
Iridescence in the neck feathers of domestic pigeons
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We conducted structural characterizations, reflection measurements, and theoretical simulations on the iri-
descent green and purple neck feathers of domestic pigeons �Columba livia domestica�. We found that both
green and purple barbules are composed of an outer keratin cortex layer surrounding a medullary layer. The
thickness of the keratin cortex layer shows a distinct difference between green and purple barbules. Green
barbules vary colors from green to purple with the observing angle changed from normal to oblique, while
purple barbules from purple to green in an opposite way. Both the experimental and theoretical results suggest
that structural colors in green and purple neck feathers should originate from the interference in the top keratin
cortex layer, while the structure beyond acts as a poor mirror.
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I. INTRODUCTION

In addition to pigment coloration, structural coloration is
another important way of color productions in nature. Struc-
tural colors result from the interactions of natural light with
microstructures that have a featured size comparable to vis-
ible wavelengths via optical phenomena such as interference,
diffraction, scattering, or their combinations �1–7�. Structural
coloration is rather widespread in the biological world, e.g.,
in insects �8–16�, birds �17–31�, and even in plants �32,33�.

Structural colors are rather common in avian plumages.
The adoption of structural colors in avian plumages may be
functional in courtship, camouflage, individuality, or in color
signaling and communication as well. Domestic pigeons
�Columba livia domestica� are descendants of rock doves
and can be found almost everywhere throughout the world.
Domestic pigeons are rather variable, but usually they have a
grey head and body and a dark double wing bar. At the first
glance their plumage appears white and grey. However, iri-
descent green and purple feathers can be found in the neck
region of many domestic pigeons. Although some pivotal
visible and ultraviolet �UV� reflectance measurements have
been already performed with pigeon feathers
�18,23,26,34–37�, there still have been few detailed reports
on the structural origin of the green and purple colors in the
iridescent feathers.

In this paper, we study the structural and optical proper-
ties of iridescent green and purple neck feathers of domestic
pigeons by optical microscope, scanning electron micros-
copy �SEM�, reflectance measurements, and numerical simu-
lations. Our aim is to uncover the structural origin of the
iridescent colors in the neck feathers of domestic pigeons
and to investigate the correlations between barbule structures
and resulting structural colors.

II. STRUCTURAL CHARACTERIZATIONS

Iridescent green and purple neck feathers were plucked
off from domestic pigeons bought in a free market in Shang-
hai. Structural characterizations were done by optical micro-
scope and SEM. The optical microscope images of the iri-
descent green and purple feathers are shown in Fig. 1. It can
be found that each iridescent neck feather consists of a cen-
tral rachis with an array of barbs projecting on both sides. On
each side of a barb there is an array of barbules. Each bar-
bule is composed of successively connected segments. Obvi-
ously, the perceived green and purple colors in the iridescent
neck feathers arise from barbules. Barbs do not possess any
iridescent color.

The cross section of iridescent barbules was characterized
by SEM, shown in Fig. 2. All iridescent barbules examined
are composed of a central medullary layer surrounded by an
outer keratin cortex layer. Barbule thickness is about
2–4 �m. The thickness of the medullary layer varies from 1
to 3 �m. The medulla is composed mainly of randomly dis-
persed melanin granules in shapes of spheres, ellipses, and
rods. There is also a small amount of randomly dispersed
keratin. It can be seen that the outer surface of the keratin
cortex layer is rather smooth with respect to visible wave-
lengths.

For barbules with similar color the thickness of the kera-
tin cortex layer is not the same. Instead, it varies in a range
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FIG. 1. �Color online� Optical microscope images of iridescent
�a� green and �b� purple neck feathers in domestic pigeons under
100� magnification.
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of a few tens of nanometers. Even in a single barbule there
are also some thickness fluctuations in the keratin cortex
layer. This thickness variation can cause a bit color change.
The thickness of the keratin cortex layer for green and purple
barbules shows distinct difference. For green barbules under
study, the mean thickness is about 595 nm, while that for
purple barbules is about 530 nm.

We also characterized the structure of grey barbules. For
grey barbules, their structure is distinctly different from that
of iridescent barbules. Grey barbules consist of a single un-
even layer made from randomly dispersed keratin and mela-
nin granules.

III. REFLECTANCE MEASUREMENTS

The reflection spectra of iridescent green and purple
feathers were measured by an optical spectrometer, shown in
Fig. 3. Measurements were performed for both normal and
oblique incidence. The measured reflection is normalized in
order to get a fair comparison. At normal incidence, the iri-
descent green feather under study exhibits a series of reflec-
tion peaks in the measured wavelength range, at about 415,
530, and 730 nm, corresponding to violet, green, and red
colors, respectively. With increasing incident angle, all re-
flection peaks show a blueshift in wavelength. The violet
reflection peak at normal incidence shifts to UV wavelength,
the green reflection peak to blue wavelength, and the red
reflection peak to orange wavelength.

