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Summary

Bird plumage is coloured both by pigments and by
spectrally selective interference in the light reflected from
feather barbs. These barbs are composites of high- and
low-refractive-index materials, and light is reflected at
refractive index boundaries. The spatial structure
determines the wavelengths where constructive
interference occurs and, hence, the spectral tuning. The
spectral tuning of interference colours often varies with
angles of illumination and reflection, which produces
iridescence. Iridescence and other optical effects mean

recorded the reflectance spectra of feathers and in
particular their directional properties. A fixed spot on a

feather was viewed from a fixed position, whilst the
feather orientation and the angle of illumination were

varied. We recognise two main types of coloration,
‘directional’ and ‘diffuse’. Within these types, there is

considerable variation, and five examples illustrate some
features of structural plumage colours and suggest how
their optical and visual properties can be measured and
described.

that interference coloration looks different from
pigmentation and is visually striking. To study the optical

and visual properties of structural plumage colours, we Key words: feather, colour, iridescence, interference colour, bird.

Introduction

Colour varies across pigmented surfaces in a fairlyncident normal to the surface, constructive interference occurs
straightforward way. The pigment produces a spectrallywhen the refractive index boundaries are a quarter of a
selective reflection, which is diffusing and unpolarised. To thisvavelength apart (Land, 1972; Land and Nilsson, 2001).
is added to a directional specular reflection of the illuminant, Structural coloration in bird plumage is common and is
which is often polarised. Moving the light source or rotatingespecially important in producing blues, greens and
the object causes predictable colour changes (see Figs 1, Ridescence. Structural coloration can be recognised in several
where the spectral location of the reflectance paalsy is  ways; for instance, the colours of reflected and transmitted
fixed. For humans, uniformly pigmented surfaces vary idight differ. Feather barbs work as interference reflectors
brightness and saturation, but not in hue. The position on theecause they contain keratin (refractive index 1.56), melanin
surface of the specular highlight is predictable from optica(refractive index approximately 2.0) and air pockets (refractive
geometry, and its angular distribution depends on opticahdex 1.0; Land, 1972). Previously, it was thought that laminar
texture, making surfaces glossy or matte. interference reflectors produce iridescent coloration and that

Structural colours, not produced by pigments, are quitéiffusing structural colours are due to incoherent scattering
widespread in animals (Land, 1972; Fox, 1976; Prum et al(Fox, 1976; Finger, 1995). However, Rayleigh scattering does
1998, 1999; Parker, 2000; Vukusic et al., 1999, 2002; Landot account for the observed spectral tuning of reflected light,
and Nilsson, 2001). They arise in three ways: (i) scattering byhich should give reflectance spectra dominated by short
high-refractive-index particles whose size is close to or belowvavelengths. To account for this discrepancy, Finger (1995)
that of visible wavelengths and that are separated by distange®posed that a combination of scattering and selective
greater than the wavelength of light; (ii) colours produced bybsorption by pigments can account for feather reflectance.
reflection from finely ridged surfaces, which act as diffractionThere is no doubt that colours are caused by a combination of
gratings; and (iii) interference colours from structures made gigmentation and structural coloration, e.g. the greens of many
composites of high- and low-refractive-index media. If theparrots (Fox, 1976). However, Prum et al. (1998, 1999)
refractive index boundaries are separated by less thansaggested that scattering is less important than previously
wavelength of light, rays reflected from successive layerthought. They found that diffuse bluish colours in two parrots,
interfere constructively when in phase to give a spectrallp cotinga and an estrildid finch, were produced by coherent
tuned reflection. With flat equally spaced layers and lighteflection (i.e. wavelength-selective interference with
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refractive index boundaries less than 1 wavelength apart) fro

a foam-like structure in which spatial variation is the same it A Viewing geanety B Festher alignment
all directions. 1lluminator 0 Vertical Horizontal
Iridescence is ‘glittering or flashing with colours which T~ S

change according to the position from which they are viewec
(Oxford English Dictionary, second edition, 1989). Colour in
this sense means ‘hue’ (for humans; Wyszecki and Stile: Obsaver
1982) and, for our purposes, iridescent coloration it
characterised by variation in the spectral location of reflectancrig. 1. viewing geometry. (A) Reflectance spectra were recorded
maxima, Amax With viewing geometry. Other features thatfrom a 1mm diameter spot on the feather surface, with the vane
often distinguishes structural coloration from pigmentation arperpendicular to the line of sight. This spot was on the horizontal
that saturated colours are reflected directionally and that ttaxis of rotation of the specimen holder, which lay perpendicular to
brightest colours are not desaturated specular highlights. the line of sight. The orientation of the feather surface and the

We set out to ‘unweave the rainbow’ of structural p|umag(position of the light source are specified relative to the line of sight.
coloration with some misgivings. This study does not direcﬂ)Surface orientationQ, is the rotation of the surface relative to the
add to knowledge of the physical mechanisms, and surely thEperpendicular to the line of sight and is measured clockwise in this
brilliance alone says much about the coIours', biological roleﬁgure (1.e. ato=90°, the surface faced upwards). The light source

