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Summary

For more than a century, the blue structural colours of
mammalian skin have been hypothesized to be produced
by incoherent, Rayleigh or Tyndall scattering. We
investigated the colour, anatomy, nanostructure and
biophysics of structurally coloured skin from two species
of primates — mandrill (Mandrillus sphinx) and vervet
monkey (Cercopithecus aethiops— and two species of
marsupials — mouse opossumMarmosa mexicana and
wooly opossum Caluromys derbianup We used two-
dimensional (2-D) Fourier analysis of transmission
electron micrographs (TEMs) of the collagen arrays in the
primate tissues to test whether these structural colours are
produced by incoherent or coherent scattering (i.e.
constructive interference). The structural colours in
Mandrillus rump and facial skin and Cercopithecus
scrotum are produced by coherent scattering by quasi-
ordered arrays of parallel dermal collagen fibres. The 2-D
Fourier power spectra of the collagen arrays from
Mandrillus and Cercopithecus reveal ring-shaped
distributions of Fourier power at intermediate spatial
frequencies, demonstrating a substantial nanostructure of

the appropriate spatial frequency to produce the observed
blue hues by coherent scattering alone. The Fourier power
spectra and the observed reflectance spectra falsify
assumptions and predictions of the incoherent, Rayleigh
scattering hypothesis. Samples of blueMarmosa and
Caluromysscrotum conform generally to the anatomy seen
in Mandrillus and Cercopithecusbut were not sufficiently
well preserved to conduct numerical analyses. Colour-
producing collagen arrays in mammals have evolved
multiple times independently within the two clades of
mammals known to have trichromatic colour vision.
Mammalian colour-producing collagen arrays are
anatomically and mechanistically identical to structures
that have evolved convergently in the dermis of many
lineages of hirds, the tapetum of some mammals and the
cornea of some fishes. These collagen arrays constitute
quasi-ordered 2-D photonic crystals.

Key words: structural colour, mammal, blue, skin, collagen, coherent
scattering, Rayleigh scattering, Tyndall scattering, 2-D photonic
crystal.

Introduction

The colours of organisms are produced by moleculascattering of light wavelengths by individual scatterers and is
pigments or by the physical interactions of light waves withdetermined by the size, shape and refractive index without
biological nanostructures. Structural colours, produced byegard to the phase relationships among multiple waves
the latter mechanism, are an important component of thgcattered by different objects (Bohren and Huffman, 1983). By
phenotype of many animals (Fox, 1976; Herring, 1994; Parkecontrast, coherent scattering is differential scattering of light

1999) and even some plants (Lee, 1997).

wavelengths from multiple objects and is determined by the

The physical mechanisms of structural colour production arphases of the scattered light waves (Prum and Torres, 2003a,b).
often described as being diverse (Fox, 1976; Nassau, 1983;Rayleigh scattering (also known as Tyndall scattering; see
Parker, 1999; Srinivasarao, 1999). However, most mechanisny®ung, 1982) is an incoherent scattering mechanism that
of structural colour production can be well understood agredicts the production of short-wavelength hues — blue, violet,
consequences of light scattering at the interfaces of materiadsid ultraviolet — by diffuse, cloudy media or colloids. Coherent
that differ in refractive index (for an exception in insect cuticle scattering can produce biological colours with a wide variety
see Neville and Caveney, 1969). Light-scattering mechanisng different structures including thin films, crystal-like arrays
can be classified as either incoherent or coherent (Bohremd diffraction gratings. Unlike incoherent Rayleigh scattering,
and Huffman, 1983). Incoherent scattering is the differentiatoherent scattering often produces the phenomenon of
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iridescence — change in hue with angl
observation or illumination — becat
changes in angle of observation

illumination may affect the pha
relationships among the scattered w
that determine the hue (Prum and Tol
2003a,b). Consequently, since Ma
(1923), iridescence has often b
inaccurately synonymized with coher
scattering, and all noniridescent b
structural colours have been erroneo
ascribed to incoherent Rayleigh

Tyndall scattering (Fox, 1976; Nass
1983; Lee, 1991, 1997; Herring, 1994

Although it is correct that iridesce
biological structural colours are produ
exclusively by coherent scattering,
have demonstrated that a previol
unappreciated class of nanostruct
organization — quasi-ordered array:
can produce noniridescent biologi
structural colours by coherent scatte
alone (Prum et al., 1998, 1999a,b, 2(
Prum and Torres, 2003a,b). Qui
ordered arrays have the unimc
distributions of scatterer size and spa
that can produce coherent scattering
that lack the laminar or crystal-like spa
organization at larger spatial scales
produces iridescence. We have identi
coherently  scattering  quasi-orde
arrays in the spongy medullary keratir
structurally coloured feather barbs (Pr
et al., 1998, 1999b, 2003) and the del
collagen arrays (Prum et al., 1999a; P
and Torres, 2003a) of various av
clades.

In order to analyze colour producti
by quasi-ordered tissues and the evolt
of colour-producing arrays among
quasi-ordered, crystal-like and lamii
organizations, we have developed a  Fig.1. Structurally coloured skin of mammals examined. (A) Male mandviéingirillus
that uses the two-dimensional (2°  sphiny blue facial skin (reproduced with permission from Corbis Photo). (B) Male mandrill
Fourier transform of transmissi blue rump skin (reproduced with permission from Jay Peterson). (C) Male vervet monkey
electron micrographs of the colo (Cercopithecus aethiops pygerythyusvith vividly blue scrotum (reproduced with
producing  biological  structures permission from Roland Kays). (D) Close-up of the blue scrotum of a vervet mddbkay (
characterize the periodicity of spa pygerythrus reproduce.d wit.h.permission from Dr Kenneth. Soike).. (E) Male mquse
opossum larmosa robinsoniwith blue scrotum (reproduced with permission from Louise
Emmons). Photo depicts a species that is closely related to the species exdmined (
mexicand.

variation in refractive index in the
materials (Prum et al.,, 1998, 1999
Prum and Torres, 2003a,b). The Fou
methods can test the fundame
incoherent scattering assumption of scatterer spatiat al., 2001; Li et al., 2003; Sundar et al., 2003; Vukusic, 2003;
independence and predict the reflectance spectrum producédkusic and Sambles, 2003). We conclude with a discussion
by coherent light scattering from these arrays. of colour-producing collagen arrays as two-dimensional

Recently, new photonic methods have begun to be appligghotonic crystals and a comparison between photonic methods
to the study of biological structural colour production (Parkemand the Fourier method applied here.
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Table 1.Measurements and predictions from the primate specimens analyzed

Modal Peak
Peak Peak spatial interfibre predicted Prediction
Observed reflectance frequency distance reflectance error Sample

Sample colour (nm) (nm) (nm) (nm) (nm) size
Mandrillus sphinx

Male face (A24) Light blue 467 0.00646 154 430 37 14

Male face (A23) Light blue 458 0.00547 182 490 32 20

Male rump (A25) Dark blue 378 0.00666 150 410 32 39

Male rump (A22) Dark blue 387 0.00726 138 390 3 29

Female face (A20) Light blue 490 0.00686 146 460 30 30

Female face (A21) Light blue 491 0.00786 127 360 131 19
Cercopithecus aethiops sabaeus

