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The breast-plate plumage of male Lawes’ parotia (Paroria lawesit) produces dramatic colour changes when
this bird of paradise displays on its forest-floor lek. We show that this effect is achieved not solely by the
iridescence—that is an angular-dependent spectral shift of the reflected light—which is inherent in struc-
tural coloration, but is based on a unique anatomical modification of the breast-feather barbule. The
barbules have a segmental structure, and in common with many other iridescent feathers, they contain
stacked melanin rodlets surrounded by a keratin film. The unique property of the parotia barbules is
their boomerang-like cross section. This allows each barbule to work as three coloured mirrors: a
yellow-orange reflector in the plane of the feather, and two symmetrically positioned bluish reflectors
at respective angles of about 30°. Movement during the parotia’s courtship displays thereby achieves
much larger and more abrupt colour changes than is possible with ordinary iridescent plumage. To
our knowledge, this is the first example of multiple thin film or multi-layer reflectors incorporated in a
single structure (engineered or biological). It nicely illustrates how subtle modification of the basic feather
structure can achieve novel visual effects. The fact that the parotia’s breast feathers seem to be specifically
adapted to give much stronger colour changes than normal structural coloration implies that colour
change is important in their courtship display.
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1. INTRODUCTION
Bird feathers have two main mechanisms of structural
coloration: either a spongy keratin matrix with air
spaces or multi-layers created by regularly arranged mel-
anin rodlets in a keratin matrix [1-3]. As air, keratin
and melanin have different refractive indexes, light is
reflected at the interfaces [4]. With keratin sponges, the
spacing of the air—Kkeratin interfaces is more or less inde-
pendent of orientation, so that the reflection is diffuse,
rather than directional [5-7]. This diffuse reflection
means that the visual appearance of keratin sponges
tends to resemble ordinary pigmented materials, but
birds use them to create blues and greens that are difficult
to make with plumage pigments [8]. Feathers with a thin-
film cortex and/or regularly arranged melanin rodlets give
directional (mirror-like) reflections, which are described
by multi-layer theory [9-12]. Appropriate spacing and
orientation of the elements produce intensely saturated
colours and directional effects, which are not achieved
by ordinary pigments [5,10]. Multi-layer reflectors are
inherently iridescent—that is, the wavelength (approxi-
mately hue) of the reflected light varies with the viewing
geometry [10].

The male bird of paradise Lawes’ parotia (Parotia
lawesit; figure 1) displays brilliant iridescent breast feath-
ers to attract females [13-15]. Iridescence emerges
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from the barbules, which, in common many other feath-
ers, contain orderly arrays of melanin rodlets embedded
in a keratin matrix [1,16]. However, whereas in cross-sec-
tion barbules generally have a more or less flattened oval
shape, sometimes with slight bends and turns (e.g.
[1,17]), the parotia barbules have a unique boomerang-
like shape [1,16]. Here, we show that the parotia breast
feathers are (as far as we know) uniquely modified to
greatly enhance the colour changes when the males per-
form their exhilarating ballerina dance on the forest
floor [15]. Each feather barbule appears to incorporate
three separate coloured mirrors that reflect light in differ-
ent directions. This allows abrupt switches between
yellow, blue and black. These observations exemplify
how a modification of the basic feather anatomy can pro-
duce a new visual effect, and give insight into the
evolution and function of structural coloration in avian
displays.

2. MATERIAL AND METHODS

We photographed a male Lawes’ parotia from labelled skins
in the collection of the Queensland Museum, Brisbane
(figure 2a,b). The same museum provided four breast
feathers for study with conventional light microscopy
(epi-illumination as well as transmitted light) and with
transmission electron microscopy. We examined the feathers
with an imaging scatterometer ([18]; see also [19]), which
yields images of the light reflected into a 180° hemisphere

This journal is © 2010 The Royal Society


mailto:d.osorio@sussex.ac.uk
http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on June 14, 2011