. . .moved in azimuth and elevation, but we refer mainly to effects of
Iridescence attracts humans and presumably birds, where it

- _varying elevation, with the angebeing given by clockwise rotation
often most prominent on adult males. However, carotenoigom the line of sight (i.e. #=90°, the light source was directly

and melanin pigmentation in the plumage appears to provicapove the specimen). (B) Feathers were mounted in two alignments.
information about qualities such as health and social ranAt 0=0°, when vertically mounted, the apex was vertically above
(Olson and Owens, 1998; Senar and Camerino, 1998; Badyathe base; when horizontally mounted, the vane was horizontal.

and Hill, 2000; Badyaev et al., 2001), an it

would be interesting to know whether A B C

same applies to structural, and especial R
iridescent, colours. The iridescent colour

starlings (Cuthill et al., 1999) and bluethr
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caeruleuy and blue grosbeakGiraca \ a . surface
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Fig. 2. Reflectance geometry. (A) Directionality. A directionally iridescent feather can be
understood as an imperfect spectrally tuned mirror. Light from a point sbuieident
at angleqa, is reflected in a diffuse beam centred on &é&t 180 °-e. The width of this

reflect physical condition.

To understand how plumage colours v
and whether birds can detect this variat
it is useful to measure reflectance spe
(Vorobyev et al., 1998). Spectra of pigm
colours can be recorded with a fi
viewing geometry; typically one th
minimises the contribution of specular
(see Figs 1A, 2), but even so, a sir
spectrum does not capture surface lu
With iridescent plumage, no sing
geometry can give a useful (i.e. non-ble
reflectance spectrum for all feathers (Cu
et al., 1999), and a fixed geometry will
show how the colours change accordin
view (see Fig. 3). The problem is tl
theoretically very many measurements
needed to describe structural colora

(approximately circular) beam at 50% of maximum intensityd.isThe structurally
reflective surface is not always in the same plane as the feather vane, and, itsitithf

this plane can be calculated from the anglasd R with respect to the feather surface.
Tilt was predominantly away from the proximo-distal axis. &, light from directly
above the feather is directed towards its base, ang@8rtowards the apex. Unlike the
iridescent reflection, the direction of non-spectrally selective specular reflection was
consistent with the reflective surface being in (or close to) the plane of the feather vane.
Spectral tuning of laminar interference reflectors varies with angle of incider(see

Fig. 7 in Land, 1972). (B) The spectral location of the reflectance paal, varied
across the reflected beam. For a fixed observer (see Fighd&)was independent of
surface orientatior, and a linear function of the angke, separatind from the line of

sight. i.e.Amax=a—bE, wherea is Amaxat E=0°, andb is a constant. (C) We can see why
Amaxmight be independent @ because, on the axis of reflection, the angles of incidence
(I") and reflectanceR) are equal, here beirg If O varies ancE is fixed, then the angle

of incidence and reflectance shift froom by equal and opposite amountsp. +
Consequently, spectral shiftsAimaxfor the incident and reflected light are approximately
equal and opposite, compared with the value\afx where angles of incidence and
reflectance are equal and can be expected to cancel each other out.

completely. The colours produced by diffraction on the1995; Prum et al., 1998, 1999; Andersson, 1999) by looking
surface of a compact disc indicate the potential complexity df more detail at their spectral reflectance and visual qualities.
the problem. Here, we aim to complement work on theNe also outline a simple way of measuring the structural
structural bases of plumage colours (Land, 1972; Fingetoloration of feathers.



Materials and methods

We measured the reflectance of a fi
spot on a feather from a fixed viewpc
whilst varying the feather’s orientation ¢
the position of the illumination (Fig. 1).
feather or feather fragment was mout
on a 25mm25mm square of glass a
held flat by a piece of acetate in wh
there was a 7mm aperture. The glass
acetate were painted matte black.
mount was then secured behind an ape
in the faceplate of a specimen hol
which located the feather's surface on
holder’s axis of rotation. The feather v
visible over a solid angle of 150°. T
specimen was then centred in a 160
radius Cardan arm perimeter, which he
6mm (i.e. 2.1°) quartz light-guide. T
light-guide was aligned towards 1
specimen and lit by a 400W Xenon
For our purposes, the light-guide tip i
point source. The light-guide moved
both azimuth and elevation, but view
and illumination beams could not be
axial, and the lowest possible elevatiol
the light source (at 0° azimuth) was
(Fig. 1A).

We also used a simple integrating spl
to give (approximately) uniform diffu:
illumination. The mounting of the featt
was the same as with the point source
the feather was centred in a 260
diameter sphere, which was lined wit
reflective coating of expanded polystyre
This was lit by an 8V quartz—halogen la
25mm from the specimen, but separi
from it by a baffle to block dire
illumination, and on the axis of rotation
the specimen holder.

