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Cortex Thickness Is Key for the
Colors of Iridescent Starling Feather
Barbules With a Single, Organized
Melanosome Layer

Pascal Freyer't, Bodo D. Wilts2t and Doekele G. Stavengat

' Zemnike Institute for Advanced Materials, University of Groningen, Groningen, Netherlands, ? Adolphe Merkle Institute,
University of Fribourg, Fribourg, Switzerland

The iridescent plumage of many birds is structurally colored due to an orderly
arrangement of melanosomes in their feather barbules. Here, we investigated the blue-
to purple-colored feathers of the European starling (Sturnus vulgaris) and the blue and
green feathers of the Cape starling (Lamprotornis nitens). In both cases, the barbules
contain essentially a single layer of melanosomes, but in S. vulgaris they are solid and
rod-shaped, and in L. nitens they are hollow and rod- as well as platelet-shaped. We
analyzed the coloration of the feathers by applying imaging scatterometry, bifurcated-
probe- and micro-spectrophotometry. The reflectance spectra of the feathers of the
European starling showed multiple peaks and a distinct, single peak for the Cape
starling feathers. Assuming that the barbules of the two starling species contain a
simple multilayer, consisting locally only of a cortex plus a single layer of melanosomes,
we interpret the experimental data by applying effective-medium-multilayer modeling.
The optical modeling provides quantitative insight into the function of the keratin cortex
thickness, being the principal factor to determine the peak wavelength of the reflectance
bands; the melanosome layer only plays a minor role. The air cavity in the hollow
melanosomes of the Cape starling creates a strongly enhanced refractive index contrast,
thus very effectively causing a high reflectance.

Keywords: refractive index, effective medium approach, multilayer modeling, keratin, melanin, directional
reflectance

INTRODUCTION

Many bird species feature a brightly colored plumage due to wavelength-selective absorbing
pigments and/or more or less orderly arranged nano-scale structures (Durrer, 1977; Hill and
McGraw, 2006; Kinoshita, 2008). A frequently occurring pigment in organisms is melanin, which
causes, for example, the black feather colors of numerous bird species (McGraw, 2006) and has
recently also attracted attention in bio-inspired materials (Xiao et al., 2020). In feathers of passerines
that are colored by carotenoids, or parrot feathers colored by psittacofulvins, melanin functions
to enhance color contrast by absorbing stray light that would otherwise desaturate the coloration
(Tinbergen et al., 2013). Melanin has a similar contrast-enhancing function in feather barbs that
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are structural colored due to nano-sized, spongy keratin
structures (Prum, 2006; D’Alba et al., 2012; Tinbergen et al., 2013;
Shawkey and D’Alba, 2017).

Remarkably, however, instead of being an effective absorber
of light, melanised organelles (the melanosomes) can function as
reflectors, because melanin has a relatively high refractive index
(~1.75) with respect to the bulk feather material, keratin (~1.55;
Mason, 1923; Durrer, 1977; Stavenga et al., 2015). When the
melanosomes are contiguously packed in layers that alternate
with keratin layers, they form optical multilayers in the barbules
that highly reflect incident light within a restricted wavelength-
range (Kinoshita, 2008). Striking examples where multilayers
of solid melanin rodlets create bright reflectors include the
feathers of birds-of-paradise (Durrer, 1977; Stavenga et al., 2011),
common bronzewing pigeons (Xiao et al, 2014), and ducks
(Eliason and Shawkey, 2012; Stavenga et al., 2017).

Air has a much lower refractive index than keratin, which
causes a means to increase the refractive index contrast in a
reflecting structure in feathers and therefore offers an attractive
way to enhance their reflectance. For example, barbules with
hollow melanin rodlets arranged in multilayers occur in turkey,
magpie, and trogons (Durrer and Villiger, 1966; Eliason et al.,
2013; Stavenga et al., 2018). Similarly, barbules with stacks of
melanosomes that resemble hollow platelets generate the bright
colors in many hummingbird feathers (Greenewalt et al., 1960;
Durrer, 1977; Giraldo et al., 2018; Gruson et al., 2019; Eliason
et al., 2020). In the unique case of peacock feathers, rectangular
lattices of melanin rodlets and air channels embedded in the
keratin matrix create highly reflecting barbules (Durrer, 1986).
The rainbow of different colors of peacock feathers is realized
by small variations in the dimensions of the lattice of air
channels and melanin rodlets (Durrer, 1965; Zi et al., 2003;
Freyer et al., 2019).

In the course of our studies on peacock feathers, we found
that a crucial element of the peacock’s photonic structures is
the keratin cortex, a superficial layer of keratin overlying the
layer of melanosomes. When the number of melanin and air
channel layers is high, the cortex thickness has a minor effect on
the reflectance spectrum of the barbules, but when the number
of layers decreases, the cortex thickness becomes increasingly
important (Freyer and Stavenga, 2020). We therefore decided to
study the role of the cortex in greater detail in the limiting case
where only a single layer of melanosomes exists. This is realized
in the barbules of the colored feathers that are interspersed in the
general blackish plumage of the European or Common starling,
Sturnus vulgaris. Its melanin granules are solid rodlets (Durrer
and Villiger, 1970). In the feather barbules of the Cape starling,
Lamprotornis nitens, because of its exceptionally directional
appearance also called the Cape glossy starling, a single layer
of hollow, platelet-shaped melanosomes exists below a keratin
cortex (Durrer and Villiger, 1970).