Scrotum (A09) Pearly blue 506 0.00428 233 760 260 6
Cercopithecus aethiops pygerythrus

Scrotum (A13) Vivid blue ~475* 0.00587 170 400 ~75 7

*Reflectance data faCercopithecus aethiops pygerythifusm Findlay (1970).
Structural colour production in mammals derbianus (Didelphidae; Marsupialia). We found that

In contrast with invertebrates and other vertebrate classestructural colours of mammal skin are produced by coherent
integumentary structural colouration is rare in mammals (Foxscattering from quasi-ordered arrays of dermal collagen fibres.
1976). In all, violet, blue or green skin is known from only aThese arrays are exactly convergent with colour-producing
few genera in the orders of marsupials and primates {Jig. collagen that has evolved numerous independent times in the
For over 100/ears, with rare exception, the structural coloursskin of birds (Prum and Torres, 2003a), in the tapetum
in the skin of mammals have been attributed to Rayleigh dibrosum of the sheep eye (Bellairs et al., 1975) and in the

Tyndall scattering (Camichel and Mandoul, 1901; Hill, 1970;iridescent corneal stroma of certain fishes (Lythgoe, 1974).
Fox, 1976; Price et al.,, 1976; Nassau, 1983; Rees and

Flanagan, 1999; Reisfeld, 2000). Findlay (1970) criticized the
Tyndall scattering hypothesis but proposed a vague and Materials and methods
physically inexplicit alternative. Oettlé (1958), however, We examined 3nm-diameter biopsies of structurally
hypothesized explicitly that the vivid blue colour of the coloured light blue facial and dark blue rump skin of two adult
scrotum of the vervet monkeyCércopithecus aethiopss  male and two adult female mandriMandrillus sphinxL.
produced by coherent scattering (i.e. constructive interferenc€yig. 2; Tablel), courtesy of the Brookfield Zoo, Chicago, IL,
by dermal collagen. Using a series of elegant light microscopdSA. We also examined two specimens of the scrotum skin
observations, Oettlé documented that expanding the bldfeom male vervet monkeyGercopithecus aethiogs (Fig. 2;
scrotum tissue with formic acid and heat resulted in a shift ifablel), from the Tulane Primate Research Center,
the colour to longer, reddish wavelengths. Oettlé’s observatioBovington, LA, USA. The first specimen was from an
provided strong evidence for coherent scattering, but himdividual with a bright blue scrotum of East African origin
ground-breaking paper has not been broadly cited. (C. a. pygerythrusFig. 1), and the second specimen was from
To our knowledge, Price et al. (1976) is the only previousan individual with a light, pearly blue scrotum from a feral
publication to use transmission electron microscopy (TEM) t&Caribbean population of West African origi@.(a. sabaeys
examine structurally coloured mammal skin. However, Pric&Ve also examined single blue scrotum specimens of the mouse
et al. (1976) focused on the distribution of melanin in the skimpossum larmosa mexicanélerrian) and wooly opossum
and did not examine the nanostructure of the dermal collage(Caluromys derbianug/aterhouse) from Costa Rica, courtesy
They concluded that the blue hue of the scrotu@.@fethiops  of Robert M. Timm.
was produced by Tyndall scattering above a layer of Specimens ofMandrillus and the pearly blue specimen
melanocytes (Price et al., 1976). of Cercopithecuswere fixed in 2.5% glutaraldehyde or
We used fibre-optic spectrophotometry, light microscopén Karnovsky's fixative (2.5% glutaraldehyde, 2.5%
histology, transmission electron microscopy (TEM) and 2-Dparaformaldehyde) for 2 and then stored in cacodylate
Fourier analysis of TEM images to investigate structurallybuffer. The first specimen of vividly blue scrotum fr@na.
coloured skin from four species of mammals: the mandrillpygerythruswas frozen for several months before fixation in
Mandrillus sphinx and the vervet monkeyC. aethiops 2.5% glutaraldehyde. THdarmosaspecimens were fixed and
(Cercopithecidae; Primates); and the mouse opossuratored in 10% formalin, and ti@aluromysspecimen was fixed
Marmosa mexicanaand the wooly opossuntCaluromys originally in 70% ethanol. The marsupial specimens were fixed
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again in Karnovsky's fixative for & at 4°C before microscopy variation to the original function. This application of Fourier
but were not sufficiently well preserved for numerical analysisnalysis is derived independently from electromagnetic optical
of collagen nanostructure. theory (Benedek, 1971) and is distinct from the traditional

The reflectance spectra of Mandrillus specimens and the physical field of ‘Fourier optics’, although they both describe
pearly blueCercopithecusspecimen were measured using ancoherence among light waves.

Ocean Optics S2000 fibre optic diode array spectrometer with The digital or digitized TEM images were analyzed using
an Ocean Optics PX-2 pulsed xenon light source (Ocean Optidhe matrix algebra program MATLAB (version 6.2;
Dunedin, FL, USA). This spectrometer produces 204&ww.mathworks.com) on a Macintosh computer. The scale of
reflectance data points between hé® and 865 m (or 1520 each image (nrpixelY) was calculated from the number of
data points between 390n and 80hm) with an average error pixels in the scale bar of the micrograph. The largest available
of 0.14nm. Measurements were made with perpendicularhsquare portion of each array was selected for analysis; for most
incident light from 6mm away, producing an illuminated field images this area was 1Cgikels®. The average refractive

of approximately 3nm?2 with 100-500ms summation time. A index of each tissue was estimated by generating a two-
Spectralon diffuse reference standard from Ocean Optics wasrtition histogram of image darkness (i.e. the distribution of
used as a white standard, and the ambient light of a darkenddrker and lighter pixels). The frequency distribution of darker
room was used as a dark reference. Percent reflectance veawl lighter pixels was used to estimate the relative frequency
calculated in a standard fashion (Prum et al., 1999a). Reflectanaf collagen and mucopolysaccharide in the image and to
spectra were recorded from the bluest available portion of eadalculate a weighted average refractive index for the tissue.
specimen. The vividly blu€. a. pygerythruscrotum specimen Previously, we have used estimates of the refractive indices of
was received before the reflectance spectrophotometry wasllagen and the mucopolysaccharide matrix between collagen
available in our lab, and no measurements were made. HowevBbres of 1.51 and 1.35, respectively (Prum et al., 1994, 1999a),
reflectance spectra for this subspecies are reported by Findi@ken from Maurice (1984). Recently, however, more refined
(1953, 1970) (see Table Fig.7H). The specimens darmosa  methods have estimated the refractive indices of collagen as
andCaluromyddid not preserve any visible or measurable coloul.42 and mucopolysaccharide as 1.35 (Leonard and Meek,
and were not measured. 1997; Prum and Torres, 2003a).