Reflectance measurements

A 1 mm diameter spot on the sam
was focused by a quartz lens ont
0.1 mm light-guide. This connected t
spectroradiometer (S2000, Ocean Op
which recorded from 300 to 800 nm.
the integrating sphere, low ultravio
intensity meant that measurements v
unreliable below approximately 400n
Reflectance was measured relative -
standard of freshly pressed (medi
grade) barium sulphate, which was a n
perfect diffusing surface (i.e. intens
was independent of surface orientatit
When compared with the diffusil
standard, it should be noted that spec
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Fig. 3. Photographs of feathers indicating how colours alter with varying surface
orientation Q) and illumination elevationg). The feathers are aligned vertically (Fig. 1);
see Materials and methods for details. (A) Magnificent hummingbird cap=Qi}, E=5°;

the feather is black; (iip=45°, E=5°; (iii) O=0°, E=—75°. (B) Feral pigeon. (i{p=0°,
E=5°; (ii) O=30°, E=80°; (iii) O=45°, E=100°. (C) European jay. ({p=0°, E=5°; (ii)
0O=5°, E=5°; the feather shows a specular highlight; @745 °, E=70°. (D) Common
kingfisher. (i)0=30°,E=5°; (ii) O=30°,E=45"°; (iij) 0=30°,E=90°. (E) Indian roller. (i)
0=0°,E=5°; (ii) O=45°,E=5°; (iii) O=45°,E=90°.
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surfaces can give reflectance values exceeding 1.0 (egnce the effective tilt of the reflective surface had been taken
Fig. 4A). into account (Fig. 2A; see below).

Viewing geometry Photography

For a fixed observer viewing a fixed point on a surface The five feathers described in some detail (see Figs 4-8)
illuminated by a point source of fixed intensity, there are fivavere photographed (see Fig. 3) with the same equipment used
independent variables that might affect the surface colour (i.éor recording spectra (Fig. 1A) except that the viewing lens
reflectance spectrum). The light source can vary in azimuth anvaas replaced with a digital camera (Canon D1; Nikkor 55mm
in elevation, and the object can rotate about three axes. DealiMacro lens, aperture set to f-16). Pictures were modified
systematically with all these variables presents a formidabldigitally so that the specimen filled a circular frame, even with
problem, and we did not vary all five degrees of freedonoblique surface orientations.
(Fig. 1A). Both the elevationH) and azimuth of the light
source could be varied, but the specimen could be rotated only Samples
about the horizontal axis perpendicular to the line of sight (i.e. Feathers were from freshly dead or live birds. Those from
pitch). The angle of rotation is called surface orientaton ( live birds had been obtained (under licence) for other purposes;
Fig. 1A). Also, the feather was placed in two alignments in thelead birds had been killed by cats, on roads, etc. Often, more
holder, which we call vertical and horizontal, according to théhan one colour was measured from a given species.
direction of its main axis when perpendicular to the line of We obtained reflectance spectra from structurally coloured
sight (Fig. 1B). In practice, we do not deal with effects offeathers of 15 bird species: magnificent frigatelfirdgata
varying illumination azimuth since this seemed to be redundamhagnificens mallard Anas platyrynchgscommon pheasant

A

) » Point sairrce
Fig. 4. Reflectance spectra of the magnificent ol

hummingbird crown. This had directional
coloration, with a single main reflectance § 1} ]
peak and a reflective mechanism tilted G :
relative to the plane of the feather vane. All g s
data, except in E, are from a vertically G .
aligned feather (see Fig. 1B). (A) Reflectance™ IETT 3
under localised illumination for four viewing r A
geometries: (i)E=5°, 0=30°; (ii) E=5°; Ol == ol.
0=45°. (iii) E=5° 0=55° (iv) E=40°; 300 400 500 600
0O=70°. The left panel gives reflectance
relative to diffuse white standard, and the
right panel gives reflectance curves
normalised to the maximum. The spectral
location of the reflectance peaknhy is
dependent on the value Bfbut independent
of O. (B) Relative reflectance maxinversus
O for E=5° (solid line) andE=40° (dotted
line). These data imply that the reflective veneex 410
the lane of the feather vane (508 Fi6. 220 2 orenterOn o g o & @ 0w
P ; , _ 9. Orientation O (degreed Elevation E (degree$
and that light was diffused into a cone D
approximately 40° across. (Ymax versus E
illumination elevation, for O=50°. A Horizontal feaher
(D) Reflectance of the vertically oriented 0.3r Vertlf‘,_al feaber
feather under diffuse lighting for three ,H\I_
orientations: (i) O=0°; (i) 0O=30°; (iii) I-'.\.'-ii
0=60°. The reflectance peak was broaders 02r o \s
than under a point source, and reflectance was
greatest when the feather was viewed®
obliquely. (E) Reflectance of the horizontally
oriented feather under diffuse lighting for
three orientations, as in D. The feather ol 0
remained dark over all orientationsO, 400 500 600 400 500 600
surface orientatiorE, illumination elevation. A (nm) A (nm)
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Phasianus  colchicys commor
peafowl Pavo cristata rock dove
Columba livia (feral pigeon)
magnificent hummingbirdEugene
fulgens black-chinned hummingbi
Archilochus alexandri commor
kingfisher Alcedo atthis Indian
roller Coracias benghalensislue-
tit Parus caeruleuscommon magpi
Pica pica European jayGarrulus
glandarius rook, Corvus frugilegug
carrion crow Corvus corong anc
common starlingSturnus vulgaris
Not all are mentioned specifically
the text.