To compare the predicted colors with our perception, a
converting method �13� was used to convert a reflectance

spectrum into RGB values for a given illuminant. In this
paper, we use the CIE �Commission Internationale de
l’Éclairage� normalized illuminant D65, which closely
matches that of the sky daylight �13�. It is clear that at nor-
mal incidence the converted RGB color from the reflection
spectrum is green, consistent our perception. This is due to
the fact that the reflection peak at 530 nm is dominant in
color vision to the human perception. Color changes with
incident angles are obvious. At large incident angles, the
converted RGB color becomes purple.

At normal incidence the iridescent purple feather under
study shows two reflection peaks in the measured wave-
length range, at about 465 and 650 nm, corresponding to
blue and red color, respectively. The dual reflection peaks
lead to a purple color to human perception. The reflection
peaks shift to shorter wavelengths with increasing incident
angle. At large incident angles, the red reflection peak at
normal incidence becomes green in color, while the blue re-
flection peak at normal incidence shift to violet. As a result,
the color of iridescent purple feathers turns into green to
human perception at large incident angles. Interestingly, the
iridescence change in green and purple feathers is just oppo-
site: green feathers become purple and purple feathers
change to green in color at large viewing angles.

IV. ORIGIN OF STRUCTURAL COLORS

To explore the origin of structural colors in iridescent
feathers, we measured the absolute reflection of a single bar-

FIG. 2. SEM images of barbules. �a� Perspective view of the cross section of a green barbule. �b� Transverse cross section of a purple
barbule. �c� Perspective top view of a green barbule with the top keratin cortex layer removed �lower left corner�. �d� Perspective view of
the cross section of a grey barbule. Scale bars, �a� 5 �m; �b� 1 �m; �c� 5 �m; �d� 2 �m.
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bule by a reflective microspectroscopy, shown in Fig. 4. In
our reflection measurements, we used Al mirrors as the ref-
erence. The magnification is 1000� and the objective aper-
ture is 0.9. A field diaphragm was used in order to make the
light spot smaller than 2 microns. As a result, the field dia-
phragm can minimize the incident angle so that it can be
considered as normal incidence. Basically, the reflection
spectra of green and purple barbules are, respectively, similar
to those of green and purples feathers. The reflection peaks
measured for barbules coincide with those for feathers al-
though there are some small deviations. This can be expected
since there are some thickness fluctuations in the keratin cor-
tex layer. For both green and purple barbules the measured
peak reflection is about 20%.

To access the coloration contribution from the medullary
layer, we also measured the reflection of a barbule with the
top keratin cortex layer removed. In the displayed wave-
length range, the measured reflectance is rather low, only
about 5%. Thus, most of incident light is absorbed by mela-
nin particles in the medullary layer. The measured reflection
spectra for purple barbules show similar features. It can be
seen that the measured reflectance of a barbule with the top
keratin cortex layer removed shows unspecified features, im-
plying that the medullary layer gives nearly no contribution
to structural coloration. We can thus conclude that the struc-
tural coloration in green and purple barbules result predomi-
nantly from the top keratin cortex layer alone.

From the interference theory we know that for a thin film
with a fixed refractive index there appears a series of har-

monic reflection peaks with equal intensity. Moreover, the
frequency interval between adjacent harmonic reflection
peaks is identical. From the measured reflection spectra of
iridescent feathers or barbules, we can notice that the inten-
sities of reflection peaks are rather similar and the frequency
interval between reflection peaks is nearly identical for both
normal and oblique incidence. These facts suggest that struc-
tural colors in iridescent barbules should originate from the
thin-film interference of the top keratin cortex layer alone.
Although the medullary layer does not contribute to struc-
tural coloration, it does give some contributions to the
brightness.

V. THEORETICAL MODELING

Based on the structural characterizations and reflection
measurements, we revealed that the structural colors in iri-
descent barbules come from the thin-film interference of the
top keratin cortex layer. The low and featureless reflectance
of a barbule with the top keratin cortex layer removed indi-
cates that the structural part below the top keratin cortex
layer does not contribute to structural coloration. Instead, it
plays a role of a poor mirror. Reflected light by this poor
mirror does not contribute to interference and its reflection
should show a weak wavelength dependence since the me-
dulla consists of randomly dispersed melanin particles.
Therefore, the observed reflection R results from the interfer-
ence in the top keratin cortex layer and the reflection from
the poor mirror, namely,

R = R1 + �1 − R1�R2�1 − R1� , �1�

where R1 is the reflectance of the top keratin cortex alone
and R2 is the reflection of the poor mirror. From Fig. 4, we
can determine R2�5% in the measured wavelength range.
For a thin-film in air ambiance, its reflectance is given by
�38�

FIG. 3. �Color online� Measured reflection spectra of �a� a green
and �b� a purple feather at different incident angles. The converted
RGB colors from the reflection spectra at different incident angles
are shown in insets.