Structural colour in a bird of paradise

D. G. Stavenga er al. 2099

Figure 1. Painting of Paroria lawesii by Richard Bowdler
Sharpe (upper, male; lower, female) (http:/en.wikipedia.org/
wiki/File:Parotia_lawesii_by_Bowdler_Sharpe.jpg). Frith &
Beehler [29] also illustrate the bird. The Macaulay library
has film taken by E. Scholes (http:/macaulaylibrary.org/
video/45933).

by locally illuminated feather barbules. Furthermore, we
measured the feather reflectance spectra from different direc-
tions in a plane perpendicular to the barbule axes with a
bifurcated fibre-optic probe. The instrument comprised six
light guides, delivering light from a halogen-deuterium
lamp to the feather. These illuminating light guides collec-
tively surrounded a central fibre that acted as a collector of
scattered light and which delivered it to a photodiode-
array-spectrometer (Avantes, AvaSpec-2048-2). A white
diffusing reflectance standard (Avantes WS-2) served as the
reference. In addition, we measured the feather reflectance
with an angular reflectance measurement set-up consisting
of two fibres rotating, independently from each other,
around the same axis in a plane containing the barbule axis
[5]. One fibre acted as the light source, delivering light
from a xenon lamp, and illuminated an area with a diameter
approximately 4 mm; the other fibre captured the reflected
light and delivered it to the spectrometer. The two fibres
were symmetrically rotated with respect to the normal to
the feather plane.

3. RESULTS

The breast-plate feathers of male Lawes’ parotia have a
conventional structure; barbs emanate from a central
rachis, and barbules emanate from the barbs. Each feather
has a central region of black barbs, which is surrounded by
a broad margin of brilliant coloured barbs (figure 2a,b).
Viewed from above, the coloured barbules appear as a
row of cushion-shaped segments (approx. 20 x 25 um?;
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figure 2¢—f). With the feather normal to the line of sight
and illuminated with a co-axial beam (i.e. as if viewed
face-on with the sun behind the viewer) the segments are
coloured yellow-orange (figure 2d,e).

In transmitted light microscopy, the barbule segments
are brown, as is typical of melanin pigmentation [5], and
feature a prominent axial line (figure 2¢), which is also
seen in epi-illumination (figure 2d). High magnification
(figure 2¢) shows a longitudinal grating of dark lines sep-
arated by 0.5—-0.6 pm. There are 12—15 lines over the
8 wm horizontal section arrowed in figure 2¢. When the
barbule is rotated, a bluish colour appears on one or
other side of the barbule segments (figure 2f).

For further study of the optical properties of the
feather, we used transmission electron microscopy. An
approximately longitudinal section (figure 3a) shows a
characteristic barbule, about 5 pm thick. The barbule
has a clear (presumably) keratin cortex about 250-
300 nm thick, which surrounds approximately 25 layers
of pigmented rodlets, with a diameter approximately
60—-90 nm, set in a keratin matrix. The pigment layers
are separated by approximately 200 nm and are approxi-
mately perpendicular to the symmetry plane, but
slightly curved. In the cross section, the barbule has a
distinctive, boomerang-like shape: the upper surface con-
sists of two flattish planes, width approximately 8 wm,
separated by an angle of about 120°. About 15 rodlet
planes terminate on the upper surface of each side of
the barbule (figure 3b).

The ‘roof-line’ along the upper surface of the barbule
segments (figure 36) immediately explains the axial line
seen on the barbules with light microscopy
(figure 2c¢,d). Also, the number of the melanin layers
abutting the sides of the upper surface in figure 35 corre-
sponds with the number of the dark lines seen in the
barbule segments with the light microscope (figure 2e).
The implication is that the entire barbule surface appears
yellow-orange owing to optical interference in the pig-
ment layers within the barbule segments as pictured in
the diagram of figure 3¢. A light ray parallel to the sym-
metry plane incident at the 30° slanted top surfaces is
refracted with an angle 18.7°, assuming that the domi-
nant medium of the barbule segment is keratin with an
effective refractive index of 1.56 (e.g. [11]). The
refracted ray will hit the multi-layer inside the barbule
normally when the multi-layer is tilted over an angle
of 11.3°. The tilted multi-layers as seen in figure 3b
may, therefore, function to counteract angular spreading
of the reflected light.