Results

Given a fixed viewpoint, rotatir
either the surface being viewed
the light source (Figs 1A2) cause
colour changes. With pigment
surfaces, these changes deg
mainly on the location of specu
highlights, but with structur
colours the variation is le
predictable and can produce strik
visual effects. This paper outline:
method for describing these colo
and identifies some ways in wh
colour varies in different types
structurally coloured feathers. Fit
we deal with some general proper
of these feathers; we then exan
five examples in more detail.

Spectra were recorded from
fixed viewpoint, with variabl
elevation of the light sourceE,
surface orientation,O, and the
alignment of the feather in the holi
— which was either horizontal
vertical (Fig. 1).

Summarising feather reflectanci

Plumage reflectance spectra
be treated as having thi
components: (i) caused

pigmentation; (i) caused |
spectrally  unselective  specu
reflection of the illumination, ¢
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Fig. 5. Reflectance spectra of the feral pigeon nape. This had directional coloration, with multiply
peaked reflectance. The bird was in poor condition, which may explain the generally low
reflectance. (A) Reflectanaeersuswavelength aE=5°. (i) O=0°; (ii) O=22°; (iii) O=45; (iv)

0=60°. The feather was aligned horizontally. (B) As in A plot, with reflectance plotietis
frequency (as wavenumber). The period is 0.5 cyated. (C) Reflectance rangeersus Ofrom

the peak near 440nm to the trough near 500nm for the spectra in A (solid line) and for
illumination at an elevation of 45° with a vertically oriented feather (dotted line). (D) The
spectral location of the reflectance pekka) versus Efor the peak below 450 nm. Values ©f

(in degrees) are given on the plot. Data are from both horizontally and vertically aligned feathers.
(E) Reflectance spectra under diffuse lighting for three orientations of a vertically oriented
feather: (i) O=0°; (i) O=30°; (iii) O=60°. Curves for orientations of —30° and —60° were
virtually the same as for +30° and +60°. The peaks were more widely separated than with a point
source. As expected, the modulation depth of the reflectance spectrum was smaller than under a
point source. (Fhmax versus Ounder diffuse lighting for the reflectance peak between 450 and
550 nm.Amax for —30° and —60° are the same as for +30° and +60°. The variatidfajis
discussed in the tex®, surface orientatiork, illumination elevation.

‘ordinary specularity’; (iii) caused by structural coloration, Reflectance spectra of structural colours differ from pigment
especially interference reflection. Feathers often combine adpectra, especially the carotenoids and melanin pigments used
three components (Fox, 1976), but those illustrated (sdey most birds (Fox, 1976). Structural spectra can be narrower
Figs 3-8) probably lacked appreciable pigment colour. Twdgin waveband) (e.g. Fig. 4A) and have multiple spectral peaks
had substantial ordinary specularity (see Figs 6A, 7A) and a(e.g. Fig. 5A). Also, very few plumage pigments preferentially

had structural coloration.

reflect short-wavelength or green light (Fox, 1976). For
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convenience, we recognise two main types of structure Pant source Integrating sphere
coloration: ‘directional’ and ‘diffuse’. Directional colorationis g Pl . B .

illustrated by hummingbird and pigeon feathers (see Figs 4,5 , |/ AN

These feathers took the colour of the feather pigment (ofte £ S

black) over a wide range of viewing angles. Their reflectanc § \

spectra had a roughly sinusoidal form, one or more peals |°* ™ i

within the avian visible spectrum (300—700 nm). Rejection a 0 A /
. ’ ; , . . , ole
spectrel minima was very good; for example, fallln_g' to 300 400 500 600 300 400 500 600
approximately 1% of peak reflectance on the magnificer A (nm) A (nm)
hummingbird crown (see Fig. 4A). Spectra with a single mair_ ) _ _
reflectance peak were seen on hummingbirds and maIIaF_'g' 6. Reflectence s_pectra ofaEurepeen jay wing covert, which had
speculum. Pigeon nape feathers (see Fig. 5A) had multipld'ff“fe (cjo_:lorat_lont_wm; at;pecu!ar highlight. (tA') Reflgit'ao”fgf”der
reflectance peaks of roughly equal amplitude, as diloc2!sed illumination for three viewing geometries:&35 % O=0°;

maanificent friaatebird h t d (i) E=5°; 0=5°; (iii) E=90°; O=45°. Curve ii is elevated across the
ag. ce gate , common pheasant an COmmospectrum, consistent with a specular highlight. Curves i and iii are
starling feathers.