For light microscopy, samples of all species were embedded The numerical computation of the Fourier transform was
in paraffin, cut into 1um sections and stained with Masson’sdone with the well-established 2-D fast Fourier transform
trichrome, which includes the collagen-specific stain fast-greerfFFT2) algorithm (Briggs and Henson, 1995). We calculated
For TEM, skin samples were post-fixed in 2—4% osmiunthe 2-D Fourier power spectrum, or the distribution of the
tetroxide for 1.5h. They were then stained with 2% aqueoussquares of the Fourier coefficients. The 2-D Fourier power
uranyl acetate for k. Tissue pieces were then dehydratedspectrum resolves the spatial variation in refractive index in
through an ethanol series and embedded in Eponate 12. Thilae tissue into its periodic components in any direction from a
were sectioned with a diamond knife to ~IB0 thick. given point (Fig5). The 2-D Fourier power spectra are
Specimens were viewed with a JEOL EXII transmission electroaxpressed in spatial frequency (finby dividing the initial
microscope. TEM micrographs were taken with Polaroidspatial frequency values by the length of the matrix (pixels in
negative film or were digitally captured using a Soft-Imaginghe matrix multiplied by nnpixel}). Each value in the 2-D
Megaview Il CCD camera (102420Cpixels). Numerical power spectrum reports the magnitude of the periodicity in the
analyses were conducted directly on the digital images or on tloeiginal data of a specific spatial frequency in a given direction

photograph negatives after scanning at &80 from all points in the original image. The spatial frequency and
_ _ direction of any component in the power spectrum are given
2-D Fourier analysis by the length and direction, respectively, of a vector from the

Coherent scattering of visible wavelengths is a consequeneggigin to that point. The magnitude is depicted by the colour
of nanoscale spatial periodicity in refractive index of a tissugifrom blue to red), but the units are dimensionless values
Following a theory of corneal transparency by Benedek (1971)elated to the total darkness of the original digital images.
we have developed an application of the discrete Fourier 2-D we calculated radial average power distributions from the
transform to analyze the periodicity and optical properties opower spectra using 100 spatial frequency bins, or annuli,
structural coloured tissue. Discrete Fourier analysis transformsetween 0 and 0.021L and normalized to % total Fourier
a sample of data points into an equivalent sum of componepbwer (Fig.6). Composite radial average power distributions
sine waves of different frequencies and amplitudes (Briggs anglere calculated from a sample of power spectra from multiple
Henson, 1995). The amplitudes of the Fourier componentEM images to provide an indication of the predominant
waves express the relative contribution of that frequency Ofpatial frequency of variation in refractive index in the tissue
variation to the periodicity of the original data. The variationover all directions (Tab!#&; Fig.6).
in the squared amplitudes over all Fourier components is called \we also produced predicted reflectance spectra based on the
the Fourier power spectrum. The relative values of the different-p Fourier power spectra, image scales and average refractive
Fourier components in the power spectrum express thfdices (Fig7). First, a radial average of the power spectrum
comparative contribution of those spatial frequencies ofvas calculated using concentric radial bins, or annuli,
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corresponding to fifty l1@m-wide wavelength intervals Results

between 300 and 800n. The radial average power values Anatomy

were expressed in % visible Fourier power by normalizing the Light microscope histology oflandrillus, Cercopithecus
total power values across all potentially visible Spatia'andCaluromysrevealed that the epidermis is thin (30-+#8)
frequencies (i.e. potentially scattering light between 300 ang,q unpigmented (Fig). The colour-producing dermis
800nm) to 1. The inverse of the spatial frequency averages fQiy ysisted of a thick layer of collagen — 1508 (Mandrillus
each wavelength were then multiplied by twice the averaggyce) or 80Qum (Mandrillus rump, Cercopithecusscrotum,
refractive index of the medium and expressed in terms ijaluromys scrotum) — that stains vividly blue with
wavelength (nm). A few images depict oblique, ellipticaly;asson’s trichrome (Fi®). In the blue rump skin of
sections of the cylindrical collagen fibres, which will bias they;4ndrillus and the blue scrotum ercopithecusthere was
predicted hue toward longer wavelengths. In these cases, th&janse layer of melanocytes ~808 below the epidermis
radial average was calculated from a single quadrant or fI‘O@ﬁg. 2B,C), but melanocytes were absent from the blue

a custom radial section of the power spectrum that lacked th&. 1 qrillus facial skin and scarce in th@aluromysscrotum
elliptical distortion. Composite predicted reflectance spectr ig. 2A,D).

for each tissue were produced by averaging the normalized

predicted spectra from a sample of TEM images (FigThe

result is a theoretical prediction of the relative magnitude of Colour and spectrophotometry

coherent light scattering by the tissue that is based entirely on Reflectance spectra of the skin samples revealed bright blue
the spatial variation in refractive index of the tissue (Fig. colours with distinct peak hues (FB). The reflectance peaks
Tablel). varied from 378 to 386m for maleMandrillusrump skin 458

d
,

Fig. 2. Light micrographs of structurally coloured skin of (A) male mandvikugdrillus sphinx facial skin; (B) male mandrill rump skin; (C)
vervet monkey Cercopithecus aethiopscrotum and (D) wooly opossur@gluromys derbianysscrotum (epidermis detached and missing).
All specimens were stained with Masson’s trichrome, which stains collagen blue. All scale bars |jare Ab@reviations: c, collagen; e,
epidermis; m, melanin.
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to 467nm for maleMandrillus facial skin 490 to 492nm for  measured here, but a scrotum reflectance spectrum from the
femaleMandrillus facial skin and 50&6m for the pearly blue same subspecies has been published by Findlay (1953,
C. a. sabaeuscrotum (Fig3). The reflectance spectrum of the 1970) and shows a unimodal peak of 35% reflectance at
vividly blue scrotum skin ofC. a. pygerythruswas not approximately 47%:m (Fig.7H). The scrotum skin of
Marmosa and Caluromys were not
sufficiently well fixed to preserve any
50 40 ‘ " measurable colour, but both species were
A Male Mandrillus B Maflgcl\gandnllus medium blue at the time they were
face ] 30l collected.
The blue colour of malilandrillusfacial
skin was apparently more brilliant (40%
peak reflectance) and saturated (purer in
hue) than in femal&andrillus facial skin,
which showed lower peak reflectance
(12-22%) and substantial reflectance of
longer wavelengths (i.e. less saturated in

40 -

30+
20¢1
20+

10 10

0 : ‘ : ‘ 0 ‘ ‘ ‘ ‘ .
300 400 500 600 700 800 300 400 500 600 700 goo coloun) (Fig-3AB.EF).
50 30 ‘ ‘ ‘ ; Nanostructure
C Male Mandrillus D Male Mandrillus The  colour-producing  dermis  of
40 rump ] 257 rump 1 Mandrillus, Cercopithecus Marmosaand

Caluromys was composed of abundant
parallel collagen fibres (Fig). These

: collagen fibres form quasi-ordered arrays
that are characterized by normal distribution
of fibre diameters and nearest neighbour
M distances but that lack periodicity at larger

20+
30

15}

20
10

10+

o spatial scales (Figt). TheCaluromydgissue
g 0 w : ‘ : 0 : : : : examined was not sufficiently well fixed to
$ 300 400 500 600 700 800 ~ 300 400 500 600 700 800 nreserve many of the details of collagen
% " | | | | - nanostructure.
3 E Fergélg Mandrillus Fourier analyses
201 The 2-D Fourier power spectra of TEMs
10+ of cross-sections of the colour-producing
151 dermal collagen arrays fronMandrillus
and Cercopithecusrevealed ring-shaped
5| 10 distributions of high-power values at
5 FemaleMandrillus | mtermedlgte spatial frequenme; (F&‘bg
face These ring-shaped power distributions
o indicate that the collagen arrays are

