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Peacock feathers feature a rich gamut of colours, created by a most sophisticated

structural colouration mechanism. The feather barbules contain biophotonic structures

consisting of two-dimensionally-ordered lattices of cylindrical melanosomes and air

channels embedded in keratin. Here, we study the reflectance characteristics of the

various peacock tail feather colours by applying bifurcated-probe- and micro-

spectrophotometry and imaging scatterometry. We compare the experimental results

with published anatomical SEM and TEM data, using a transfer-matrix based effective-

medium multilayer model that includes the number and diameter of the melanosome

rodlets and air channels, the lattice spacing and the keratin cortex thickness, together

with the recently determined wavelength-dependence of the refractive indices of

keratin and melanin. Slight variations in the parameter values cause substantial changes

in the spectral position and shape of the reflectance bands. We find that the number of

layers crucially determines the number of peaks in the reflectance spectra. For a small

number of melanosome layers, the reflectance band shape is particularly sensitive to

the properties of the uppermost layer, which provides a simple mechanism for tuning

the feather colours.
Introduction

Peacocks are famous for their colourful plumage. The striking blue breast
feathers, as well as the richly patterned tail feathers, are structurally coloured by
arguably one of the most sophisticated photonic crystal structures found in
birds.1–3 The diverse colours are created by two-dimensionally-ordered rectan-
gular lattices in the barbules that consist of melanin rodlets (melanosomes)
interlaced by air channels that are embedded in keratin.4,5

In bird feathers, structural colouration is widespread,1 but the underlying
optical mechanisms are diverse.2 For instance, pigeon neck feathers are coloured
by keratin thin lms.6–9 The barbs of many bird species, e.g. parrots, kingshers,
and rollers, contain nano-sized, spongy-structured cells that selectively reect
short-wavelength light by constructive interference.2,3,10–13 The barbules of bird-of-
Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747AG Groningen, The

Netherlands. E-mail: p.freyer@rug.nl; d.g.stavenga@rug.nl

This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 223, 49–62 | 49

http://orcid.org/0000-0002-9581-4693
http://orcid.org/0000-0002-2518-6177
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0fd00033g
https://pubs.rsc.org/en/journals/journal/FD
https://pubs.rsc.org/en/journals/journal/FD?issueid=FD020223


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
2 

m
ai

 2
02

0.
 D

ow
nl

oa
de

d 
on

 2
6.

01
.2

02
6 

16
:1

5:
47

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
paradise feathers and the common bronzewing contain stacks of planar arranged
melanin rodlets in keratin, which act as multilayer reectors.14–17 Layers of hollow
cylindrical melanosomes colour the feather barbules of starlings, magpies, and
turkeys.18–21 The extreme iridescence of hummingbird feathers is created by stacks
of air-lled melanosome platelets in the barbules.1,22–25

Peacock feather barbules contain a rectangular lattice of solid melanosomes
and air channels, which is a unique arrangement compared to other iridescent
birds. The anatomy of peacock feathers has been studied in extensive detail by
Durrer.1,4,5 To understand the various feather colours, he treated the different
photonic lattices of peacock barbules as a periodic multilayer. Applying Bragg’s
law, he calculated reectance peak wavelengths that generally corresponded to
the observed colours.1,4 Subsequent spectrophotometry on peacock tail, neck and
shoulder feathers yielded a variety of single- and double-peaked reectance
spectra, which were interpreted by various optical methods.26–30

We recently studied the blue feathers of the peacock’s neck and breast,
applying spectrophotometry and imaging scatterometry. The measured spectra
could be well explained with an effective-medium multilayer model.31 Extending
this approach, here we present a detailed set of reectance spectra of the tail
feathers with a comprehensive analysis of the feathers’ rich colouration pattern,
using recently determined refractive index values of bird keratin and melanin.16,32

We include all six colour regions that were characterized by Durrer1,4,5 and
highlight the key optical parameters that determine the reectance band shape.
The latter crucially depends on the number of layers and furthermore is very
sensitive to the uppermost layers of the photonic structure, particularly the
keratin cortex, which has effects that have so far been insufficiently addressed.
Materials and methods
Peacock feathers and photography