. - . ) _alike, implying that the structural colour (rather than the highlight)
Wh'|§t Iamlnar structures produce Q|rectlonal COIOrfjmonwas insensitive to viewing geometry. (B) Reflectance under diffuse
(see Fig. 4 in Land, 1972; Land and Nilsson, 2001), diffusilumination for two orientations: (i2=0°; (i) 0=60°. At 0=30°,

coloration may be attributable to a more foam-like structure irreflectance resembled that @£0°. These reflectance curves had
the feather barb (Prum et al., 1998, 1999). This type cnarrower peaks than for localised illumination, probably because
structure should produce relatively broadly tuned spectrithey were recorded from different locations on the blue coloration
which are not iridescent; the blue of a European jay (see Figs band (this feather grades from white through black and is most
6) is a good example. Other feathers that we classify as havijsaturated at an intermediate I(_Jca_tion_). Otherwise the reflectance was
diffuse coloration come from the European kingfisher andnaffected by the difference in lighting, surface orientationk,
Indian roller (see Figs 3, 7, 8). They also have relatively broa!UMination elevation.

reflectance spectra but are, nonetheless, iridescent and h:

other intriguing qualities. of a Venetian blind). This means that light is directed towards
o _ the feather’s base or apex. Positive values ot tilpply that
Directionality the reflector is tilted so that light from above a near-horizontal

Both ordinary specularity and structural coloration can bdeather is directed towards its base (Fig. 2A) and negative
directional. We look first at how intensity varies with viewing values imply reflection towards the apex.
geometry (Fig. 2A) and then at spectral variation (Fig. 2B,C). Tilt of the structural reflector was 0° for feathers from the

Structurally coloured feathers (in our sample) diffuse lightpigeon, magnificent frigatebird, common magpie and carrion
into an approximately circular cone, which can be defined bgrow. Non-zero values dfranged from —20° for a pheasant
its angular subtensef, at 50% of maximum intensity neck feather to more than 40° for the magnificent
(Fig. 2A). With a perfectly diffusing — Lambertian — surface,hummingbird crown (see Fig. 4B). Across the peacock’s
luminance is independent of orientation, i8=180°. We eyespott varies so that, as the tail rotates, colours ‘switch on
measured values @franging from approximately 40 ° for the and off’ separately, adding to the spectacle.
hummingbird crown (see Fig. 4) to 180° for the jay (see
Fig. 6). Variation in the reflectance maximum

In addition to the angle over which light is diffused, the The spectral location of maximum reflectantigax, varied
direction in which it is reflected is important. The directionalitywith viewing geometry in nearly all the structural colours
of a planar mirror is given by simple optical geometrywe examined. This is expected for laminar interference
(Fig. 2A), but even without structural coloration a feathercoloration, because the angle of incidence affects the effective
could be complicated. This is because a feather is not spacing of the layers (see Fig. 7 in Land, 1972). However,
continuous flat structure, but a lattice in which surfaces neeéathers differ from ideal interference mirrors, not least
not be parallel to the overall plane of the vane. In practicdhecause they are not optically flat (6220 °; Fig. 2A). We
however, when ordinary (spectrally unselective) speculaiound that, given a fixed viewpoitmax was independent of
reflection was visible (e.g. Figs 3C, 6, 7), its direction indicate@rientation O and was linearly dependent on the angular
that the reflective surface was in (or close to) the plane of theeparation of the viewer and illumination elevati&n,That
vane itself. iS, Amax=a—bE, wherea is Amaxat E=0° (i.e. illumination and

In contrast, the reflective ‘surface’ producing structuralline-of-sight co-axial). In our sample, the consténtvas
coloration appeared, in some cases, to be tilted relative to thetween 0 and 1.2nmdegréelt was interesting that the
vane (Fig. 2A). This tilt was most obvious with directional largest shifts imM\max were from diffuse coloration, such as
coloration (see Fig. 4B) and was away from the mairkingfisher and Indian roller feathers (Figs 7, 8), rather than
proximo-distal axis, not the lateral axis (as if, for a verticalfrom directionally coloured feathers.
feather, Fig. 1B, the structural reflectors resemble the louvres The finding thahmaxwas independent @ was unexpected
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because theoretical treatments (e.g. L A B
1972) do not deal with diffuse interferet 1
reflectors.  However, from optic 06
geometry (Fig. 2B,C), one can see tha g 08 8
the light source moves relative to % 0.6 g 04 - i
feather,AmaxR), the reflectance peak = 04 g
the axis of reflection, is given by: o 02 /\ g o2
Amax(R) = a— 2b(90 —a), 0 i 0 i
where a is the angle of incidence. T 300 400 500 600 800 400 500 600
effect of angle of incidence Otmax(R) is A (nm) A (nm)
twice the value ob given above; i.e. L C D Diffuse lighting
to 2.5nmdegred. This value is smallt 550 i
than theory predicts for laminar reflect I 53,58 . 0.4¢
(shift >5nm degreé; see Fig. 6 in Lan T E A
1972). < 500¢ =
: . % %0, 25 &

We now illustrate some properties £ £02
structural plumage coloration with fi
selected examples (Fig. 3), the first - 450}
classified as directional and the other tl L. , x 43 ol . .
as diffuse. 0 45 90 400 500 600