300 200 500 600 00 800 %00 200 200 600 700 800 Substantially nanostructured at intermediate

Wavelength (nm) spatial frequencies and are not randomly

60 ‘ : : : distributed in space as assumed by
G Cercopitheais mcoherenﬁ scattering mpdels. '!'he ring-
S0 ¢ scrotum | shaped distributions of high Fourier power

_ _ values also demonstrate that these collagen
Fig.3. Reflectance spectra of fixed arrays are equivalently nanostructured in all
samplesl ﬁf _ st;u;turall;; CO'O‘érﬁ:j directions perpendicular to the fibres, which
mamma: skin- .( : )_mae_ _man I constitutes the quasi-ordered type of
(Mandrillus sphiny facial skin; (C,D) organization that will produce a
male mandrill rump skin; (E,F) female -
mandrill  facial gkin' ((G) )vervet noniridescent structural colour by coherent
monkey Cercopithecus aethiops  Scattering (Prumetal., 1998, 1999a,b; Prum
0 ‘ ‘ ‘ ‘ scrotum. Samples A and C, and B and and Torres, 2003a,b). Radial averages of the
300 400 500 600 700 800 D were from the same individual power spectra of the TEMs dflandrillus

Wavelemth (nm) males, respectively. and Cercopithecusindicate peak spatial

40

30

20

10 1
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Fig. 4. Transmission electron
micrographs of collagen
arrays from  structurally
coloured mammal skin. (A)
Female mandrill flandrillus
sphiny facial skin at 750%.
Scale bar, 500m. (B) Male
mandrill  rump skin at
25000%. Scale bar, 1000m.
(C) Male mandrill facial skin
at  4C000x. Scale bar,
250nm. (D) Male mandrill
rump skin at 4@00x. Scale
bar, 250nm. (E) Vervet
monkey Cercopithecus
aethiop3 scrotum at
25000%. Scale bar, 5Ccam.
y wl A ol (F) Mouse opossum
L ylo 2 A~ aum?’ (Marmosa mexicaa at
JAI » 50000x. Scale bar, 108m.

frequencies in refractive index variation that are appropriaté82nm in Mandrillus and between 170 and 288 in

for producing visible colours (Fi@; Tablel). These peak CercopithecugTablel).

spatial frequencies correspond to modal distance betweenThe predicted reflectance spectra based on radial averages
neighbouring collagen fibre centres of between 127 andf the Fourier power spectra and the average refractive index
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Fig.5. Two-dimensional Fourier power
spectra from transmission electron
micrographs of colour-producing collagen
arrays from: (A) male mandrillMandrillus
sphiny facial skin; (B) male mandrill rump
skin; (C) female mandrill facial skin and (D) <
vervet monkey Cercopithecus aethiops <
scrotum. Colour scale (from blue to red) ¢C>>’
indicates the relative magnitude of the squaredg
Fourier components, which are dimensionlessg
quantities. Direction from the origin indicates +=
the direction of the 2-D component waves in-S
the image, and the distance from the origing
indicates the spatial frequency (cyctes)

of each Fourier component. The ring-shaped
distribution of Fourier power demonstrates a
predominant periodicity at intermediate
spatial frequencies that is equivalent in all
directions. The diameter of the ring is
inversely proportional to the wavelength of
the coherently scattered colour, so the power
spectrum ring of the (A) light blue mandrill
facial skin (Fig2A) has a smaller diameter
than the (B) dark blue mandrill rump skin
(Fig. 2C).

0.02 WA

0.01

0.01

0.02

0.02

0.01

0.01

0.02

0.02 0.01 0

0.01
Spatial frequency (nm)

0.0D.02 0.01 0 0.01 0.02

of these extracellular collagen arrays were closely congruennimodal reflectance spectrum at 400 with a peak that was
with the measured reflectance spectra for most samples 875nm below a previously published reflectance spectrum of

Mandrillusface and rump skin (FiJ., Tablel). For five of six

the scrotum of this subspecies of 4#b (Fig.7H; Tablel;

Mandrillus samples, the error between the measured and théndlay, 1953, 1970). However, the reflectance spectrum

predicted peak reflectance varied between 3 ammhBbut one

predicted for the pearly blu€ercopithecusscrotum sample

sample of femal®andrillus facial skin (A21) had a predicted featured broad reflectance above &8 which was not

peak reflectance of 360n, or 131Inm below the measured congruent with measured
However,

reflectance of 4%hm (Fig.7F; Tablel).

reflectance of this specimen

the (Fig. 7G). However, the ‘pearly’ quality of the colour of this

predicted peak was quite close to the secondary peak of tepecimen to the eye indicates that it may have had some longer

reflectance spectrum of this specimen at @14 within 14nm

(Fig. 7F).

wavelength yellowish reflections. In making the reflectance
measurements, we focused on the most bluish areas, perhaps

We have not established the mechanism determining th@eating a bias in the colour measurements that was not
secondary peak in somMandrillus reflectance spectra. Each sampled by the TEM observations.
peak could be produced by a class of appropriately sized
collagen arrays, and the relative size of the two peaks could be

produced by the relative abundance of the two spatial classes.

Discussion

Thus, the malélandrillusrump reflectance could be produced An investigation of the colour, anatomy and nanostructure
predominantly or exclusively by the smaller spatial clas®f structurally coloured skin of mandrilM@ndrillus sphin
(Fig. 7D), and the maleMandrillus facial colour could be and vervet monkeyQercopithecus aethiopslocuments that

produced predominantly by the larger spatial class. Somese colours are produced by coherent scattering from quasi-
samples of TEM images appear to have sampled only therdered arrays of dermal collagen fibres. The dermal collagen
smaller (Fig.7D,F) or the larger (FigiB) spatial class, giving arrays ofMandrillus and Cercopithecusre nanostructured at
rise to errors in predicting the shape of the reflectance spectthe appropriate spatial scale to produce the observed hues by
Alternatively, the reduced reflectance at ~40® could be coherent scattering alone (i.e. constructive interference among
caused by absorption by an unknown material (Prum aniight waves scattered by adjacent collagen fibres). The
Torres, 2003a). differences in hue between different areas of skin are
In Cercopithecus the vividly blue sample predicted a apparently due to the size and spacing of dermal collagen fibres



Structural colouration of mammalian ski2165

0.14 ; T T 0.08 ; ; T
A B ,
0.12f Male Mandrillus- 0.07r MaleMandrillus -
face rump |
0.1r
0.08} |
0.06]
0.04f] |
= Fig.6. Radial averages of power
g 0.0z A :
g spectra from (A) male mandrill
e 0 . . . 0 . . . (Mandrillus sphin facial skin; (B)
2 0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 male mandrill rump skin; (C)
3 female mandrill facial skin and (D)
% 0.1 . . . 0.15 . . . vervet monkey Cercopithecus
3 C D _ aethiop$ scrotum. The shaded zone
= FemaleMandrillus Cercopitheaus shows the range of spatial
X 0.08r face 1 scrotum frequencies that are likely to
o1l | produce mammal-visible coherent

reflections, assuming a visible
spectrum of 400-700m and an

average refractive index in the
1 dermis of 1.4. Peaks in the grey
0.05 1 zone demonstrate  that the
predominant spatial periodicity of
the collagen arrays is appropriate
for the production of visible colours

‘ . 0 . . by coherent scattering. Sample
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 sizes for each ana|ysis are shown in

Spatial frequency (nTA) Tablel.