Tail feathers of the peacock, Pavo cristatus, were collected at a children’s farm in
Groningen (The Netherlands) and at a private peacock holding in the Western
Cape (South Africa). Photomacrographs of the feathers were made with a Canon
EOS 30D camera. Micrographs were made with an Olympus SZX16 stereomicro-
scope (Olympus, Tokyo, Japan) equipped with an Olympus SC30 camera and
a Zeiss Universal microscope (Zeiss AG, Oberkochen, Germany) tted with
a ScopeTek DCM510 camera.
Imaging scatterometry

To investigate the spatial reection characteristics of the barbules, we performed
imaging scatterometry.33–36 An isolated barbule was attached to a glass micropi-
pette and then positioned at the rst focal point of the ellipsoidal mirror of the
scatterometer. Narrow-aperture scatterograms were obtained by focusing a white
light beam with aperture <5� on a small circular area (diameter 13 mm) of a single
barbule cell and then monitoring the spatial distribution of the far-eld scattered
light. The exposure times of the scatterograms were appropriately adjusted to
obtain a clear image without overexposure.
50 | Faraday Discuss., 2020, 223, 49–62 This journal is © The Royal Society of Chemistry 2020
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Spectrophotometry

Reectance spectra of the different areas of the tail feathers were measured with
a bifurcated ber probe (Avantes FCR-7UV200), connected to a CCD detector array
spectrometer (Avantes AvaSpec-2048, Apeldoorn, The Netherlands). The light
source was a deuterium–halogen lamp (Avantes AvaLight-D(H)-S), and the refer-
ence was a white diffusely scattering reection tile (Avantes WS-2). Reectance
spectra of small barbule areas were measured with a microspectrophotometer
(MSP). The MSP was a Leitz OrthoLux microscope (Leitz, Wetzlar, Germany) with
a LUCPlanFL N 20�/0.45 objective (Olympus, Tokyo, Japan) and a xenon arc lamp
light source. The area measured with the MSP was a square (edge length 5–10
mm), determined by a diaphragm in the microscope’s image plane, which was in
turn imaged at the entrance of an optical ber connected to the detector array
spectrometer. Due to the glass optics in the microscope, the MSP spectra were
limited to wavelengths >360 nm. However, this limitation appeared to be unim-
portant, because the bifurcated probe measurements showed that the reectance
in the UV was minimal for all feather areas. The probe and MSP collect light from
a limited aperture and therefore the measured reectance depends on the spatial
reection properties of the object. Scatterometry demonstrated that the barbules
are specular-reecting. We estimated that, with a diffuse reector as a reference,
themeasured probe reectance is too large by a factor of�4. We therefore present
the probe reectance divided by 4. The MSP peak reectances were scaled to the
respective probe spectra and modelled spectra. In order to obtain representative
spectra for the varying barbule cell colours of the different regions, we compared
the modelling results with the mean of the MSP spectra that were measured from
a large set of cells of a single barbule in regions 1–5. As the main aim of our study
was to gain understanding of the colouration mechanism of the peacock’s tail
feathers, we specically focused on the shape of the spectrum in our analysis.
Anatomy

We combined the anatomical data of peacock tail barbules from the extensive
transmission electron microscopy (TEM) studies performed by Durrer and Vil-
liger4,5,37 with the scanning electron microscopy (SEM) study by Jiang et al.38 (see
Table 1). These sources did not specify the cortex thickness of the feather barbules
of the peacock. We therefore started our modelling with the mean anatomical
parameters of Durrer and Jiang et al.4,5,38 and then adjusted them together with
the cortex thickness to obtain an optimal t to the measured spectra.
Effective-medium multilayer modelling

We interpreted the measured reectance spectra with an effective-medium
multilayer model using a transfer matrix program based on classical optical
multilayer theory.39,40 Taking the previously published anatomical data,4,38 we
sliced the melanosome and air channel stack into 1 nm thin layers and for each
layer calculated the volume fractions of the component media, keratin, fk,
melanin, fm, and air, fa, with fk + fm + fa ¼ 1. The effective refractive index of each
1 nm layer was then calculated with these volume fractions and the refractive
indices of the component media; for keratin, nk ¼ Ak + Bkl

�2, with Ak ¼ 1.532 and
Bk ¼ 5890 nm2; for melanin, ñm ¼ nm � ikm, with nm ¼ Am + Bml

�2 and km ¼
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 223, 49–62 | 51
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Table 1 Structure parameters of peacock tail feathersa

a (nm) b (nm) c (nm) Dm (nm) Da (nm) Nm

R1 black–violet
Durrer4,5,37 150–170 140–165 70–130 100–110 33 9–11
Zi27 140 140 — 112 70 9–12
Jiang38 128–151 116–134 — 113–126 30–40 9–11
Model 140 150 100 100 33 10