Elevation, E (degeey A (nm)
Magnificent hummingbird crown Fig. 7. Reflectance spectra of the kingfisher crown. Data are for a vertically aligned

The crown of the magnifice feather, but the horizontal alignment spectra are the same. This feather had diffuse
hummingbird (Fig. 4) is a good exam coloration, with a spectrally non-selective specular reflectance. Variation in reflectance
of directional coloration, but we shot across the spectrum was greatest with the surface perpendicular to the line of sight.
start by noting that, when the struct (A) Spectra for illumination near co-axial with the line of sigBt5°: (i) O=0°; (ii)

0=8°; (iii) O=45°. (B) Spectra for oblique orientatio®=45°: (i) E=5°; (ii) E=90°.
Spectrum i is the same as spectrum i in A. (C) The spectral location of the reflectance peak
(Amay versus E Values of O are given in degrees. (D) Reflectance under diffuse
illumination. (i) O=0°; (ii) O=60°. AtO=30"°, the spectrum was intermediate between the
two illustrated O, surface orientatiorE, illumination elevation.

colour was not visible, the feather v
almost perfectly black, with a pigme
reflectance of 0.025. Also, the feather-
‘matte’, lacking a spectrally unselect
specular reflection (Fig. 3A). With a Ic
light elevation, E=5°, and the feath
turned to maximise this specular reflection, the spectrallynoved Amaxvaried according to the formul&ma=442—0.4&
unselective reflectance added approximately 0.01. ByFig. 4C).
comparison, an ordinary ‘black’ pigmented feather from a male Under diffuse illumination, in the integrating sphere, the
European blackbird Turdus merula produced a specular hummingbird feather had low reflectance (maximum
reflection of 0.04 (in addition to a reflectance of 0.04 for theapproximately 0.1) when perpendicular to the line of sight and
pigment colour). at all orientations when aligned horizontally (Figs 1B, 4D). By
This black ‘background’ gave a strong visual contrast for theomparison, the vertically aligned feather was brightly
structural colour, which was relatively directional; light from coloured when viewed obliquely. Alsdmax was dependent
a point source was diffused over a cone 40° across (Fig. 2Aipon orientation. Thus, even under diffuse illumination,
4B). Also, the feather was black when illumination wasviewing geometry affects the colourfulness of this feather; in
(nearly) co-axial with the line of sight (Fig. 3A). For a normalnature, the ‘brightest’ colours would appear when the bird was
glossy pigmented surface, this viewing geometry should giveevel with and facing a viewer. This directionality under
a relatively bright colour. That this did not apply to thediffuse light is intriguing and reminiscent of, but less marked
hummingbird feather was consistent with the reflectivehan, that produced by the butterfAncyluris meliboeus
structure being tilted relative to the plane of the vane. This tilVukusic et al., 2002), in which both diffraction and multilayer
t, was approximately 42 °, which meant that light from aboveeflection are involved.
a near-horizontal crown feather would be reflected towards its
base (i.e. forward over the bird’s head). Reflectance spectra had Feral pigeon nape
a single peak in the visible range;a=440 nm, aE=5 °, with As with the magnificent hummingbird, the coloration of
a half-width of approximately 70nm. There were secondarpigeon neck feathers (Fig. 5) is directional and probably
maxima outside the visible range, one probably at twice thproduced by a laminar structure. When structural coloration
wavelength of the primary peak. The reflectance minimum wasas not visible, reflectance was 0.05 and spectrally flat
0.025, indicating virtually perfect rejection. As the light source(Fig. 5A), indicating that the pigeon feather's pigmentation
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was paler than the hummingbird’s. Spectrally non-selective European jay wing covert
specular reflection was low, but difficult to measure. European jay wing covert feathers (Fig. 6) are striped, with
Although directional, the pigeon’s feather diffused lightwhite shading through bright blue bands into black (Fig. 3C).
over a larger angle9€70 °) than did the hummingbird crown This structural coloration diffused reflected light more-or-less
(Figs 2A, 5C). The reflective surface was not tilted relativdike pigmentation (Fig. 6A). Also, the feather had a spectrally
to the feather surfac&=Q °), unlike the hummingbird feather flat specular highlight characteristic of a glossy surface, which
A notable characteristic was that reflectance spectra hadcreased reflectance by approximately 0.25 (Fig. 3C). Again,
multiple maxima of approximately equal amplitude. Theseas with pigmentation Amax was unaffected by viewing
peaks were separated by a fixed frequency, forming geometry; the reflectance maximum was approximately
harmonic series (Fig. 5B). For instance, with roughly co260nm wide at 50% of maximum intensity (this value varied
axial (E=5°) illumination and viewing angles, maxima were with position on the band). Under diffuse lighting (Fig. 6B),
at 310, 365, 441, 559 and 781 nm. The separation of theseflectance spectra resembled those seen under a point source.
peaks was close to a wave-number of 1/2006n(he. The jay's blue coloration resembled the non-directional
1.5x10'Hz). As the light source moved\max varied  colours described by Prum et al. (1998, 1999). We now look
(Fig. 5D), with the ‘violet’ peak shifting according to the at two further examples of diffusing coloration, but these are
formula: Amax=438-0.4&. more complex, being iridescent and having other directional
Under diffuse illumination (Fig. 5E,F), unlike the properties.
hummingbird, the pigeon’s reflectance spectra were alike
for vertical and horizontal feather alignments and were Common kingfisher crown
symmetrical about the plane perpendicular to the line of sight. With a fixed light position, the kingfisher’'s crown feather
This symmetry is consistent with the structural reflector beingesembled the jay’s feathers in having a diffuse, spectrally
parallel with the feather surfackmax varied markedly with tuned reflectance and a spectrally unselective specularity
orientation Q), shifting by approximately —2nmdegréeas  (Fig. 7A,B). Also, the reflectance spectrum was broad, but in
the surface rotated away from the plane perpendicular tiis case one or two comparatively narrow peaks rose above
the line of sight (Figs 1A, 5F). Given that, under pointthe plateau. However, the location of the spectral peak was not
illumination, Amax was independent of orientation, this effectfixed, varying according to the formubanax=535-1.2E (Figs
might be seem surprising. The reason is that the feather is3®, 7C).
directional reflector so that, as orientation varies, so does theln addition to the variation iNmax, the form of the kingfisher
effective elevation of the light source and, henaeax  feather reflectance spectrum altered with viewing geometry in
(Fig. 2B). Consequently, a static viewer sees the pigeonthat, with illumination near the line of sighi<£5 °), reflectance
iridescent coloration change during displays, at least when thearied more strongly across the spectrum than with
bird is under diffuse lighting. illumination perpendicular to the line of sighE«90°;
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Fig. 7B). As a result, the kingfisher’s colour tends to be moghat Amax varied with viewing geometry (see Introduction).