0.06

0.04

0.02

1

(Prum et al., 1999a; Prum and Torres, 2003a,b). The ringHtraviolet that is predicted by the Rayleigh’s inverse fourth
shaped Fourier power distributions demonstrate that thigower law (Bohren and Huffman, 1983).
nanostructure is equivalent in all directions within the tissue Observations of the anatomy of the blue scrotum skin from
perpendicular to the collagen fibres (B, further explaining Marmosa mexicanandCaluromys derbianusdicate that the
how these quasi-ordered arrays produce a non-iridescesame anatomy and physical mechanisms are responsible for
colour by interference (Prum et al., 1998, 1999a,b; Prum argtructural colour production in these species, but the samples
Torres, 2003a,b). The Fourier analyses of some samples werk these species were not sufficiently well preserved for
able to accurately predict the hue and shape of the specimguantitative analysis.
reflectance spectrum, but others were not as accurate (seé€lhese analyses constitute the first demonstration of the
Sources of error). However, the observed congruence [hysical mechanism of structural colour production in
striking given that there are no reasons, other thamammalian skin. For over 1@@ars, the structural colours of
nanostructuring for colour production, to expect thesemammalian skin have been consistently attributed to
particular spatial frequencies to predominate within dermahcoherent, Rayleigh or Tyndall scattering (Camichel and
collagen. Mandoul, 1901; Hill, 1970; Fox, 1976; Price et al., 1976; Rees
The Fourier analyses of bliandrillus andCercopithecus and Flanagan, 1999; Reisfeld, 2000). This hypothesis survived
skin also falsify the incoherent scattering hypotheses of colowirtually unchallenged for a century in a nearly complete
production, including Rayleigh, Tyndall and Mie scattering.absence of data because of the erroneous notion that all
The spatial variation in refractive index in these arrays is natoniridescent, blue structural colours were produced by
random over the spatial scale of visible light, as assumed Rayleigh or Tyndall scattering. Oettlé (1958) was alone in
incoherent scattering models. Rather, the collagen arrays goeoposing that the blue colour of the scrotuntCofaethiops
highly nanostructured at precisely the spatial scale to creai® produced by coherent scattering. Oettlé also correctly
coherently scattered visible colours. Furthermore, théentified the dermal collagen as the source of the colour.
reflectance spectra dflandrillus and Cercopithecusskin ~ However, Oettlé (1958) did not test his hypothesis with any
reveal peak hues in the visible or near-ultraviolet wavelengthslectron microscopic observations of the nanostructure of the
and not the exponentially increasing reflectance into théssue and published his observations in an obscure medical
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journal. To our knowledge, Oettlé (1958)
was cited only twice (Findlay, 1953; Hill,
1970), and his ground-breaking results have
not been followed up on until now. Price et
al. (1976) subsequently used TEM to
describe the distribution of melanocytes in
the blue scrotal dermis of. aethiopsbut
erroneously concluded that the colour was
produced by Tyndall scattering from the
tissue above the melanocytes.

Evolution of collagen arrays

Colour-producing dermal collagen arrays
have evolved independently in the
marsupials and in the Old World primates
(Cercopithecidae). Within the Old World
primates, structural colours are also found in
close relatives of both mandrill and vervet
monkey, including on the face, genitals and
rump of drill (Mandrillus leucophaeys
on the face of moustached monkey
(Cercopithecus cephusand red-bellied
guenon Cercopithecus eyrthrogasieand
on the scrotum and perineal region of
talapoin monkey Nliopithecus talapoij
Patas’ monkey Erythrocebus patgs owl-
faced monkey ercopithecus hamlypi
Dryas’ monkey Cercopithecus dryas
L'Hoest's monkey Cercopithecus Ihoesti
sun-tailed monkeyQercopithecus solatiis
Pruess’s guenonCgrcopithecus pruegsi
and diana monkeyQercopithecus diana
(Kingdon, 1974; Gerald, 2001Mandrillus
and Cercopithecusare not hypothesized to
be phylogenetically most closely related
among Old World primates (Purvis, 1995;
Page and Goodman, 2001), so there is a
distinct likelihood that structurally coloured
skin has evolved at least twice within the
Old World primates. In addition to the New
World didelphiddMarmosaandCaluromys
blue scrotum skin is also known from the
Australian dasyurid Planigale maculata
(J. Kirsh, personal communication). This
phylogenetic  distribution implies that
structurally coloured skin probably evolved
two or more times in the marsupials. A
thorough, comparative, phylogenetic survey
of the distribution of structural colouration
marsupials and Old World primates is
uired to determine how many times this
eature has evolved independently in each

mandrill rump skin. (E,F) Female mandrill facial skin. (G) Vervet monkesrdopithecus  clade.

aethiops sabaelis‘pearly’ light blue scrotum. (H) Vervet monkeyCércopithecus

Interestingly, marsupials and Old World

aethiops pygerythrysvividly blue scrotum with reflectance data from Findlay (1970)primates are the only two clades of
Samples A and C, and B and D were from the same individual males, respectively.