Here we investigate the effect of the different melanosome
monolayers on the feather reflection properties of the two starling
species. We calculate the reflectance spectra with an effective-
medium-multilayer model based on realistic anatomical data and
compare the results with optical measurements. We conclude
that, for feather barbules with a single layer of melanosomes,

the thickness of the cortex is the most important parameter that
determines the feather color and that the characteristics of the
melanosome layer are of secondary importance. The air cavity in
the melanosomes of the Cape starling considerably enhances the
reflectance and thus the feather coloration.

MATERIALS AND METHODS

Starling Feather Samples and Images
Feathers were collected from dead specimens of S. vulgaris (in the
Netherlands, near Groningen) and L. nitens (in Namibia, near
Windhoek). Photomacrographs were made with a Canon EOS
30D camera. Micrographs of single barbules were made with a
Zeiss Universal microscope (Zeiss AG, Oberkochen, Germany)
equipped with a Zeiss Epiplan 40 x /0.85 objective and a
ScopeTek DCM510 camera. A Zeiss 100 x /1.3 oil immersion
objective was used for visualizing the melanosomes.

Anatomy
Transmission electron microscopy (TEM) studies showed that
the melanosomes of S. vulgaris are solid rodlets with a length
of 1.2-1.7 pm and diameter of 0.250-0.254 pwm (Durrer and
Villiger, 1970). The hollow and platelet-shaped melanosomes
found in the feather barbules of Lamprotornis species have a
diameter of about 1.0 pm by 0.8 pm and a thickness of about
210-240 nm, because of two melanin layers of 70 nm and
an intermittent air layer of 73-98 nm [as provided by Durrer
and Villiger (1970); see also Supplementary Tables 1, 2]. We
compared these values with data deduced from epi-illumination
micrographs of barbules immersed in oil as well as with scanning
electron micrographs (SEM) of the barbules (Figures 2C, 6C).
We measured >30 of the S. vulgaris melanosome rodlet widths
from six different barbule cells from different barbs of a feather.
For SEM, small feather pieces were deposited on an
aluminum SEM stub (Plano-EM, Wetzlar, Germany) covered
with conductive carbon tape and subsequently sputter-coated
with a 5 nm thick layer of gold, using a Cressington 208
HR sputter coater (Cressington Scientific Instruments, Watford,
England). Additionally, silver paste was added to part of the
feather piece to increase the conductivity of the sample, limit
charging effects and provide a protecting envelope to limit
curtaining effects when cutting the barbule. Electron microscope
images were taken using a Thermo Scientific Scios 2 (FEI,
Eindhoven, Netherlands) focused ion-beam scanning electron
microscope (FIB-SEM). On-view images were recorded using
the built-in Everhart-Thornley detector (ETD) with an electron
beam current of 5 kV. To image the cross-section of the barbules,
barbules embedded in silver paste were milled with the Ga-ion
beam with 30 kV acceleration voltage and 1 nA beam current.
Tilt-corrected images were acquired using the ETD and a beam
current of 2 kV.

Multilayer Modeling

The starling barbules were treated as a simple multilayer in
air consisting of a keratin cortex and a melanosome layer
embedded in keratin. We calculated reflectance spectra for
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normal illumination using a transfer matrix program, written in
Matlab code, based on classical optical multilayer theory (Yeh,
2005; Stavenga, 2014). An effective medium approach was chosen
as these are often more intuitive and computationally accessible
than full wave simulations, as performed below. The effective
refractive index of the layer with melanosomes was obtained by:

fet = (Fint + fmiie + fan)'/" (1)

where fy, fm, and f,, are the volume fractions of the keratin,
melanin, and air components, with fx + fm + fa = 1; wis a
weighting factor. The implemented refractive index of keratin
was assumed to be pure dielectric with n, = A + Bk ~2
with A = 1.532 and By = 5890 nm?, as keratin absorption in
the visible is negligible (Leertouwer et al., 2011). The applied
refractive index of melanin was complex: 7iy, = ny, - iky, where
fm = Am + Buh"2 and ky, = am exp(-Mbp), with Ay, = 1.648,
By, = 23700 nm?, ay, = 0.56, and by, = 270 nm (Stavenga et al.,
2015); the refractive index of air is wavelength-independent,
with #n, = 1. In the case of solid melanosomes (S. vulgaris), the
effective refractive index of the melanosome layer was calculated
with f, = 0. In a previous study on magpie feather barbules
with stacked hollow melanosomes, a weighting factor w varying
between —2.0 and 2.0 was found to have distinct effects on the
calculated reflectance spectra (Stavenga et al., 2018; similar effects
occur in peacock barbules, see Freyer et al., 2019). However, in
the present cases of barbules with a single melanosome layer, the
reflectance spectra calculated for various values of w were very
similar, and therefore all results presented here were obtained
with a weighting factor w = 1.