In addition to the refraction, the incident light will be
partially reflected at the surface. Apparently, the layering
of the barbule cortex selectively favours the reflection of
blue light, as was observed when rotating the barbules
(figure 2f). With incident light in the symmetry plane,
the direction of the reflected light beams from the two
surface sides will then be —60° and +60° (figure 3¢).

To investigate the feather’s optical properties further,
we placed an isolated barb, glued to a pipette, in our ima-
ging scatterometer [18] and illuminated an approximately
200 pm diameter spot (figure 4a) with a beam of white
light normal to the feather surface (figure 454). The diagram
of figure 4b illustrates how the barb reflects light from the
normal incident beam into a hemisphere (the red circles
indicate reflection angles of 5°, 30°, 60° and 90°).
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Figure 2. The colours of male Lawes’ parotia breast feathers. (¢) With an approximately fronto-parallel view and illumination
behind the observer the reflection is mainly yellow-orange. (b) An oblique view yields blue and green reflections. (¢) A trans-
mitted-light microscope photograph of a few barbs shows brown, segmented barbules with a central dark line, indicated by
arrows. (d) The same barbs photographed with epi-illumination show yellow barbules, also with a central dark line, indicated
as in (¢). (¢) At high magnification the cushion-shaped, yellow barbule segments show longitudinal stripes separated by 0.5—
0.6 wm (approx. 15 lines are visible over a span of 8 wm, as indicated by the horizontal line with vertical arrows). (f) Slight
rotation of the barbules yields a blue reflection from one side of each segment. Scale bars, (a,b) 1 cm; (c,d) 100 pm;

(ef) 20 pm.

The distribution of scattered light projected into a polar
coordinate system yields the far-field scattering pattern
(figure 4c,d; the red circles in the polar plot represent the
same reflection angles as the circles of figure 454). With illu-
mination normal to the barb ‘face’ (figure 4c¢), the barbules
reflect yellow-orange light approximately along the direc-
tion of the illumination (as for a fronto-parallel reflector),
while blue-green light is reflected in two directions about
60° to the normal direction (cf. figures 3¢ and 4b). Rotating
the barb by about 10° results in an angular shift of the scat-
tering pattern (figure 4d), and the colours of the two
reflected side beams change in opposite spectral directions;
that is, one side beam becomes greener, the other more
violet. Similarly, if less obviously, the colour of the central,
yellow-orange beam also changes, with long-wavelength
(redder) or short-wavelength (greener) yellow coloration
according to the direction of reflection (figure 4d). These
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observations are entirely consistent with the barb behaving
as a set of three multi-layer mirrors (figure 4e.f; [5,10]),
where a decrease (increase) in the angle of incidence
shifts the reflection to longer (shorter) wavelengths.

The light reflected by the different mirrors is coloured
quite differently. To investigate the spectra of the light
reflected by the breast feathers of the parotia, we applied
two different spectrophotometric methods. Firstly, we
used a bifurcated fibre-optic probe, which measures a
small area (diameter 1-2 mm). It gave a narrow-band
spectrum with a peak at about 600 nm when the probe
was normal to the feather surface (figure 5a). The peak
moved to shorter wavelengths upon rotation of the feather
around the barbule axis. A bluish reflectance, peaking at
about 500 nm, emerged at an angle of about 30°
(figure 5a). Secondly, we used a pair of optical fibres
that could be rotated independently around the same
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Figure 3. Transmission electron micrographs of a breast
feather barbule. (a) A longitudinal section shows that mela-
nin rodlets form parallel layers in a keratin matrix; scale
bar, 5 um. (b) A transverse section shows the ridged struc-
ture of the top surface of the barbule with two faces
enclosing an angle of about 120° (compare [16], fig. 5 and
[1], fig. 23). About 15 melanin layers border the left-hand
slope over a span of 8 um (compare figure 2¢). (¢) Diagram
of the barbule cross section, assuming an effective refractive
index 1.56. When the multi-layer inside the barbule is
tilted at an angle of 11.3° with respect to the horizontal
plane on both sides of the symmetry plane, a light beam inci-
dent normal to the horizontal plane hits the multi-layers
normally, and thus will be reflected back along the line of
incidence. Part of the incident light is, however, reflected at
the surface. The angle between the incident and reflected
beam then is 60°, because of the 30° slant of the upper
surface of the barbule segments.