R2 blue–green
Durrer4,5 157–175 150–190 — 100–120 — 9–10
Yoshioka26 150 150 — 130 — 8–12
Zi27 150 150 — 120 75 9–12
Jiang38 153–178 112–131 — 106–119 52–63 5–8
Model 160 170 100 110 33 9

R3 brown
Durrer4,5 198–223 135–172 — 100–120 — 5–7
Zi27 185 150 — 120 75 6*
Li28 185 (235) 150 — 120 75 6*
Medina29 198 (231) 187 — — — 4–5
Model 190 150 70 110 50 5

R4 green–yellow
Durrer4,5,37 190–220 115–190 100–160 100–130 55 4–6
Yoshioka26 190 190 — 140 — 3–6
Zi27 165 165 — 132 83 4
Model 195 150 130 120 55 5

R5 purple
Durrer4,5 180–228 160–250 — 110–130 — 4–7
Model 185 (240) 190 140 100 70 3*

R6 brass–green
Durrer4,5 180–240 140–180 — 110–135 — 3–6
Model 1 185 160 130 120 70 4*
Model 2 185 (240) 160 150 100 70 3*

a The six feather regions are given as R1 to R6; a: longitudinal period; b: lateral period; c:
cortex thickness; Dm: melanosome diameter; Da: air channel diameter; Nm: number of
melanosome layers. The asterisk indicates that the rst air channel layer was omitted in
the modelling. The values of parameter a in brackets indicate values taken for only the
rst melanosome period (see main text).
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am exp(�l/bm), where Am ¼ 1.648, Bm ¼ 23 700 nm2, am ¼ 0.56, and bm ¼
270 nm;16,32 for air, na ¼ 1. The complex effective refractive index of each 1 nm
layer was then obtained:

ñeff ¼ (fknk
w + fmñm

w + fana
w)1/w, (1)

where the weighting factor w depends on the polarisation of the incident light.
Effective-medium theory for two-phase nanostructures predicts weighting factors
wTE¼ 2 andwTM¼�2 for TE (Transverse Electric)- and TM (TransverseMagnetic)-
polarised light, respectively.41–43 However, in our previous study on the multilay-
ered blue neck and breast feathers of the peacock, we compared reectance and
absorbance spectra modelled with the effective-mediummultilayer approach with
52 | Faraday Discuss., 2020, 223, 49–62 This journal is © The Royal Society of Chemistry 2020
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Fig. 1 A peacock tail feather and barbules. (a) The eye pattern of the tail feather with six
distinct colour regions. (b) The feather’s rachis with branches of multi-coloured barbs
(large rectangle b in panel (a)). (c) Barbs in colour region 5 (square c in panel (a)); the
barbules are exposed here at both sides of the barb (indicated by the branching arrow). (d)
Barbs in the transition area of regions 1 and 2 (tilted square d in panel (a)); here barbules on
one side of the barb overlap those on the other side of the neighbouring barb (indicated by
the branches on only one side of the arrow). (e–j) Micrographs of single barbules from
regions 1–6. In region 1, the distal cells are strongly sideways-tilted, resulting in only
a subtle violet colour (panel (e) and arrow head I in panel (d)), but the cells at the barbule
base are more or less parallel with the feather plane (arrow head II in panel (d)). The
number in the lower left-hand corner of (e–j) and the colour bars at the bottom indicate
the feather region, in accordance with the main text and other figures. Scale bars: (a) 2 cm,
(b) 5 mm, (c and d) 1 mm, (e–j) 50 mm.
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spectra obtained with the nite-difference time-domain (FDTD) method31 and
found a close correlation when the effective-mediummultilayer calculations were
performed with slightly modied weighting factors: wTE ¼ 2.5 and wTM ¼ �1.5.
We therefore used these adjusted weighting factors in the present study. Because
the experimental spectra were obtained with unpolarised light, we present the
mean of the modelled TE- and TM-reectance spectra.
Results
The appearance of the colour regions

Peacock tail feathers have a brightly coloured eye-like pattern at their distal end.
The pattern can be categorised into six differently coloured regions with
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 223, 49–62 | 53
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Fig. 2 Imaging scatterometry of single barbule cells of the tail feather’s eye pattern. (a)
Blue–green region 2; (b) brown region 3. The white circles in the diagrams indicate polar
angles of 5�, 30�, 60� and 90�. The samples were tilted by approximately 15� with respect
to the normal, so that the specular reflection occurred at�30�, i.e.well separated from the
centre, which is obstructed by the beam block.
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a macroscopic appearance of: (1) violet–black; (2) blue–green; (3) brown; (4)
green–yellow; (5) purple; and (6) brass–green (Fig. 1a; see also ref. 4 and 5). The
colours originate from the barbules, the branches of the feather barbs (Fig. 1b–d;
see also ref. 5).

