbers 1, 2, and 3). This is not precisely the case, as
shown by Fig. 7c and d, which present the superimposed
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scattering patterns resulting for the three illuminations for
TE-(transverse electric- or s-) and TM-(transverse mag-
netic- or p-)polarised light, respectively. The scatterograms
are reminiscent of the diffraction patterns, obtained with
local illumination of single scales (Fig. 4), but the patterns
are distinctly broadened due to the not perfectly coplanar
arrangement of the scales. The centre of the diffraction pat-
terns, located in the plane of light incidence, is at the mirror
angle, however. With increasing angle of light incidence,
the intensity of the reflected light increases for TE-polar-
ised light, whilst it decreases for TM-polarised light; fur-
thermore, with an increase of the angle of light incidence,
the colour of the reflected light shifts towards shorter wave-
lengths, from blue-green to blue, as expected from thin-
film optics (Fig. 7c, d).

The scatterograms of Fig. 7 demonstrate that the reflec-
tance of the male dorsal hindwings strongly depends on
polarisation. To investigate this further, we have measured
angle-dependent reflectance spectra of a male dorsal hind-
wing for both TE- and TM-polarised light, using a setup
consisting of two rotatable optical fibres connected to a
spectrometer. The light beam’s incident plane was again
along the longitudinal ridges of the scales (approximately
corresponding to the vertical coordinate of Fig. 7c, d), and
the light-collecting optical fibre was rotated in the same
plane until the signal was maximal; the fibre’s angular posi-
tion where the reflection signal was maximal was found to
be always virtually identical to the mirror angle.

At normal incidence, the peak reflectance was ~500 nm,
but with increasing angle of incidence the peak wavelength
was blue shifted for both TE- and TM-polarised light
(Fig. 8a—c). The angle-dependence of the reflectance ampli-
tude was quite different for both cases, however (Fig. 8a, b,
d). With increasing angle of incidence, the peak amplitude
monotonically increased for TE-polarised light, but for
TM-polarised light, the amplitude first decreased, became
minimal between 50° and 60°, and increased again for
larger angles.

Modelling of the angle-dependent reflectance spectra
for a single thin film closely resembled the experimental
curves, but perfect correspondences could not be obtained,
most probably because of the variations in scale structure
and scale arrangement on the wing. Nevertheless, both cal-
culated and experimental spectra demonstrated strongly
polarised light reflections at oblique illuminations.

Discussion

Pigments

The wing scales of B. philenor contain various pigments.
The white scales appear to be non-pigmented with only
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chitin present. The cream-coloured scales probably con-
tain papiliochrome II, which absorbs distinctly in the
ultraviolet only, while the pigment in the orange scales
absorbs as well in the blue wavelength range (Fig. 2a).
The latter pigment’s absorbance spectrum is very similar
to that of the pigment in the orange spots that exists on
both dorsal and ventral wings of P. xuthus (Wilts 2013).
Presumably, this pigment is an as yet uncharacterised
papiliochrome.

The prominent element of the brown, blue and black
scales is melanin pigment, with a broad absorption range,
extending from the ultraviolet into the infrared (Fig. 2b).
We previously found that the absorbance spectrum of the
melanin of damselfly wings could be well fitted with an
exponential function D = Dyexp(—A/L,,), yielding a value
Ay = 175 nm, corresponding to that describing the spec-
trum of vertebrate eumelanin (Stavenga et al. 2012a). Fit-
ting an exponential to the melanin spectra of B. philenor
yielded much larger values, A,, = 250-300 nm, however,
indicating that the melanin absorbance spectrum is species
dependent.

Thin films

An important finding of the present study is that a scale’s
colour not only depends on the specific pigment and its
concentration, but also on the lower lamina’s thin film
characteristics. Furthermore, pigment and thin film seem
to be spectrally tuned. For B. philenor, this is most appar-
ent in the orange scales. The transmittance of the pigment
in the upper lamina is low in the short-wavelength range
and high at longer wavelengths, and the reflectance of the
lower lamina’s thin film has the same spectral properties.
In the unpigmented white scales, the diffusive upper lam-
ina and lower lamina’s thin film jointly cause a broad-
band reflectance spectrum. In the black scales, the lower
lamina strongly reflects in the blue wavelength range,
but the heavily pigmented upper lamina most effectively
suppresses this reflection because of the higher melanin
absorption at shorter wavelengths. The situation is dif-
ferent in the blue scales, where both lower and upper
lamina act as thin films with maximal reflection in the
blue wavelength range (Fig. 4a). Modelling yields that
for abwing illumination, the upper lamina determines
the reflectance (Fig. 5c). We may speculate that a pos-
sible reason for the melanisation of the blue scales is to
optimise polarisation. In case both the upper and lower
lamina can contribute to the scale reflectance, the light
fraction that is reflected by the lower lamina may become
depolarised when it has traversed twice the upper lamina
and the trabeculae. Oblique illumination will then not
yield a strong polarisation signal as is the case with only
a single reflecting layer.