saturated when the bird is lit from behind the viewer. Ther@hree of the examples lacked a significant spectrally

was no effect of feather alignment (Fig. 1B) on reflectancenselective specular highlight, which meant that the brightest

spectra, suggesting that the reflecting structure is in the plagelours were not desaturated. Directionality and the high

of the feather vane (i.¢=0°). saturation of the brightest colours underlie the arresting visual
Under diffuse lighting (Fig. 7D), the reflectance spectraqualities of iridescent coloration.

were broader than with a point source ahglax was

insensitive to orientation and to feather alignment. This is Feathers as interference reflectors

perhaps to be expected for diffuse coloration and can be Laminar interference reflectors can give a range of spectral

contrasted with the pigeon’s nape, whargx varied with  reflectance curves depending upon the relative thickness,

orientation (Fig. 5E,F). refractive index difference and number of layers (see Fig. 4 in
_ _ Land, 1972). Land’'s models can be used to generate spectra
Indian roller tail that resemble those we recorded from directionally coloured

The feathers of the Indian roller’s tail are dark blue with &eathers (Figs 4, 5). Interference reflectors with multiple (more
greenish-blue patch. The two colours share similar opticghan five) equally spaced layers can produce both single- and
properties, and we describe the greenish-blue (Fig. 3E). Asultiple-peaked spectra (Figs 4A, 5A,B; see Fig. 4c in Land,
with the kingfisher crown, the reflectance spectrum had 4972; Land and Nilsson, 2001). Variation in the spacing of
broad plateau with one or two comparatively narrow peaktayers whitens the reflectance spectrum, which means that
(Fig. 8A,B). The location of the peak reflectance was given bgpectra with good rejection at reflectance minima — and hence
the formula: Amax=555-1.2E (Fig. 8C). The directional saturated colours — probably require equally spaced layers. By
properties of Indian roller tail coloration superficially comparison with multilayered reflectors, a reflector with
resembled those of the kingfisher crown, but the way in whicrelatively few layers should produce wider peaks with lower
colour varied with viewing geometry was different. Forreflectance and, hence, relatively dull colours (Land, 1972).
example, there was little spectrally unselective speculafhe iridescent glosses on corvid feathers — including European
highlight. Instead, both intensity and the ratio of maximum tanagpie, rook and carrion crow plumage — had spectra of this
minimum reflectance (and hence ‘saturation’) varied withkind.
viewing angle such that, given a fixed light source, both Of the examples of diffuse coloration illustrated, the jay
brightness and saturation increased with surface orient&jon (wing covert (Fig. 6) most resembles the type described by
Figs 1A, 3E, 8B). Also, given a fixed orientation, reflectancé®rum et al. (1998, 1999) in which the spectral reflectance is
fell with increasing angular separation of the viewer and thendependent of viewing geometry. The kingfisher and Indian
light source E; Figs 3E 8A). roller’s coloration (Figs 7, 8) was diffuse but also iridescent.