axis, one acting as the light source, the other as the light
collector. The reflectance of a feather with the barbule
symmetry axis perpendicular to the rotation axis was
measured as a function of the angle of light incidence.
The fibre delivering the light was rotated in steps of
10°. To obtain the maximal reflectance, the fibre captur-
ing the reflected light had to be rotated over the same
angle but in the opposite direction. The peak of the
resulting spectra shifted progressively towards shorter
wavelengths and the reflectance amplitude decreased
with larger angles of incidence (figure 5b).

4. DISCUSSION

By incorporating multiple tuned mirrors in a single bar-
bule, Lawes’ parotia’s breast feathers produce strongly
different colours. Melanin multi-layers within the bar-
bules give yellow-orange reflections, while the cortex
acts as an enveloping thin film system producing bluish
side beams. Coloration by melanin multi-layers is widely
used in feathers [1,10,20] and elsewhere in the animal
kingdom, for example, in beetles [21-24]. Here, reflec-
tance is well described by classical multi-layer theory for
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a stack of layers with alternating low and high refractive
index. Notably, increasing the angle of illumination
shifts the reflectance spectrum to shorter wavelengths,
together with a reflectance increase and a distinct polari-
zation of the reflected light that is extreme at a
(generalized) Brewster’s angle. These effects were exper-
imentally demonstrated and quantitatively described for
the elytra of the jewel beetle Chrysochroa fulgidissima
[24]. Parotia breast feathers share some, but certainly
not all, of these features. As expected for a multi-layer
reflector, the peak wavelength of the barbule reflectance
decreases with increasing angle of incidence (figure 5b).
The interference condition predicts a reflectance peak
for normal illumination at A, = 2(md, + npdy), where
n and #n;, are the low and high refractive index values,
and d; and dy, are the corresponding thicknesses of the
alternating layers (e.g. [10,20]). The distance of the
layers inside the parotia barbules was found to be about
200 nm. With an effective layer thickness of d;, = 50 nm
of the melanin layers and refractive indices 7= 1.56 of
the keratin [11] and 7, = 1.69 of the melanin [24], the
expected peak wavelength is A, = 637 nm, somewhat
higher than the measured 600 nm (figure 5a). More at
variance with the expectations is the finding that the
reflectance amplitude also decreases with increasing
angle of incidence, which is opposite to the usual ampli-
tude increase with increasing angle. Strictly, the latter
effect is true only for TE-polarized light, because the
amplitude of TM-polarized light decreases with increa-
sing angle of incidence up to the Brewster’s angle; only
above that value does the amplitude increase [24]. How-
ever, for unpolarized light, which we applied in the
experiment of figure 5b, the reflection is dominated by
TE-light so that the reflectance of a classical multi-layer
for unpolarized light increases with increasing angle of
incidence. Furthermore, although preliminary exper-
iments showed that the light reflected by the parotia
feathers does indeed become polarized with increasing
angle of incidence, the observed phenomena deviate dis-
tinctly from those expected for a classical multi-layer.
The reason most probably is that a roof of thin-film kera-
tin layers covers the melanin multi-layer (figure 3), which
will strongly affect the reflectance. Further study of the
intricate optics of the parotia barbules is needed for a
detailed, quantitative understanding of the feather
reflectance.

The fact that with approximately normal illumination
two bluish side beams are reflected at angles of approxi-
mately —60° and +60° strongly suggests that they are
produced by the sloping upper surfaces of the barbule,
which are approximately —30° and +30° to the plane of
the feather blade (figure 3b). The air/keratin/melanin
interface of the barbule cortex presumably works as a
thin-layer reflector—like oil on water. Many birds
employ such thin-film reflectors to produce an iridescent
‘gloss’ (e.g. satin bowerbirds [25]; rock dove [26];
blue-back grassquit [11]).