To ascertain the validity of the effective medium approach, we
furthermore performed for a few cases FDTD modeling, using
Ansys Lumerical R2021.1 (see Supplementary Figures 1, 2).
For these simulations, an idealized structured multilayer of
keratin and melanin was placed in a 2D simulation box with
a length of 2 wm and a width determined by the modeled
melanosome with periodic boundary conditions along the
structure dimensions and perfectly matched layers (PMLs) in the
direction of light illumination. The illumination was a linearly
polarized, broadband light source (300-900 nm). A reflection
monitor placed behind the light source measured the reflectance.

Imaging Scatterometry

The spatial reflection of the barbules was visualized by imaging
scatterometry (ISM). An isolated barbule was glued to the tip
of a glass micropipette (Stavenga et al., 2009; Wilts et al., 2009).
A narrow-aperture (< 5°) white-light beam was focused on a
small circular area (diameter 13 pwm) of a single barbule cell
and the spatial distribution of the far-field scattered light was
then monitored. The exposure times were adjusted to obtain a
sufficiently clear image without overexposure.

Spectrophotometry

Reflectance spectra of different areas of the starling feathers,
about 2 mm in diameter, were measured with a bifurcated
reflection probe (Avantes FCR-7UV200), using a CCD detector
array spectrometer (Avantes AvaSpec-2048, Apeldoorn,

Netherlands). The light source was a deuterium-halogen
lamp (Avantes AvaLight-D(H)-S), and the reference was
a white diffusely scattering reflection tile (Avantes WS-2).
Reflectance spectra of small barbule areas were measured with a
microspectrophotometer (MSP). The MSP was a Leitz Ortholux
microscope (Leitz, Wetzlar, Germany) with a LUCPlanFL
20 x /0.45 objective (Olympus, Tokyo, Japan) and a xenon arc
light source. The area measured with the MSP was a square
(edge length ~5 pum) that was determined by a diaphragm in the
microscope’s image plane. The latter was imaged at the entrance
of an optical fiber connected to the detector array spectrometer.
Due to the glass optics inside the microscope, the MSP spectra
were limited to wavelengths > 360 nm. However, this limitation
is compensated by the bifurcated reflection probe measurements
that yield a reliable signal between 250-900 nm. Note that
the probe and MSP collect light from a limited aperture, and
therefore the measured reflectance depends on the spatial
reflection properties of the object, for instance its local flatness.
All optical measurements were conducted with illumination at
normal incidence.

RESULTS

The European Starling, Sturnus vulgaris
Feathers, Barbules and Melanosomes

The plumage of the European starling (S. vulgaris) is gray-black
with whitish spots, but it can prominently feature metallic blue,
green or purple feather areas (Figure 1A). Epi-illumination light
microscopy demonstrated that the colors originate from the
feather barbules, which branch from either side of the barbs and
partly overlap each other (Figures 1B,C). The barbules consist
of a row of more or less flat cells, each exposing a surface with
size ~30 x 60 um?. The hue can differ between neighboring
cells, but within a cell the hue varies only slightly, which indicates
that the anatomical variation within a single barbule cell is small
(Figures 1D,E).

As shown by electron microscopy, the barbule cell border is
marked by a layer of melanosomes below a keratin cortex layer
(Figures 2A,B). Numerous melanosomes exist in the barbule’s
central area, but they are randomly distributed (Figures 2A,B).
The TEM data from previous literature yielded virtually identical
values for the melanosome diameters of the green and purple
barbules: Dy = 250 nm and D, = 254 nm, respectively,
(Durrer and Villiger, 1970). Our SEM images of cross-sectioned
barbules (Figure 2B) also yielded similar, but slightly larger mean
diameters of 273 £ 20 nm and 271 & 25 nm for the green and
purple barbules, respectively. The cortex thickness of the green
and purple barbules varies over the width of the barbule and was
estimated to be 275 & 30 nm and 336 £ 27 nm, respectively.

To visualize the melanosomes of the starling’s feather barbules
in situ, we applied epi-illumination microscopy on barbules
immersed in oil (Figure 2C). The micrographs show ~1.5 um
long, rod-shaped melanosomes, arranged in clusters that are
generally oriented parallel to the barbule axis (Figures 2C,D;
Figure 2C shows an example of a melanosome cluster with a
deviant orientation). The micrographs yielded an interdistance
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FIGURE 1 | The European starling, Sturnus vulgaris, and its structural colors. (A) A starling with colorful throat and breast feathers (photograph by Nathan deBoer).
(B-E) Epi-ilumination light microscopy images of (B) a throat feather, (C) a breast feather, (D) throat barbules, and (E) breast barbules. Scale bars: (B,C) 1 mm;

(D,E) 50 pm.

of the melanosome rodlets in the green barbules of 349 & 25 nm
and for the purple barbules 351 4 22 nm, meaning that the
melanosomes are on average spaced apart by D; = ~80 nm.