Diffraction

All scales, when illuminated at the abwing side with a point
source, show a distinct diffraction pattern, which is cre-
ated by the array of parallel ridges. Especially the diffrac-
tion pattern of the white scales is colourful (Fig. 4c). In the
scales with papiliochromes, the diffracted light is spectrally
filtered, which causes a cream or orange colour (Fig. 4d).
In the brown and black scales, substantial absorption of the
incident light by melanin severely reduces the reflection, so
that documenting a clear diffraction pattern required a pro-
longed exposure (Fig. 4b). The diffraction patterns vanish,
however, with an increase of the aperture of the illuminat-
ing light source and/or increase of the illumination area,
resulting in a diffuse colour.

Sexual dichromatism

The coloured scale patterns displayed on the dorsal and
ventral sides of the wings of butterflies very often dif-
fer distinctly, indicating their different biological func-
tions. For instance the peacock, Aglais io, a nymphalid,
has colourful dorsal wings, with prominent eyespots,
presumably functioning in scaring away predatory birds
(Blest 1957). The peacock’s ventral wings are on the
contrary a very inconspicuous dull brown, creating a
perfect camouflage of the butterfly in a cluttered envi-
ronment when at rest. The situation is very different in
the case of the Pipevine Swallowtail, B. philenor. Here,
the ventral hindwings of both the male and female have
a very conspicuous patterning. The display of the hind-
wings is quite effective in signalling the unpalatability
of B. philenor butterflies (Brower 1958; Pegram et al.
2013a, b). B. philenor is in the centre of a Batesian mim-
icry complex, so that a number of non-toxic butterfly
species with similar wing patterns is less vulnerable for
predation (Brower 1958; Brower and Brower 1962; Pru-
dic and Oliver 2008).

The scales on the dorsal hindwings of male and female
of B. philenor contain about the same amount of melanin
(Fig. 6c, d, insets), but the virtually closed windows of the
male’s scales vs the much wider windows of the female’s
scales cause the dramatically different colours: the scales
of the male and female are distinctly iridescent and dull
brown-black, respectively (Figs. 6, 7), suggesting that the
iridescence of the male’s dorsal hindwings functions in
intersexual signalling (Kemp and Rutowski 2011; Rajyag-
uru et al. 2013). During flight and during the male’s court-
ship behaviour, the moving wings cause a continuously
changing angle of observation for an expectant observer
and thus will cause a continuously changing colour
(Rutowski and Rajyaguru 2013). If the set of photorecep-
tors of B. philenor is similar to that of the related papilionid
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Papilio xuthus (Arikawa 2003), specifically the violet and
blue receptors will detect a strongly varying signal.

With non-normal illuminations of the male dorsal hind-
wings, the reflected light becomes polarised, with only TE-
polarised light remaining at a Brewster’s angle of 50°-60°
(Figs. 7, 8). Papilionid butterflies can well detect polarised
light (Bandai et al. 1992; Kelber et al. 2001; Kinoshita et al.
2011), and thus female B. philenor may be able to discrimi-
nate the shiny reflections from the males’ dorsal hindwings
from both the changes in colour and polarisation.

Conclusion

This study shows that the colouration toolkit of B. phile-
nor consists of thin films, papiliochrome and melanin pig-
ment. These elements are used in various combinations.
Not surprisingly, comparative studies on other butterfly
families revealed very similar colouration mechanisms
(Stavenga et al. in preparation). Melanin pigments are
encountered universally, but nymphaline butterfly wing
scales contain, instead of papiliochromes, ommochromes
and kynurenine, and the scales of pierids have granules
with pterins. Although butterfly scales are known to occur
in a wide variety of shapes and colour, the most ubiqui-
tous scale type consists of a flat lower lamina, which acts
as an optical thin film, and an upper lamina consisting
of ridges and crossribs, which together act as a diffuser.
How the tuning of the scales’ thin films and pigments is
genetically programmed will be an interesting topic for
future study.
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