As far as we know the combination of two types of
interference reflector within a single feather is unique to
the parotia breast-plate plumage. The boomerang-
shaped cross section of the barbules has been observed
before in the western parotia, Paronia sefilata ([16]; see
also [1]), but the optical effect was overlooked. Somewhat
similar dual coloration effects are achieved by the highly
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Figure 4. Imaging scatterometry that shows how a single barbule reflects light from a point source into a hemisphere. The bar-
bule acts as three separate coloured mirrors, each of which reflects in a different direction. (a) A 200 pm diameter spot is
illuminated with a narrow beam of white light; scale bar, 100 pm. (b) Diagram of how normally incident light is reflected.
Yellow-orange light is reflected about normally, and bluish light is reflected in two opposite directions with angles of 60°;
cf. figure 3c. (¢) Polar scatterograms, showing the angular distribution of the scattered light by the barbule with about normal
illumination. The red circles indicate inclination angles of 5°, 30°, 60° and 90°. The central black spot (approximating the
circle with polar angle 5°) is due to the axial hole in the ellipsoidal mirror of the scatterometer [18]. (d) The angular distribution
of the scattered light from the barbule rotated over a 10° angle. (e,f ) Diagrams explaining the polar scatterograms of figure 4c¢,d.

curved multi-layers of the wing scales of the emerald
swallowtail butterfly, Papilio palinurus [27] and the Mada-
gascan sunset moth, Chrysiridia rhipheus [28], but there
the structure produces polarization-sensitive colour
mixing rather than abrupt hue-shifts.

(a) The evolution of iridescence and role of colour
change in avian visual displays

Before mating, parotia females make multiple visits to
courts, where the males use six main types of display,
which include a range of movements described as ‘bobs’,
‘bows’, ‘dances’ and so-forth [14]. Frith & Beehler [29]
comment that the courtship display of Lawes’ parotia is
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‘a ritualized set of danced steps and movements
accompanied by intricate feather movements as complex
(as that of ) any bird’; see [15], notably figs 14 and 15;
and movie at http:/macaulaylibrary.org/video/45933).
The parotia feather beautifully illustrates the versatility
of feathers as optical devices [3], but what does it say
about the evolution and function of iridescent coloration
in displays? Multi-layer structural coloration is commonly
associated with display plumage [30], the peacock being
the best-known case [12,31], and for human observers
the iridescence is part of its beauty [32,33]. Nonetheless,
in natural viewing conditions, ordinary multi-layer struc-
tures often give a rather small wavelength (or ‘hue’) shift
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Figure 5. Reflectance spectra of a Lawes’ parotia breast feather. (a) Measurement with the bifurcated probe normal to the
feather plane (0°) and with the feather rotated through an angle of ¢ = 30° along the longitudinal axis of the barbule
(cf. figure 2a showing the yellow-orange and bluish reflections). (b) Measurement with two rotating fibres where one fibre
delivered light from an angle of incidence 6 in the longitudinal symmetry plane of the barbule and the other fibre collected
the light reflected into the mirror direction (cf. figure 26 showing the green reflections).

in reflectance [5]. So far as we know there are no direct
tests of how birds respond to different ‘components’ of
the complex optical effects that are produced by struc-
tural colours [31], which include saturated, strongly
directional and multi-peaked reflectance spectra, but it
seems that the parotia’s breast plumage is specifically
adapted to produce hue-shifts. It is difficult to be specific
about the visual effects, but the fact that the feather seems
to be engineered for changes in the angle between the
feather and the viewer to give much larger chromatic
change than is usual for iridescent plumage [5] suggests
that hue change is important [13,14,29]. It would be
interesting to know what information the colour changes
give to the female, and how they interact with the elabor-
ate movements that characterize the parotia’s display
[14,32,34].
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