The anatomy suggests that the barbule’s cortex and
melanosome layer form a simple layer-based interference
reflector that causes the structural coloration. We tested this
hypothesis by applying imaging scatterometry (Figure 2F). Local
illumination of a purple barbule by a narrow aperture light
beam indeed produced a scatterogram with a very restricted
light spot. This signature of a very directional reflection validates
the assumption. We note, however, that frequently the local
scatterogram patterns deviated from an ideal, single spot.
Clearly, the barbule is not flat throughout its width, as also
evident from the anatomical data (Figures 2A,B).

Multilayer Modeling

We calculated the barbule’s reflectance spectra with an effective-
medium-multilayer model (Figure 3). We treated the barbule
structure as a multilayer, consisting of a keratin cortex (thickness
¢, facing air) and a single layer of rodlet-shaped melanosomes
(diameter Dy, interdistance D;) in a keratin matrix (see inset
of Figure 3A). The colored feathers differ in the thickness of
the barbule cortex, as for blue-green and red-violet feathers
¢=290 nm and ¢ = 330 nm, respectively (Figure 2 and Durrer and
Villiger, 1970). For our initial calculations, we took for the cortex
thickness ¢ = 310 nm together with a melanosome diameter
Dy, =250 nm as a starting point, as these values should produce
reflectance values in the visible wavelength range. We used these
values and the refractive indices of keratin and melanin in Eq. 1 to
calculate the real and imaginary effective refractive index profiles,
Re (#1¢) and Im(7ief), along the coordinate perpendicular to the
barbule surface. We then investigated the influence of varying
parameters within a realistic parameter range chosen to be
slightly larger than the derived values.

At first, we investigated three cases, where the melanosome
interdistance is D; = 0, 50, and 100 nm. By applying a
transfer matrix-based calculation procedure, we then obtained
the reflectance and transmittance spectra (Figures 3B,C). The

reflectance spectra of Figure 3B show two distinct bands, peaking
in the UV, at ~340 nm, and in the green, at ~510 nm.
The reflectance amplitude slightly decreases with an increasing
melanosome separation (Figure 3B), together with a slight
increase of the transmittance (Figure 3C), but the spectral shapes
hardly depend on Dj;. To check the effective medium results,
we performed FDTD calculations for the case Dy, = 250 nm,
Dj =0 nm, and ¢ = 310 nm, for both TE- and TM- polarized light,
yielding reflectance spectra that are virtually identical to those of
Figure 3B (Supplementary Figure 1).

The transmittance increases with increasing wavelength,
which is immediately recognized as the hallmark of melanin
absorption. To assess the possible effect of absorption on the
reflectance, we assumed that the melanin refractive index is real
instead of complex. The reflectance spectrum then obtained,
for the case D; = 0 (Figure 3B, green curve), has a slightly
higher amplitude than the spectrum resulting with the complex
refractive index, and its peak wavelength is a few nm shifted,
but overall the effect of melanin absorption on the reflectance
spectrum can be considered to be minor. When fully neglecting
melanin absorption, given a reflectance of at most a few percent
(Figure 3B), the transmittance becomes almost 100%, as expected
(Figure 3C, green curve).

In studies of the structural coloration by melanosomes, the
layers are often assumed to create discrete, stepwise changes
in refractive index (see, e.g., Doucet et al., 2006). In our
effective medium approach, we implemented more realistic,
gradual changes in the refractive index by interpolation and
thresholding with a very fine mesh. We investigated the difference
between gradual and stepwise changes of the refractive index
by comparing an array of contiguous solid rodlets, diameter
Dy = 250 nm and D; = 0 nm, with a few discrete layers,
homogeneously filled with the same total amount of melanin
(Figures 3D-F). Figure 3D shows the real and imaginary
effective refractive index profiles for four cases: (i) the rodlets with
gradually changing melanin fraction f,, with averaged melanin
content (1D 2/4)/Dyy = 1tDm/4; (ii) a discrete layer with pure
melanin, fi, = 1 and thickness wDp/4; (iii) a discrete layer
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FIGURE 2 | Anatomy and scatterometry of starling barbules with solid
melanosomes. (A) Transmission electron micrograph of a barbule cross
section of the Sulawesi myna starling, Basilornis celebensis [modified after
Durrer (1977)]. (B) FIB-SEM of a cross-section of two adjacent barbules of a
S. vulgaris feather. (C) Epi-illumination micrographs of a green barbule of

S. wulgaris in oil immersion. (D) FIB-SEM on-view of a S. vulgaris barbule
where the cortex was accidently absent. (E) Diagram of a S. vulgaris barbule
with melanosome rodlets in a keratin matrix [from Durrer (1977)]. (F) Imaging
scatterogram of a purple barbule of S. vulgaris. The white circles in the
diagrams indicate polar angles of 5°, 30°, 60° and 90°. Scale bars: (A-D)

2 um.

with reduced melanin, fi, = +/7/2 and thickness Dp+/7/2;
(iv) a discrete layer with even less melanin, fm, = /4, and
thickness Dp,. In all cases, the location of the center of the
melanosome layers was identical (Figure 3D). The reflectance
spectra calculated for the four cases have similar shapes and peak
wavelengths (~510 nm) in the visible wavelength range, but the
reflectance magnitudes of the extrema differ slightly (Figure 3E).
As expected, the transmittance spectra are virtually identical,
because the total melanin content is identical (Figure 3F).