The individual barbules consist of rows of cells with size, shape and colour
depending on their location (Fig. 1e–j). Notably, the cells in the central and distal
parts of the barbules display a large coloured surface. This is especially the case in
feather region 2, where the barbules are very densely packed, and together create
a brightly coloured area (Fig. 1d). In contrast, the barbules in region 1 show only
a subdued violet in the distal part of the barbule (Fig. 1e). Here, the barbules are
strongly tilted, thus creating the dark velvety-black appearance of the central
feather area with a slight violet tinge (Fig. 1a; arrow head I in Fig. 1d). The
proximal cells of the barbules in region 1 are less tilted and have only a brown
pigmentary colour (arrow head II in Fig. 1d; anatomy shown in ref. 4).
Imaging scatterometry of the feather barbule cells

To investigate the spatial reection characteristics of the barbules of the peacock
tail feathers, we performed imaging scatterometry on single barbule cells from
blue–green region 2 and brown region 3. A narrow aperture light beam, focused
on a small area of a single barbule cell, yielded nearly specular reections (Fig. 2a
and b). Illumination of larger barbule cell areas yielded scattering patterns with
a wider spatial distribution (not shown) due to the curved surface of the barbules
(Fig. 1f and g; Fig. 3a).
Anatomy and photonic structure of the six colour regions

The scatterometry results can be directly understood from the barbule anatomy,
as revealed by transmission electron microscopy (Fig. 3), where the cross-section
of a barbule cell shows its curvature (Fig. 3a). The dark outer rim of the barbule
cell indicates high melanin pigmentation (Fig. 3a). The melanin is contained in
solid rodlets (melanosomes), which are arranged in a two-dimensional rectan-
gular lattice embedded in a keratin matrix (Fig. 3b–g). The layers of melanosomes
54 | Faraday Discuss., 2020, 223, 49–62 This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Model of the photonic structure in a region 4 barbule and the respective refractive
index profile as a function of distance into the barbule surface. (a) Idealised structure of the
barbule; light grey: air; dark grey: keratin; black: melanin; a: longitudinal lattice-period; b:
lateral lattice-period; c: cortex thickness; Dm: melanosome diameter; Da: air channel
diameter. (b) Depth-profile of the real (Re) and imaginary (Im) parts of the effective
refractive index ñeff for TE- and TM-polarised 500 nm light.

Fig. 3 Anatomy of the peacock tail feather barbules (reproduced from ref. 5). (a) TEM
image of the cross-section of a barbule from region 3. (b–g) TEM cross-sections of the
photonic structures in the six colour regions, 1–6 (Fig. 1). The black dots represent melanin
rodlets, the light grey areas are the air channels, and the darker grey is due to keratin. As in
Fig. 1e–j, the number in the lower left-hand corner and the colour bar indicate the feather
region. Scale bars: (a) 5 mm, (b–g) 0.5 mm.
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are interspersed with layers of air channels, which have a less uniform shape
compared to the melanosomes.4,5 Durrer demonstrated that the arrangement and
dimensions of the melanosome layers are characteristic of the colours of the
different regions.4,5 The different photonic structures vary in the number of layers
and the size, periodicity and ordering of the melanosomes and air channels
(Fig. 3b–g); but how do these structures cause different colours?