mammals that are known to have
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trichromatic colour vision. Most mammals are dichromats withOliphant et al., 1992). Iridophores are pigment cells that
poor colour sensitivity (Sumner and Mollon, 2003; Surridge einclude purine or pterine crystals that produce structural
al., 2003). Trichromatic colour vision in marsupials is reportedtolours. Dermal iridophores are primitively present in bony
from New World opossums (Didelphidae; Freidman, 1967%ishes, amphibians and reptiles but have been lost in mammals
and from Australian diprotodonts and polyprotodonts (Arres@nd birds (Oliphant et al., 1992). Oliphant et al. (1992)
et al.,, 2002). This phylogenetically broad sample covers theypothesized that the evolution of hair and feathers, in
entire diversity of the marsupials, implying that a diverse groupnammals and birds, respectively, which covered the skin
of marsupials has retained three of the four colour visuantirely, consequently led to the loss of iridophore expression
pigments (along with oil droplets and double cones) that arem mammal and bird skin. Interestingly, some birds retain
primitive to the vertebrates (Arrese et al., 2002). Trichromatistructural colour-producing iridophores in the iris of their eyes
colour vision has reevolved in Old World primates through th€¢Oliphant et al., 1992).
duplication and sequence divergence of the X-linked opsin
genes (Sumner and Mollon, 2003; Surridge et al., 2003). A Melanin and structural colour production
fascinating stable polymorphism in X-linked opsin genes in It has been frequently suggested that melanin plays a direct
some New World primates produces trichromacy inrole in the production of structural colours in mammalian skin
heterozygous females only (Surridge et al., 2003). (Camichel and Mandoul, 1901; Findlay, 1953, 1970; Fox,
The evolution of structurally coloured skin only within 1976; Price et al.,, 1976; Rees and Flanagan, 1999). Our
mammalian lineages that have advanced, trichromatic colo@nalyses demonstrate that the structural colours are actually
vision supports the hypothesis that these integumentary coloyssoduced by the superficial collagen nanostructures above the
function in intraspecific communication (see Function oftypical layer of melanocytes. The function of the underlying
mammalian structural colours). melanosomes is to absorb light waves that are transmitted
Darwin (1871) concluded that:Nb6 other mammal is through the superficial colour-producing collagen. Without the
coloured in so extraordinary a manner as the adult malenelanin layer, these transmitted waves could scatter
mandrill’, whose colours ¢ompare with those of the most incoherently from tissues below that are not nanostructured to
brilliant birds.” Indeed, his apt comparison turns out to becreate saturated hues. This incoherent reflection could create a
anatomically, nanostructurally and physically accuratebright, white background reflectance that would obscure the
Identical colour-producing collagen arrays have evolvednore superficial structural colour. This function explains why
convergently in the structurally coloured skin of many birdghese dermal structural colours can disappear if the underlying
(Prum et al., 1999a; Prum and Torres, 2003a). Structuralljpelanin layer is removed in either mammals (Findlay, 1970)
coloured collagen has also evolved in the fibrous tapeturmr birds (Hays and Habermann, 1969). Thus, melanin
lucidum of the sheep eye (Bellairs et al., 1975) and in thpigmentation does not function directly in the production of
iridescent corneal stroma of a variety of fishes (Lythgoe, 1974)hese dermal structural colours, but melanin pigmentation can
Prum and Torres (2003a) hypothesized that colour-producinigave a critical function in the effective presentation and
collagen arrays have evolved frequently because collagen hsaturation of these structural colours.
several intrinsic features that predispose it to evolve colour- Substantial underlying melanin deposits were observed in
producing nanoperiodicity. Collagen occurs as an extracellulaZercopithecugndMarmosaand inMandrillus rump skin, but
array of fibres with a given diameter and interfibre spacingnelanin deposition was absent from Mendrillus facial skin
Furthermore, collagen has a distinct refractive index (1.42and limited inCaluromys How canMandrillus facial skin and
from the mucopolysaccharide matrix between the fibres (1.35Laluromys scrotum produce a saturated structural colour
Colour-producing collagen arrays could evolve merely bywithout underlying melanin? The only other way to overcome
specifying more rigidly the appropriate fibre sizes andhe problem of incoherent white scattering from underlying
distances between fibres and by producing enough fibres tigsues is to have so many coherently scattering objects that
create a visible colour. Also, the function of collagen inessentially all of the incident light is constructively reflected
stabilizing the skin and other structures can dictate that the¢Brum and Torres, 2003a). For perpendicularly incident light,
fibres tend to be parallel to the incident light and appropriatelyeflectance (or the proportion of ambient light scattered at a
oriented to produce visible reflections. Structurally coloureaingle interface between two materials of different refractive
dermal collagen arrays have probably evolved more frequentindices) is calculated by the Fresnel equation to be:
in birds than in mammals because colour vision is ubiquitous R = [(No—na)/(n + na)]2
in birds. Further, avian tetrachromatic visual systems would be '
sensitive to a greater range of the incidental variations iwherenp andna are the refractive indices of the two materials
collagen nanostructure that could produce coherent scatteringjuxley, 1968; Land, 1972). For other pairs of materials
creating more opportunities for evolution of heritable opticathat produce biological structural colour®, varies but is
variations in collagen nanostructure. abowe 2 — 4.8% (chitin—air), 2.5% (guanine—water) and 4.5%
The convergent evolution of coherently scattering dermalkeratin—air) (Land, 1972). Theoretically, high-array
collagen arrays in mammals and birds is also associated in battaterials can produce nearly 100% coherent scattering of all
groups with the evolutionary loss of dermal iridophoresambient light at the peak wavelength of reflectance with 10-20
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layers of light-scattering objects (Land, 1972). However, thare restricted to the scrotum, whereas Mn sphinx the
difference in refractive index between collagerl(42) and structural colours are found on the face, rump, perineal and
the mucopolysaccharide=£1.35) is very small, yielding aR  genital surfaces. This patently nonrandom pattern of structural
of ~0.05%. Thus, two orders of magnitude more objects areolour distribution on the bodies of mammals is probably a
required to produce the same magnitude of reflectance witlesult of convergent sexual or social selection on scrotum
collagen arrays as with other common types of coloureolour itself, or because of a pre-existing bias in the probability
producing arrays. This physical limit means that collagerof evolving a structurally coloured scrotum, perhaps because
arrays must be much more extensive than arrays of othef pre-existing scrotal melanization (see above).
materials to produce the same magnitude of reflection. In solitary marsupials, a blue scrotum may function in visual
As one would predict from this relationship, the colour-recognition of males or in female mate choice. In the highly
producing collagen layer in maléandrillus facial skin, which  social Old World primates, structural colours function in both
lacks melanin deposition, is nearly twice as thick (~45®) intersexual and intrasexual communicationClraethiopsthe
as that inMandrillus rump skin (80Qum), which has a intensity of the blue scrotum colour varies geographically
solid melanin layer (FiQeA,B; Tablel). With 1500um of = among subspecies, being most intense in the East Afican
nanostructured collagen and approximately A50between a. pygerythrusand least intense in the West Afric&h a.
neighbouring fibre centres (the averageMzndrillus facial ~ sabaeus.Hue and saturation of scrotum colour also vary
skin; Tablel), Mandrillus facial skin may be as many as substantially among individuals withinC. a. sabaeus
10000 coherently scattering collagen fibres thick. This numbepopulations (Kingdon, 1974; Gerald, 2001) but apparently vary
of arrays should produce a saturated structural colour with much less among adults @ a. pygerythrugHenzi, 1985).
very low-R material. Prum and Torres (2003a) documented an In C. a. pygerythrusthe blue scrotum is displayed to
anatomically similar situation in the bare-throated bellbirdconspecific males and females during a variety of agonistic,
Procnias nudicollis(Cotingidae, Aves), in which the colour- dominance and intergroup territorial displays (Struhsaker,
producing collagen layer (500-1CQfh) was 2-5 times 1967; Henzi, 1985). The blue scrotum is featured prominently
thicker than in other avian species that had underlying melanin the ‘red-white-and-blue’ display that combines the bright red
deposits. penis, the white belly fur and skin and the blue scrotum; in the
The absence of underlying melanin createdandrillus  red-white-and-blue display, a dominant male walks around a
facial skin a potential relationship between the saturation of theubmissive male with his tail raised, displaying his blue
colour (purity of hue) and the thickness of the tissue (i.e. thecrotum (Struhsaker, 1967). Sometimes during the red-white-
number of coherently scattering objects). Such a system camd-blue-display, a male stands upright with his erect penis
create interesting opportunities for the development antobbing up and down (Struhsaker, 1967). The red colour of the
evolution of sexual dimorphism and status signalling functiorpenis (Fig.1C,D) is probably produced by capillary blood. The
in the tissue (see Function of mammalian structural colours)frequency of performance of the red-white-and-blue display is
Dermal melanization may actually foster the evolution ofcorrelated with dominance and mating success (Struhsaker,
structural colouration because it will render any changes ith967).
collagen nanostructure that produce coherent scattering of Gerald (2001) has demonstrated experimentally that the
visible colours immediately observable (Prum and Torresintensity of scrotum colour can function as a signal of social
2003a). Dermal melanin deposition is common in many Oldtatus in captive mal€. a. sabaeysand Gerald (1999) has
World primates and may have preceded the evolution ailso shown that blue colour is positively associated with
structural colouration iMandrillus andCercopithecusSome  neuroendocrine indicators of dominance. Henzi (1985)
evidence exists that melanin deposition in mammal scroteoncluded that blue scrotum colour@ a. pygerythrusloes
functions to protect male germinal tissue from harmfulnot vary significantly with dominance status, but Isbell (1995)
ultraviolet radiation (Kermott and Timm, 1988). Thus, scrotalpresented a nonsignificant trend supporting a positive
melanin deposition for radiation insulation may foster thecorrelation between colour and status. Unfortunately, Henzi
evolution of structural colouration of the scrotum for a signal(1985) did not measure scrotal colour, and Isbell (1995) scored
function, which has occurred independently in lineages of botlcrotal colour by eye with a rather ambiguous four category