The total melanin content is not constant when varying the
diameter of the melanin rodlets (Figures 3G-I). We considered
three cases of the melanosome diameter: Dy, = 250, 300, and

350 nm, with interdistance D; = 0 nm, keeping a constant cortex
thickness ¢ = 310 nm. Again, the detailed shape of the resulting
reflectance spectra varies, but the spectral location of the UV stays
about the same and the band in the green wavelength range (up to
about 630 nm) varies only in its detailed shape (Figure 3H). In the
long wavelength range, the reflectance peak moves bathochromic
(to longer wavelengths) due to the increased optical pathlength
resulting from the thicker melanin layer. Also, with an increasing
rodlet diameter, the melanin content increases, causing a decrease
in the transmittance (Figure 3I).

We finally investigated the effect of the cortex thickness. In
addition to the values ¢ = 290 and 330 nm informed by EM
measurements of Figure 2B and literature (Durrer and Villiger,
1970), we also applied slightly smaller ¢ = 250 nm and larger
thicknesses ¢ = 370 nm to investigate the effect on the color
response. For all cases, Dy, = 250 nm and D; = 0 nm are kept
constant (Figures 3J-L). The resulting reflectance spectra have all
obtained approximately the same shape, but the peak wavelengths
of the four cases, 455, 496, 536, and 577 nm, respectively, are
shifted ~40 nm with respect to each other along the wavelength
abscissa (Figure 3K). The transmittance spectra are virtually
identical again (Figure 3L). We can conclude from the various
parameter values that the cortex thickness is the most sensitive
parameter that determines the barbule’s reflectance spectrum and
thereby its color.

Comparison of Measured and Modeled Reflectance
Spectra

We measured reflectance spectra in single cells of various colored
feather barbules of S. vulgaris using a microspectrophotometer
(MSP). Figures 4A,B show MSP spectra from barbule cells of a
green and purple feather, respectively. Although the shape of the
different spectra is similar, they are shifted with respect to each
other by several tens of nm, and also the amplitude varies quite
noticeably. The latter may be a consequence of the measurement
procedure, because the objective of the microspectrophotometer
projects a light beam with a considerable aperture onto
the barbule. Since the barbule and its multilayer reflector
is not perfectly flat, part of the reflected light will not be
captured by the objective. In other words, even when the
local cortex thickness and melanosome layer remain constant
and the spectral shape thus stays the same, the amplitude
of the measured reflectance will vary with the shape of the
barbule surface.

In order to estimate the local cortex thicknesses, we compared
two examples of measured spectra with spectra calculated with
the above model. To obtain a close fit, we adjusted the parameters.
Taking again Dy, = 250 nm, satisfactory fits for the case of a blue-
green and a purple barbule were obtained with ¢ = 300 nm and
¢ =390 nm, respectively, (Figure 4C).

Whereas the reflectance spectra measured locally from within
a single barbule cell area vary (Figures 4A,B), the coloration
observed visually will be the sum of local reflection spectra. This
can be illustrated by measuring the reflectance with a bifurcated
probe, which integrates the reflections from an area on the order
of 1 mm?. The different colored feather areas then yield clearly
distinct reflectance spectra (Figure 4D).
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different melanin fraction and layer thickness (see text for details). (G-1) Melanosomes with diameter Dy, = 250, 300, and 350 nm. (J-L) Layer of melanosomes,
diameter Dr, = 250 nm, interdistance D; = 0 nm, with cortex thickness ¢ = 250, 290, 330, and 370 nm. (A,D,G,J) Profiles of the real and imaginary refractive index at
500 nm. The barbule (and cortex) surface is at abscissa (distance) value 100 nm. (B,E,H,K) Reflectance spectra. (C,Fl,L) Transmittance spectra.

Feathers of the Cape Starling,
Lamprotornis nitens

Feathers, Barbules and Melanosomes

Compared to the European starling, the Cape starling (L. nitens)
has a much more impressive coloration, with striking metallic
colors throughout its entire iridescent plumage (Figure 5A).
The head, body and wing feathers are colored variously blue-
green (Figure 5B), while the tail is uniformly blue (Figure 5C).
Micrographs show that individual barbule cells are again rather

uniformly colored, but the color of adjacent cells can differ
substantially (Figures 5D,E).

The Cape starling has hollow melanosomes (Craig and
Hartley, 1985; Maia et al, 2013). A transmission electron
micrograph of a barbule cross-section of a related glossy starling,
the Superb starling Lamprotornis superbus, shows a single layer
of hollow melanosomes, which line the entire barbule perimeter
like the melanosomes of S. vulgaris barbules; in the barbule
interior some randomly arranged hollow melanosomes are seen
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[Figure 6A; from Durrer and Villiger (1970)]. Scanning electron
micrographs of cross-sections of the investigated L. nitens
barbules show essentially the same organization (Figure 6B) and
gives a cortex thickness of about 118 =+ 25 and 185 =+ 31 nm for
the blue and the green barbule, respectively.