To answer this question, we derived the parameter values of the component
media from the reported anatomical data (Table 1), and using eqn (1) we calcu-
lated the refractive index proles of the various barbules as a function of wave-
length and depth into the barbule surface. As an example, Fig. 4a shows a stack of
5 melanosome layers and 4 air channel layers, similar to the structure of region 4.
Fig. 4b presents the corresponding effective refractive index proles for TE- and
TM-polarised light with a wavelength of 500 nm. Implementing the refractive
index proles of the different barbules in a transfer matrix program allowed the
calculation of the reectance spectra, which we compared with the measure-
ments. In the reectance modelling we only considered the melanosome–air
channel stack on the upper side of the barbule and neglected the stack on the
bottom surface. Previous modelling demonstrated that the lower melanosome–
air channel stack and the randomly occurring melanosomes in the barbule
interior contribute at most a very small fraction to the total reection. Modelling
of only the upper stack is therefore adequate.20,31,44

Spectrophotometry

In order to reach a quantitative understanding of the colours of the different
feather regions, we performed spectrophotometry using a bifurcated reection
probe (Fig. 5, bold curves). The reectance spectrum of violet–black region 1
features a single band peaking at �450 nm (Fig. 5a). Its amplitude is very low,
corresponding to the black appearance of region 1. The reectance spectra of
blue–green region 2 and green–yellow region 4 (Fig. 5b and d) also have single
bands, peaking at �500 nm and �600 nm, respectively, but with a much larger
amplitude. Quite differently, the reectance spectra of the brown- and purple-
coloured regions 3 and 5 (Fig. 5c and e) are double-peaked, with peak wave-
lengths at �530 nm and �660 nm (region 3) and �450 nm and �620 nm (region
5). The band structure of the reectance spectra of brass–green region 6 strongly
varies, depending on the measurement location (Fig. 5f).

In the bifurcated probe measurements, the illumination area is rather large
(diameter �1 mm), and therefore the probe spectra contain the averaged reec-
tance of many barbule cells. To investigate the local variation of the spectra we
measured the reectance spectra of single barbule cells with a microspectropho-
tometer (MSP; Fig. 5, thin curves). Although the MSP spectra measured in the
various colour regions varied in peak shape and position, they were on average
very similar to the local probe spectra.

Effective-medium multilayer modelling

We compared the measured reectance spectra with modelled spectra, calculated
as described in the Materials and methods section. The average of the locally
measured MSP spectra (Fig. 6, solid curves) was compared with the modelled
spectra (Fig. 6, dashed curves) that were computed using the parameter sets
56 | Faraday Discuss., 2020, 223, 49–62 This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Reflectance spectra measured with a bifurcated-probe- and micro-spectropho-
tometer (MSP). (a) Violet–black (1), (b) blue–green (2), (c) brown (3), (d) green–yellow (4),
(e) purple (5), and (f) brass–green (6) region. For each region, a probe spectrum (bold
curve) is plotted together with a selection of MSP spectra (thin curves) that weremeasured
in adjacent cells in a typical single barb. For region 6, only two probe spectra are shown,
because the probe and MSP spectra widely vary here.
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derived from the literature (Table 1). We started the modelling using these
parameter values initially with a guessed cortex thickness. Subsequently, we
optimized the lattice to reach an optimal t to the experimentally measured
spectra while obeying the range of variation of the literature parameters.4,5,26–28,37,38

The feather regions 1, 2 and 4 have single-peaked reectance spectra.
Modelling of the spectra required only slight adjustments of the cortex thickness
and the lattice period. A satisfactory correlation between the measured and
modelled spectra was readily obtained for the three regions by taking the lattice
periods a ¼ 140, 160, and 195 nm, melanosome diameters Dm ¼ 100, 110, and
120 nm, and number of melanosome layers Nm ¼ 10, 9, and 5, respectively. For
the air channel diameter we used the parameter values obtained by Durrer and
Villiger:37 Da ¼ 33, 33, and 55 nm, respectively (other anatomical studies reported
a large variation in the air channel diameter; see Table 1 and Fig. 3b–g). Modelling
showed that varying the air channel diameter mainly affected the peak amplitude
and the bandwidth of the reectance spectra, but hardly affected the peak
wavelength.