marsupials and primates. scale. In summary, blue scrotum structural colouratio@.in
_ _ aethiops probably functions in intrasexual and intersexual
Function of mammalian structural colours communication and probably evolved through intramale

The exclusive occurrence of structural colours in mammatompetition for status and sexual access and female preference.
lineages that see visible colours strongly supports thAdditional studies are required to document how variation in
hypothesis that these colours function in intraspecifiscrotal colour (i.e. reflectance spectrum) functions in
communication and not in crypsis or interspecificCercopithecugpopulations and the mechanistic basis of that
communication. Darwin (1871) first hypothesized that thevariation (see below).
sexually dimorphic structural colours of primates evolved M. sphinxand its sister specidd. leucophaeuhave the
through sexual selection. most complex and elaborate structural colouration in

In three of the four species examined, the structural coloursammals.Mandrillus have structurally coloured patches in
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both sexes and on their faces and rump, perineal and genigaturation highly sensitive to tissue thickness. Interestingly,
areas. Thus, these structural colours have the capacity to sign@turation of sexually dimorphic differences in facial
to a conspecific when an individual is coming or going -colouration inM. sphinxare associated with the development
oriented toward or moving away from the receiver. Thesef the facial grooves that indicate the thickness of the colour-
ubiquitous signals have complex functions within such highlyproducing facial skin. Furthermore, the reflectance spectrum of
social, group-living primates (Grizmek, 1984). Developmenthe facial skin from one femabdandrillus showed a real lack
of mature structural colouration occurs during pubertyof saturation (FIG3E) even though the tissue specimen from
(4-5years of age; Wickings and Dixson, 1992). Bright facialthat individual showed collagen nanostructure that was
and rump structural colours in mal. sphinxhave been Vvirtually identical to that of the mature males (Hé\,C,E).
positively correlated with plasma testosterone levels, testis siZ&o, in Mandrillus facial skin, which lacks an underlying
and social dominance rank (Wickings and Dixson, 1992). DNAnelanin layer, tissue thickness may play a direct role in
fingerprinting analyses have demonstrated that bright malkdevelopment of sexual dimorphism and individual variation in
structural colours ifMandrillus also correlate with mating structural colouration. Such changes in signal properties with
success and genetic fitness (Dixon et al., 1993; Wickings ege or social status could be mediated by hormonal control of
al., 1993). Setchell and Dixson (2001) concluded that blueollagenocyte activity in the dermis. Since facial melanin
colouration inMandrillus is unchanged by changes in alphadeposition is probably primitive telandrillus, the absence of
status. However, observations of the two 12- and 20-year-olthelanin deposition in the blue facial patcheMaindrillus is
captive maleMandrillus that were examined in this study likely to be a derived novelty that evolved to accommodate this
contradict that conclusion. The older male was dominant in thgignalling function.
hierachy of this captive group for many years but was deposed|t is attractive to hypothesize that facial structural colour in
4years prior to tissue sampling by the younger male (Mandrillus or the blue scrotum colour i@ercopithecusare
Peterson and G. Nachel; personal communication). Aftemonest indicators of individual condition because of the
losing his dominant status, the older male lost a substantipbssible relationship between thickness of the colour-
amount of weight and a lot of his structural colouration (Jproducing collagen layer and colour saturation. However,
Peterson and G. Nachel; personal communication). By theollagen is a ubiquitous protein, and the additional amounts of
time of sampling, he was brighter again and occasionallgollagen are tiny in comparison with the mass of these large
confronting the younger dominant male in the group (Janimals. Thus, it appears unlikely that there are any substantial
Peterson and G. Nachel; personal communication). Idirect physiological costs to producing tiandrillus or
conclusion,M. sphinxstructurally coloured signals probably Cercopithecus collagen arrays. Without any direct
function in status signalling, intrasexual competition andphysiological cost to production, it is difficult to support an
intersexual selection. honest indicating trait (e.g. Andersson, 1994). Furthermore,
Using a detailed model of trichromatic cercopithecine visiorcollagen is a self-assembled protein polymer, so components
and measures of reflectance spectra, Sumner and Mollaf the spacing of the collagen fibres are unlikely to be easily
(2003) have shown that the structural blue colours o&nvironmentally perturbable. Thus, even if structural colour
Mandrillus and Cercopithecusare conspicuous against the intensity is associated with dominance or status, hue itself may
background colours of their respective environments. Kingdonot be a directly condition-dependent signal. The ‘honesty’ of
(1974) hypothesized that the evolution of blue structurastructurally coloured signal is more likely to be enforced by
colouration in Old World primates is associated with groundhe cost of direct physical confrontations to individuals with
living, since it is found in the ground-living mandrill, drill, inappropriate signals rather than by a direct cost of the signal
vervet, Patas’ and moustached monkeys but is absent fropnoduction itself.
some closely related, arboreal cercopithecines. However, this Price et al. (1976) experimentally changed the blue colour
hypothesis is not strongly supported by a comparative surveyf Cercopithecusscrotum to white by injecting water into
of primate colours (Gerald, 2003) and should be testedcrotal tissue and to deep blue by compressing the scrotum
phylogenetically. tissue. They hypothesized that scrotal colour variation in
Because of the lack of melanin underlying the colourCercopithecusis associated with the degree of dermal
producing collagen arrays in the faceMdéndrillus, changes hydration. However, they did not present any evidence that
in brilliance and saturation of tidandrillusfacial colour may  natural variation in hue is associated with dermal hydration.
be accomplished by expanding the thickness of the colouFurthermore, it is uncertain how additional hydration would
producing collagen arrays. Fewer arrays would produce affect the nanostructure of the colour-producing arrays.
colour of the same hue (peak reflectance) but with loweFurther research is required to understand the mechanism
brilliance and saturation (less bright, more white; e.gunderlying the variation in scrotal hue, saturation and
Fig. 3E,F) because fewer collagen fibres would create fewdirilliance in Cercopithecus Substantial dermal oedema or
opportunities to coherently scatter incident light above thelehydration would typically only occur in a primate with more
white reflectance of the underlying tissue. More arrays woulthreatening health problems, so it appears more likely that
produce a more brilliant and saturated blue (BAgB). Lack  dermal structural colour variations are under hormonal
of underlying melanin would make colour brilliance andcontrol.
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Sources of error numbers of bins leads to variations in the estimation of the
There are many sources of error and limitations to the Fouriexact position of the peak due to unavoidable sampling errors.