Durrer and Villiger described the melanosomes of four
Lamprotornis species as platelet-shaped, with a compact melanin

sheet that envelopes a honeycomb-like air-filled space (Durrer
and Villiger, 1970). Epi-illumination microscopy on feather
barbules of L. nitens immersed in oil visualized the melanosomes
(Figure 6C). The resulting images differed remarkably from those
of the European starling in that they show a distribution of
different melanosome shapes with a majority of doughnut-like
shapes intermingled with small bars. These different shapes were
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FIGURE 6 | Anatomy and scatterometry of a barbule of L. nitens.

(A) Transmission electron micrograph (TEM) of a barbule cross-section of the
Superb starling, Lamprotornis superbus [modified after Durrer (1977)].

(B) Scanning electron micrograph (SEM) of a cross- section of two
overlapping barbules of L. nitens. Note that the contrast between TEM and
SEM is reversed: melanin is dark in (A), but it is light in (B), while the air holes
of the melanosomes are light in (A) and dark in (B). (C) Epi-illumination
micrographs of a blue barbule of L. nitens in oil immersion. (D) Scanning
electron micrograph of the surface of a L. nitens feather barbule. (E) Diagrams
of the two types of hollow melanosomes encountered in Lamprotornis
starlings [from Durrer (1977)]. (F) Imaging scatterogram of a green barbule of
L. nitens. Scale bars: (A-D) 5 um.

also visible in scanning electron micrographs of the surface of an
L. nitens feather barbule (Figure 6D).

The immersion images suggest that the melanosomes are less
uniform in size and shape than the melanosomes of S. vulgaris.
The images show the appearance of bars and doughnut-like
shapes in Figures 6C,D, which might either suggest a mixture
of melanosome shapes ranging between rodlets and platelets
(Figure 6E), or a disordered arrangement of platelets alone. An
extensive comparative study on the melanosomes of African
starlings demonstrated that the melanin granules of Lamprotornis
may be short and thick as well as slender and elongated
(Craig and Hartley, 1985). Evolutionary transitions between
rodlets and platelets have been recently suggested for starlings

(Maia et al., 2013; Rubenstein et al., 2021). Furthermore, the
interior of the melanosomes is presumably not fully hollow
as TEM studies showed the existence of minor cross-linking
elements (Figure 6E).

Whatever the fine structure, the single layer of melanosomes
together with the keratin cortex will create a multilayer reflector.
We investigated this by mounting a blue feather piece in
the imaging scatterometer. Narrow beam illumination of a
small barbule area yielded a quite discrete spot, demonstrating
that locally the barbule indeed approximates an ideal reflector
(Figure 6F). Similar as with the European starling, we
often obtained scatterograms with more distributed patterns,
indicating a varying flatness of the barbules’ multilayers.

Multilayer Modeling

For the modeling of the reflectance spectra, we used anatomical
data of the feathers of the Lesser blue-eared glossy-starling, L.
chloropterus, as it is closely related to L. nitens and similarly
colored (Durrer and Villiger, 1970; Craig and Hartley, 1985; Maia
et al,, 2013) in addition to the EM data of the investigated cross-
sections. Figure 7A presents a diagram of a barbule with cortex
thickness ¢ and cylindrical, hollow melanosomes, membrane
thickness dp,, air cavity thickness d,, and width Wy,, separated
from each other by a distance W;. For the modeling we used
dm =70 nm and d, = 85 nm (Figure 6; Durrer and Villiger,
1970). We first investigated the effect on the reflectance of
an incomplete filling of the melanosome layer. For our initial
calculations we took for the cortex thickness ¢ = 160 nm, and we
assumed, based on the electron micrographs, that the honeycomb
of thin melanin membranes within the air cavities take up 10%
of the volume, so that the inside air fraction is 0.9. The keratin
filling factor of the melanosome layer ¢ = W;/Wy, has the
value ¢ = 0 when the melanosomes touch each other. With
an increase of the filling factor to ¢ = 0.1 and g = 0.2, the
refractive index contrast of the melanosome layer decreases, as
shown in the refractive index profiles (Figure 7B). The calculated
reflectance spectra show that this causes a decrease of the
reflectance amplitude, but the peak wavelength remains virtually
the same (Figure 7C).

We subsequently considered a change in the air cavity
thickness from 75 to 95 nm (well sampling the range reported
for various Lamprotornis species of 73 to 98 nm; Durrer and
Villiger, 1970). This causes slight changes in both the amplitude
and peak wavelength of the reflectance spectra (hmax), but their
shape remains about the same (Figure 7D). For d, = 75, 85,
95 nm, hpax = 472, 479, and 486 nm, respectively, i.e., a 10 nm
increase of the air cavity thickness causes a 7 nm peak wavelength
shift (Figure 7D).