These directional properties mean that the Indian roller’s tairhese feathers might combine features of laminar and foam-
looks brightest and the colour most saturated when it is viewdike structures.
obliquely and lit from behind the observer (Fig. 3E). As it turns
towards the observer, the feather darkens and becomes greyer, How colours vary with viewing geometry
which gives the impression of translucence. These directional Iridescence and other directional properties are distinctive
properties cannot adequately be summarised by the schempealities of structural coloration. Some features of plumage
outlined in Fig. 2A but, as with the kingfisher, there was naolours that affect their visual appearance are as follows.
effect of feather alignment (Fig. 1B) on reflectance spectra, (i) Pigment reflectance was often very low, i.e. black. For
again suggesting that the reflecting structure was parallel to texample, with the feather perpendicular to the line of sight
plane of the feather vane (ite0 °). (0=0°) and a low light elevatiorE=5 °, the reflectance of the

Under diffuse lighting (Fig. 8D), the Indian roller tail hummingbird crown feather at 500 nm was 0.025, whereas for
resembled the kingfisher crown in that spectra were broader typical black bird, the male European blackbifairflus
than under the point source am¢hax was insensitive to meruld, reflectance was 0.04.
orientation and to feather alignment (Fig.1). Both the (ii) Coloration sometimes, but not always, lacked an
maximum reflectance and variation in reflectance across thlwdinary specular highlight, i.e. the feather surfaces were
spectrum increased with surface orientation, which wasatte. A matte black background means that the structural
consistent with observations under a point source. colour produces a high-contrast signal when the feather

‘catches the light’ (Fig. 3A).
(iii) Iridescence is expected for interference colours because
Discussion their spectral tuning is dependent on the effective spacing of

Feathers often combine pigmentation and structural colouthe structural layers, and this varies with the angle of
especially to make green (Fox, 1976), but the five featheiacidence (Land, 1972). However, models of flat mirrors do
illustrated mainly had structural coloration. The blue on thenot predict howAmax varies across a diffuse beam from a
jay’s wing covert resembled a glossy pigmented surfaceurface such as a feather. We found that, under a point light
(Fig. 6), while the remaining four feathers were iridescent irsource Amaxwas independent of viewing andgbeand linearly
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related to the angle between the light source and the line-ofr might they also convey information? The basic materials,
sight E (Figs 1A, 2B, 4C, 5D, 7C, 8C). These relationshipskeratin and melanin, are common to all plumage, but it is
can be understood if it is assumed that spectral tuning in @ossible that the formation of a regular composite structure,
diffuse beam depends upon the mean of the angles of incidemhich is necessary for a well-tuned and bright reflectance
and (diffusely) reflected light paths through the feather barbpectrum, is energetically demanding. For example, the
(Fig. 2C). multiple harmonically spaced spectral peaks seen on the
The fact that when a surface is lit by a point source (e.g. theigeon’s nape feather (Fig. 5) are characteristic of a structure
sun) Amax is independent of viewing angle might seemformed of many layers (see Fig. 4 in Land, 1972). The
surprising because feathers can change in colour (hue) as a hinddulation of reflectance across the spectrum is very sensitive
moves. The reason is that althoulhax is independent of to any variation in the separation of these layers; unequal
surface orientation under a point source, for directionalayering would produce greyish rather than spectrally tuned
coloration under diffuse light, the effective location of theiridescence. Also, the directionality may depend on local and
light source (e.g. the part of the sky best reflected by thwng-range order in the structure of the feather.
feather) varies with orientation (Figs 4D, 5E,F). With diffuse Alternatively, it might be that iridescence is a by-product of
coloration, Amax is indeed fixed unless the viewer movesfeather growth, perhaps produced by a robust process
relative to the light source (Figs 7, 8). resembling crystallisation. Even so, colour could be
Another reason that the effects of viewing geometr¥sgax  informative if iridescent coloration is sensitive to damage.
can lead to very different types of (visually perceived) colouAnswering these questions requires electron microscopy of
change is that the way colour varies depends upon the specti@hther barb structure and comparisons of iridescent coloration
reflectance function. Single-peaked spectra (Fig. 4) resembigthin a single species.
spectral lights, and colour changes are ‘along’ the spectrum.
However, multiply peaked spectra (Fig.5) can give ‘non- We thank N. J. Marshall for stimulating our interest in this
spectral’ colours such as purples or achromatic colours (Fingsubject and giving us examples of iridescent spectra. M. F.
and Burkhardt, 1994). This is why, for human viewers, thd.and gave much useful advice. Feathers were given to us by
colours of a pigeon nape shift from green to purple through. G. C. Harper, P. Jablonski, V. Madsen, D. Randall, E.
grey (Fig. 3B). Birds have four spectral types of (single) con&andlin and M. Stenning. All feather samples were collected
photoreceptors (Hart, 2001), and the ‘non-spectral’ colours arfdom birds that had died of natural causes or were collected
the colour changes that they might see when viewing multiplfrom living animals in connection with other studies. We
peaked plumage spectra may well not appear elsewhere timlank the BBSRC for financial support, including a
nature. studentship to A.D.H.
(iv) The reflective structure producing coloration may be
tilted relative to the plane of the feather blade (Fig. 2A). This
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