method used here to analyze the colour production (Prum aebr example, the wavelength analyses of the Fourier power
Torres, 2003a,b). An advantage of the method is that thepectra fronC. a. pygerythruscrotum produced an estimated
analyses are based on actual electron micrographs of the colopeak reflectance of 400n, or 475'm below the peak of a
producing materials and not on a few idealized measurementsublished reflectance spectrum for this colour (Taple
The colour predictions are based directly on the available datdpwever, the frequency analyses for the same species
but the results will be influenced by many factors that affegbroduced a peak spatial frequency (the inverse of the fibre-to-
guantitative transmission electron microscopy, including tissuéibre-centre distance) of 0.0058@r2, which would produce
shrinkage and expansion, variation in staining, fixation, etc. Tha peak structural colour of 4Tim (given an average refractive
method also relies upon grey-scale differentiation of materialsidex of 1.4). In this instance, 100 frequency bins produced a
of different refractive indices, and additional variation inhighly accurate estimate of the peak hue, whereas the 50 visible
staining will create noise in the analyses. In the present studyavelength bins produced less accuracy. There is ho way to
various specimens were obtained from various sources, amdoid these problems, except to point out that when tissues are
differences in preservation and fixation resulted in changes in a good state of preservation and many images are used, the
the nanostructure of the materials that reduced or eliminatexhalyses appear to converge.
structural colour production. The extracellular collagen and In summary, our results provide strong falsification of
mucopolysaccharide arrays are particularly subject tincoherent scattering hypotheses and strong support for the
perturbation during fixation (Prum et al., 1994; Prum anccoherent scattering hypothesis, but further research is required
Torres, 2003a). to analyze all physical sources of intraspecific and interspecific
This Fourier method does not take into account absorptiovariation in structural colour within mammals, particularly in
or pigmentation, but neither do any of the alternative methodsarsupials.
of analysis of structural colouration. Absorption may play a
role in the slight decline in reflectance at 400 in some Fourier method and photonics
reflectance spectra (e.g. F&A,B,E-G). Remarkably similar Photonics, or solid-state electromagnetics (Joannopoulos et
reflectance spectra were observed in some blue bird skial., 1995), is a new field of physics that has only recently begun
particularly in Galliformes (Prum and Torres, 2003a,b).to be applied to biological structural colour production (Parker
Alternatively, this could be due to two heterogeneous sizet al., 2001, Li et al., 2003; Sundar et al., 2003; Vukusic, 2003;
classes of colour-producing arrays in the dermis, which aréukusic and Sambles, 2003). In contrast to the traditional
each responsible for the peaks above and belownd0@nd optical method of analyzing the sum of the responses of all
occur in varying frequencies (e.g. FitA vs Fig. 7D). This  incident light waves, photonics applies generalized numerical
phenomenon requires further investigation. methods from quantum mechanics and electronics to analyze
Further, our Fourier method does not take into accourthe periodicities in refractive index of a structure and,
polarization of incident or scattered light. Nanostructuresonsequently, to predict the permissible interactions of light
composed of arrays of parallel fibres are likely to producevaves with that structure (Joannopoulos et al., 1995). Photonics
highly polarized reflections composed largely of the transverdeas produced a revolution in new technologies and has only
magnetic (TM) waves, in which the magnetic field is in therecently begun to be applied to biological structural colouration
plane of the image and the electric field is in the perpendiculgParker et al., 2001; Li et al., 2003; Sundar et al., 2003; Vukusic,
plane of the fibre direction (e.g. Joannopoulos et al., 19952003; Vukusic and Sambles, 2003). Although the advent of
Essentially, this Fourier method constitutes an analysis of thaological applications of photonic methods will require a
coherent scattering of the incident TM polarized light waveseevaluation of all biological optical methods (Prum and Torres,
only (Prum and Torres, 2003b). However, the structural colourd003b), here we will only briefly discuss photonics, colour-
produced by these dermal tissues are not polarized because pineducing collagen arrays and our alternative Fourier method.
larger groups of collagen fibres are oriented in many different Periodic dielectric materials, or structures with periodic
directions within the plane of the surface of the skin. The colouspatial variation in refractive index, are called ‘photonic
seen is, thus, the sum of all the polarized reflections from mamyystals’ (Joannopoulos et al., 1998)Imost all biological
collagen arrays with different orientation, which is itselfstructural colour-producing materials can be understood as
unpolarized (Prum and Torres, 2003a,b). biophotonic crystals (Vukusic and Sambles, 2003). Photonic
Another source of uncertainties is errors in estimating therystals are classified based on whether they have periodic
radial Fourier power distributions or the predicted reflectanceefractive index variation in one, two or three dimensions. An
spectra that arise from sampling the square power spectra wilray of parallel dielectric rods, like dermal colour-producing
different numbers of radial frequency or wavelength windowsmammal collagen, is a 2-D photonic crystal (Joannopoulos et
We have chosen 100 spatial frequency and 50 waveleng#h., 1995).
radial bins, or annuli, over the ranges of values of interest Most of the mathematical methods used in photonics assume
(optically relevant spatial frequencies and visiblea perfect spatial periodicity (Joannopoulos et al., 1995).
wavelengths). But sampling the power spectra with differenflthough such an assumption may apply to some very crystal-
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like biological structures (Parker et al., 2001; Li et al., 2003Bellairs, R., Harkness, M. L. and Harkness, R. D(1975). The structure of

Sundar et al., 2003), these methods are not directly applicablghe tapetum of the eye of the she€pll Tissue Red57 73-91.
. h . . . . . . ... Benedek, G. B.,(1971). Theory of transparency of the ep@pl. Optics10,
to quasi-ordered biomaterials in which spatial periodicity IS 459.473.

limited to the distance of neighbouring light scatterers and is n@ohren, C. F. and Huffman, D. R(1983).Absorption and Scattering of Light

perfectly periodic, such as mammalian and avian dermal by Small ParticlesNew York: John Wiley & Sons. _ _
collagen arrays. However, Jin et al. (2001) have recentl Shov\l?ﬁlggs, W. L. and Henson, V. E(1995).The DFT Philadelphia, PA: Society
g ysS. , : y for Industrial and Applied Mathematics.

theoretically and experimentally that an ‘amorphous’ (= quasi€amichel, C. and Mandoul, H.(1901). Des colorations bleue et verte de la

ordered) 2-D photonic crystal can produce a full photonic bang peau dces(\lfg;tf)bff- FS- Sea“tce]’f Qcad- SﬁB?S% ?26{_828_- Relation o
. . . . .Darwin, C. . e Dbescent o an, an election In Relation ta sex
gap — a range of light frequencies that will not be transmitted in" ;.\ n 3onn Murray.

any direction within the crystal. Photonic band gaps are anotheixon, A. F., Bossi, T. and Wickings, E. J(1993). Male dominance and
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