To underscore the effective medium results, we performed
FDTD calculations for the case dy, = 70 nm, d, = 85 nm,
and ¢ = 160 nm, for both TE- and TM-polarized light
(Supplementary Figure 2). The calculated TE- and TM-
reflectance spectra slightly differ in amplitude, demonstrating
the effect of anisotropy of the melanosomes. Nevertheless, the
reflectance spectra obtained for different filling factors with
effective-medium-multilayer modeling and FDTD were virtually
identical (Figure 7C and Supplementary Figure 2).
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FIGURE 7 | Effective-medium-multilayer model of the L. nitens barbule anatomy. (A) Diagram of a barbule with cortex thickness ¢ and hollow melanosomes with
membrane thickness dm, air cavity thickness dg, width W, separated from each other by a distance W;. (B) Real and imaginary refractive index profiles following
from (A); for parameter values, see text. (C) Reflectance spectra resulting for a few values of the keratin filling factor of the melanosome layer, g. (D) Reflectance

resulting for a few values of the cortex thickness. (F) Transmittance spectra

Changes in the cortex thickness again have a substantial effect
on the reflectance spectra (Figure 7E). For ¢ = 140, 160 and
180 nm, the peak wavelength is hmax = 449, 480, and 511 nm,
respectively, i.e., an increase of the cortex thickness by 20 nm
causes a 31 nm peak wavelength shift. Figure 7F shows the
related transmittance spectra, where the melanin absorption
spectrum is still well recognizable, but the transmittance in
the blue-green wavelength range is reduced due to the higher
reflectance in this band.

Comparison of Measured and Modeled Reflectance
Spectra

We measured reflectance spectra of the variously colored feather
barbules of L. nitens with a microspectrophotometer (MSP) on
local areas of single barbule cells. Figures 8A,B show MSP
spectra from single barbule cells of a blue and green feather,
respectively. As in the case of the European starling, the shape of
the various spectra is similar, but their spectral location somewhat
differs, and even more their amplitudes. This will again be due
to the dependence on the local barbule shape as well as the
multilayer dimensions.

We compared two of the measured spectra with spectra
following from optical modeling. Satisfactory fits were obtained
for the tail feather barbules using a cortex thickness ¢ = 135 nm
and for the covert feather barbules ¢ = 188 nm (Figure 8C).
Nearly identical fits to the different color spectra of L. nitens could
also be obtained by changing the melanosome air cavity thickness
and/or the melanin membrane thickness, but the necessary

parameter variation was larger for the air cavity thickness and the
melanin membrane thickness than the 53 nm change that was
necessary in cortex thickness variation. This would be beyond
the range reported in the literature. We furthermore measured
reflectance spectra of the tail and covert feathers of L. nitens
with a bifurcated reflection probe (Figure 8D). The spectra are
representative for the observed colors and closely resemble the
averaged reflectance spectra of Figures 8A,B.

DISCUSSION

Here we performed a study on two starling species that
combines optical modeling and direct optical and ultrastructural
measurements on the barbules of starling feathers that contain
a single layer of melanosomes. The experimentally obtained
reflectance spectra could be interpreted well with effective-
medium-multilayer modeling (Figures 4C, 8C). In the optical
modeling, we treated the barbules as containing a cortex with a
single melanosome layer. However, the barbule interior contains
randomly located melanosomes, which will contribute to the
reflectance, because they will scatter light transmitted by the
cortex-melanosome layers.

The transmittance calculations show that already a single
melanosome layer considerably reduces the transmittance
throughout the visible wavelength range. Consequently, the
melanosomes of the barbule interior may somewhat enhance
the reflectance in the longer wavelength range but they will also
further reduce the transmittance at all wavelengths. A further
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contribution to the barbule reflectance could originate from
the melanosome layer and cortex at the barbule’s underside.
However, the fraction of the light flux that is transmitted
by the upper multilayer, passes through the interior and
then is reflected (firstly) at the lower multilayer layers and
(secondly) at the barbule’s underside will be very minor. In
other words, already with a monolayer of melanosomes near
the barbule boundary, the reflectance is set by the layer on
the illuminated side. Similarly, previous studies on mallard
and magpie feathers, which have barbules with several layers
of melanosomes on both sides of the barbules, demonstrated
that the upper stack determines the barbule reflectance
(Stavenga et al., 2017, 2018).

In a thin-film modeling study on blue-black grassquit feather
barbules, where a keratin layer overlies a single melanin layer,
Maia et al. (2009) similarly, concluded that a keratin layer above
a melanin layer mainly determines the reflectance spectrum.
Furthermore, a study on tree swallow barbules indicated that
humidity-induced reflectance changes resulted from a modified
cortex thickness (Eliason and Shawkey, 2010). Also, in a
comparative study on a large number of bird species with matte

and glossy plumage, Maia and colleagues emphasized the role of
the keratin layer when the feather barbules have a single layer of
melanosomes. Using thin film modeling, the authors concluded
that a keratinous cortex thickness of 110-180 nm together with
a melanosome layer with thickness greater than 115 nm causes
glossy feathers (Maia et al., 2011). In these previous studies
on bird feather coloration, the refractive indices of keratin and
melanin were assumed to be wavelength-independent, and the
real part of the refractive index of melanin of 2.0 was used.
In the present study, we implemented the recently measured
wavelength-dependent refractive index values of the different
feather components, where the real part decreases from 1.8
to 1.7 for melanin (Leertouwer et al, 2011; Stavenga et al.,
2015). The excessively high melanin refractive index used in the
previous studies hence has not gravely affected the results for
a single melanin layer, but will have larger implications for the
optical function of more complex photonic multilayer structures
(Wilts et al., 2014).