During the tting procedure, an essential parameter governing the peak shape
appeared to be the keratin cortex thickness. Since no anatomical data exists for
the cortex thickness in the Pavo genus, we estimated its value for the three regions
via the closest t to the experimentally measured spectra. A value of c ¼ 100 nm
followed for regions 1 and 2, whereas for region 4 appropriate ts were obtained
for c ¼ 130 nm. These values agree well with the cortex thickness range of the
violet–black and blue–green tail feather barbules of the Congo peacock, Afropavo
congensis: 70–130 nm and 100–160 nm, respectively.37

The brown (region 3, Fig. 5c and 6c) and purple (region 5, Fig. 5e and 6e)
feathers yielded double-peaked reectance spectra, which could also be modelled
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 223, 49–62 | 57
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Fig. 6 Averages of MSP spectra (solid curves) and spectra calculated by effective-medium
multilayer modelling (dashed curves). (a–e) MSP and modelled spectra for regions 1–5. (f)
Two probe spectra of region 6 (Fig. 5f) compared with modelled spectra.
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well. For region 3 we derived a large period value, a ¼ 190 nm, together with
a small cortex thickness, c ¼ 70 nm. In order to obtain a modelled spectrum with
the same spectral shape as the measured spectra for region 5, we concluded
a general lattice period of a ¼ 185 nm, but with a rst lattice period of about a ¼
240 nm, together with a cortex thickness of c ¼ 140 nm.

In region 6, both single- and double-peaked reectance spectra were measured
(Fig. 6f), which resembled the spectra of regions 4 and 5, respectively (Fig. 6d and
e). Modelling of the single- and double-peaked spectra of region 6 (Fig. 6f, short-
and long-dashed curves) revealed that the nal parameter values were similar to
those of regions 4 and 5, respectively (see Table 1: R4 vs. Model 1, and R5 vs.
Model 2). The single- and double-peaked spectra of region 6 could both be
modelled well by changing mainly the rst lattice period (a ¼ 185 nm vs. a ¼ 240
nm), with a slightly adjusted cortex thickness (c ¼ 130 nm vs. c ¼ 150 nm),
melanosome diameter (Dm ¼ 120 nm vs. Dm ¼ 100 nm), and layer number, while
keeping the remaining lattice spacing and air channel diameter constant (see
Table 1: Model 1 vs. Model 2). Apparently, the single- and double-peaked reec-
tance spectra coexist in a single colour region by slightly varying the structure,
especially that of the uppermost layers.
Discussion

Peacock tail feathers display a rich colour palette due to barbules containing
basically the same photonic components but with large variation in the different
feather regions, as demonstrated by the detailed anatomical studies by Durrer.1,4,5

The barbules in region 1 are closely packed and oriented nearly perpendicular to
the feather plane (Fig. 1e). Normally incident light is thus scattered sideways and
also inwards, resulting in a very low reectance, similar to the case of the “super
black” feathers of birds of paradise.45 Very differently, in regions 2–6 the cells in
the middle and distal area of the barbules are about parallel to the feather plane
58 | Faraday Discuss., 2020, 223, 49–62 This journal is © The Royal Society of Chemistry 2020
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(Fig. 1f–j), clearly to maximize the reectance (Fig. 5b–f). Consequently, lowly
reecting region 1 and highly reecting regions 2–6 together create an extreme
colour contrast in the centre of the eye-like pattern of the peacock tail feathers.

Yoshioka and Kinoshita measured the reectance spectra of the blue neck
feathers as well as the yellow tail covert feathers and modelled the angle depen-
dence of the spectra with a scalar eld approximation.26 Furthermore, Zi et al.
studied various coloured barbules in the eye pattern of the tail feathers of a male
green peafowl (Pavo muticus).27 Using a plane wave expansion method, they
calculated the photonic band structure of a 2D photonic crystal and also applied
a transfer matrix method to compute reectance spectra. Here we extended the
previous studies by applying effective-medium multilayer modelling, which
allowed the calculation of the feathers’ reectance spectra for various coloured
regions of the tail feathers by choosing appropriate parameter values and also
adding the so far neglected cortex.

The amplitude of the feather reectance of course crucially depends on the
packing density of the barbules. Notably, the feather barbules are rather loosely
packed in regions 3–6. Furthermore, the barbule is curved and the barbule cells
are saddle-shaped and thus reect incident light with a large spatial angle, which
makes quantitative modelling of the reectance cumbersome. We have therefore
focused on interpreting the spectral positions and shapes of the measured
reectance spectra. Using parameter values predominantly from the literature4,5,37

(Table 1), the single-peaked spectra were readily modelled, with only minor
adjustments to the layer periodicity in order to match the peak wavelengths, lmax.
For the modelling of double-peaked spectra that tted well with the experimen-
tally measured spectra, the adjustment of several parameter values was necessary.