A high refractive index contrast is caused by the air
compartments in the hollow melanosomes of L. nitens, which
thus realizes a much higher barbule reflectance compared to
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S. vulgaris. Hollow melanosomes therefore might have been
selected in L. nitens due to the intensely directional appearance
they generate. Since the exact dimensions of the melanosomes
are again less relevant than the cortex thickness (Figures 7C,D),
the keratin cortex most effectively determines the location of the
spectral peaks (Figure 7E).

Our present measurements as well as modeling were only
performed for normally incident light. The feather colors will
depend on the angle of illumination or observation, due to
the layered structure of the feathers, which causes iridescence.
A hypsochromic shift of the reflectance spectra will occur
with increasing angle of light incidence, as is amply shown in
related papers (see, e.g., Eliason and Shawkey, 2012; Stavenga,
2014; Xiao et al,, 2014). Accordingly, illumination with a wide-
aperture light source, which was the case in the experiments
with an oil immersion objective (Figures 2C, 6C), will cause
a strongly broadened reflectance spectrum and thus a color
strongly differing from that seen with a low power objective
(Figures 1, 5).

Sturnus vulgaris has iridescent feathers containing solid
melanosomes in a small part of the modestly shiny plumage,
but L. nitens has barbules with hollow melanosomes in most
feathers, which likely causes its strikingly glossy, iridescent
plumage. Whether and how local irregularities will influence
the iridescence will need to be further investigated. This will
entail the assembly of quantitative anatomical data of the cortex
and melanosome dimensions, but we expect that this data will
not essentially change our insight into the principal function of
the keratin cortex in determining the peak wavelength of the
reflectance bands.

Whereas the plumage of the European starling is modestly
colored and speckled, the plumage of the Cape starling is
uniformly colored and strikingly directional. The iridescent
plumage coloration can have various biological functions, for
instance as a display for conspecifics or as camouflage against
predators. It is therefore interesting to compare the starling colors
with the spectral sensitivities of their photoreceptors. The four
classes of photoreceptors of S. vulgaris, UVS, SWS, MWS, and
LWS, are known to have sensitivity peak wavelengths at 369, 453,
545, and 607 nm, respectively, (Hart and Vorobyev, 2005). The
reflectance spectra of the blue and green feathers of the Cape
starling (Figure 8D) correspond to the sensitivity spectra of the
SWS and MWS photoreceptors, but a similar correspondence
is not immediately apparent for the European starling feathers.
In fact, the spectra of Figure 4D are two examples of a broad
continuum, as can also be seen from the variously colored
feathers of the starling shown in Figure 1A.

The starlings, Sturnidae, constitute a large family of passerine
birds that have structural-colored feathers, employing a
remarkably wide variety of melanosomes that are arranged
in diverse ways. This includes solid and hollow rodlets as
well as solid and hollow platelets, which are mostly arranged
in a single layer but also in a multilayer stack (Durrer and
Villiger, 1970; Craig and Hartley, 1985; Maia et al., 2013).
In the case of a large stack of melanosomes, the stack

periodicity is responsible for the peak wavelength and the
shape of the reflectance spectra (Eliason et al., 2013). Durrer
and Villiger (1970) assumed that a single melanosome layer
determines the feather color, particularly for structures with
hollow melanosomes. We find in our modeling that the
cortex thickness is a key factor in determining the feather
colors. While the diameter of the solid melanosomes in the
S. vulgaris seems to be unimportant, the hollow melanosomes
in L. nitens crucially cause the high reflectance amplitude.
Our findings can have implications also for the design of
novel bio-inspired materials, e.g., by informing bio-inspired
approaches to tune color with the use of a single sensing layer
(Isapour and Lattuada, 2018).

Even in the presence of a large stack of melanosomes that
form a multilayer, the keratin cortex can play a special role.
This is for instance the case in the breast feathers of the bird
of paradise Parotia lawesii. Their barbules contain a multilayer
of solid melanin rodlets that creates a golden reflection. The
layers are arranged skew to the enveloping cortex, and as
a consequence the light beams reflected by the cortex and
the multilayer become separated. For the light reflected by
the cortex, the melanin rodlets then act together as a high
refractive index medium as well as a strong absorber, and the
cortex here acts as an independent blue-reflecting thin film
(Stavenga et al., 2011; Wilts et al., 2014). Furthermore, in
hummingbird feathers, where the barbules have large stacks of
hollow platelet melanosomes, the cortex appears to importantly
modulate the feather reflectance spectra (Eliason et al., 2020);
for similar effects in the jewel beetle, see Yoshioka et al.
(2012).

In conclusion, the two starling species, with a single layer
of melanosomes in their feather barbules, demonstrate that
the spectral position of the reflectance bands can be simply
tuned by adjusting the cortex thickness. In both studied species,
the variously colored feathers appeared to have an identical
arrangement of melanosomes, but when the melanosomes are
hollow, the reflectance is greatly enhanced. The wide variety of
arrangements of solid or hollow melanosomes, embedded in the
keratin matrix of bird feather barbules, demonstrates the large
flexibility birds have in realizing their subdued or extravagant
structural colors.
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