In the classical case, where the melanosome–air-layer stack is treated as an
ideal multilayer reector, the reectance spectrum features a single, main band.
The lattice period determines its peak wavelength, and the bandwidth decreases
with an increase in the number of periods (see Land,46 for instance). However,
when the melanosome–air-layer stack consists of only a few periods (as in regions
3–6), minor changes in the spacing of the rst layers can cause distinct modu-
lations in the reectance spectra.28,29 We found that the keratin cortex and the
melanosome diameter in the rst lattice periods play a prominent role in
adjusting the peak shape. Interestingly, the effect of these peak shape modulating
parameters decreases when the number of melanosome layers increases. With
a large number of layers the reectance spectrum is always single-peaked, as
occurs in regions 1 and 2.

The MSP spectra measured from various areas in the same barbule vary only
slightly (Fig. 5), which indicates that the dimensions of the underlying structures are
similar. Subtle deviations from the anatomical parameters as stated in the literature
were necessary to achieve satisfactory modelling results. This is not surprising, as the
anatomical data obtained by electron microscopy inevitably represent data from
a very restricted set of barbule cells. The parameter values deduced from the
anatomical data can furthermore suffer from preparation artefacts, for instance the
uncertainty of whether the section is perpendicular to the barbule surface.

The modelling of a specic spectrum allowed a small range of freedom,
especially since the effects of each structure parameter depend on the choice of
the other parameters. For instance, the number of melanosome and air channel
layers, together with the air channel diameter, mainly affect the peak reectance
This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 223, 49–62 | 59
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and bandwidth, while the cortex thickness, the melanosome diameter and the
lattice-spacing prominently affect the peak wavelength and whether the spectrum
is single- or double-peaked. Nonetheless, the parameter space for modelling the
position and shape of the spectrum while at the same time adhering to the
anatomical values appears to be restricted. The air channel diameter is strongly
variable, as already noted by Durrer, who speculated that the channel size is not
controlled by an active cellular process as in the case of the melanosome
diameter.4,5

The distinct, single-peaked reectance spectra obviously create a strong visual
signal, and it is hence interesting to compare the spectral properties of the various
colour regions with the spectral sensitivities of the peacock’s photoreceptors. Vision
in the peafowl is tetrachromatic, based on VS, SWS, MWS and LWS photoreceptors
with peak spectral sensitivities at 432, 477, 537 and 605 nm, respectively.47 The weakly
reecting region 1 has a reectance peak wavelength at lmax ¼ 450 nm, in the
sensitivity range of the VS and SWS receptors, but the low reectance is unlikely to
cause any excitation, rather an area that highly contrasts with its surroundings. The
brightly reecting region 2, with lmax ¼ 500 nm, will activate the SWS and MWS
receptors; the two reectance bands of region 3, with lmax ¼ 530 and 660 nm,
correspond to the MWS and LWS spectra. Region 4, with lmax ¼ 600 nm, matches
LWS; and the two reectance bands of region 5, with lmax¼ 450 and 620 nm, are well
tuned to VS and LWS. In other words, themales’ tail feather patterns, when displayed,
will be properly discriminated by the visual system of the choosy females (see also
Kane et al.48). The relative contribution of the various areas of the multi-coloured
eyespots to the male’s mating success has been investigated by Dakin and Mont-
gomerie.49 They concluded that the blue–green eyespot overwhelmingly inuences
the mating success, while the inuence of the other colours is minimal, raising
questions about their function. Here we show that the brown region 3 presents quite
a uniform optical signal that is spatially well dened, while regions 4, 5 and 6 are
more intermixed, particularly in the lower part of the eye pattern (Fig. 1a). It is
therefore not surprising to see a close anatomical relationship for the spectra
measured in the outer regions, specically for the coexisting spectra of the outer
brass–green region 6 (see Fig. 6c and Table 1). Besides serving as a background
surface when the peacock’s feather train is raised, region 6 hence provides an
excellent coat of camouage when the train is lowered, by blending in with the
surrounding greens and browns of foliage.

Our comprehensive investigation of the different colour regions of peacock tail
feathers demonstrated that small geometrical changes in the barbule’s compo-
nents, especially those in the uppermost surface layers, can cause large variations
in the spectral reection properties of the peacock’s feathers. The many tail
feathers of a peacock nevertheless all display approximately the same colour
pattern, which suggests that developmental genetic programs are adequate in
controlling the arrangement of the local photonic structures, e.g. the number of
melanosome layers, the melanosome diameter and the lattice spacing, to serve
the creation of beautiful and even exciting optical signals for the onlooker.
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