FIG. 4. �Color online� Measured reflection spectrum �solid line�
of a green barbules at normal incidence. The dashed line denotes
the measured reflection spectrum for a green barbule with the top
keratin cortex layer removed �see Fig. 2�c��.
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R1 =
4r2sin2�2�d�n2 − sin2 �/��

�1 − r2�2 + 4r2sin2�2�d�n2 − sin2 �/��
, �2�

where � is the vacuum wavelength, � is the incident angle, d
and n are, respectively, the thickness and refractive index of
the thin film. There are two independent polarizations, one
with the electric field perpendicular to the plane formed by
the surface normal and incident ray �s polarization� and an-
other one with the magnetic field perpendicular to the plane
�p polarization�. The reflection coefficient r at the air/keratin
interface is different for different polarizations, given by

rs =
cos � − �n2 − sin2 �

cos � + �n2 − sin2 �
, �3a�

rp =
n2cos � − �n2 − sin2 �

n2cos � + �n2 − sin2 �
. �3b�

It can be seen from Eq. �2� that there exists a series of har-
monic reflection peaks. Moreover, the frequency difference
between two adjacent harmonic reflection peaks is equal. It
can be shown that the wavelengths of the harmonic reflection
peaks for both s and p polarizations are given by

�m =
2d�n2 − sin2 �

m + 1/2
, �4�

where m is the order index of the harmonic peaks and takes
the values of 0 ,1 ,2 , . . . . For unpolarized incident light the
reflectance of the thin film is the superposition of the contri-
butions from s and p polarizations, namely, R1= �R1s

+R1p� /2, where R1s and R1p are the reflections for s and p
polarization, respectively.

Figure 5 shows the predicted reflection of a keratin thin-
film with a thickness of 595 nm situated on a poor mirror
with a reflection of 5%. The refractive index of keratin is
assumed to be n=1.54, taken from �21�. It is obvious that the
predicted reflection agrees well with the measured one
shown in Fig. 4. If the poor mirror is not introduced, the
predicted peak reflectance is smaller than experimental re-
sults. Moreover, the minimum reflectance is zero. These facts
confirm the validity of treating the structure below the top

keratin layer as a poor mirror. From Eq. �4� we can deter-
mine the order index of the observed reflection peaks. For
green barbules the observed reflection peaks at red, green,
and violet wavelength correspond to the second, third, and
fourth order harmonic reflection peaks, respectively. The ob-
served red and blue reflection peaks of purple barbules cor-
respond, respectively, to the second and third order harmonic
reflection peaks. The fundamental �0th order� and the first
order harmonic reflection peaks of both green and purple
barbules are in the infrared region. Higher order harmonic
reflection peaks are in the UV region.

Due to the limitation of our optical spectrometer, we can-
not measure the reflection spectra in the UV region. McGraw
�37� did UV reflection measurements on iridescent green and
purple neck feathers of domestic pigeons and found that both
green and purple feathers show UV reflection peaks. From
our analysis, it can be determined that the observed UV re-
flection peaks come also from the thin-film interference in
the keratin cortex layer.

Under the theory introduced above, we can also calculate
the reflection spectra of both green and purple barbules at
oblique incident angles in order to investigate their irides-
cence, shown in Fig. 6. Both green and purple barbules are
modeled as a keratin thin film situated on a poor mirror with
a reflectance of 5%. The thickness of the keratin thin film for
green barbules is 595 nm and that for purple barbules is
530 nm. The wavelengths of all harmonic reflection peaks
undergo a blueshift with increasing incident angle. For green
barbules, the second order harmonic reflection peak shifts
wavelength from red at normal incidence to orange at large
incident angles. The third order harmonic reflection peak
shifts wavelength from green at normal incidence to blue at
oblique incidence. The fourth order harmonic reflection peak
changes wavelength from violet to UV with increasing inci-
dent angle. We also calculate the RGB colors from the pre-

FIG. 5. �Color online� Predicted reflectance �solid line� at nor-
mal incidence for a 595 nm keratin thin film with �solid line� and
without �dashed line� a poor mirror introduced.

FIG. 6. �Color online� Predicted reflectance for �a� green and �b�
purple barbules at different incident angles. The converted RGB
colors from the reflection spectra at different incident angles are
shown in insets.
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dicted reflection spectra. Obviously, the converted RGB
color is green at normal incidence and becomes purple at
large incident angles. The converted RGB colors from the
predicted reflection spectra agree well with those from the
measured ones shown in Fig. 3�a�.

For purple barbules the second order harmonic reflection
peak shifts wavelength from red at normal incidence to green
at oblique incidence. The third order harmonic reflection
peak changes wavelength from blue at normal incidence to
violet at large incident angles. It is obvious that the con-
verted RGB color shows a color change from purple at nor-
mal incidence to green at large incidence angles, consistent
with experimental results shown in Fig. 3�b�.

The RGB color space cannot always produce a color
equivalent to any wavelength. The red component sometimes
should be negative or great than one in order to produce
these colors. This means that not all visible colors can be
produced using the RGB system. Moreover, RGB is an
device-dependent color model: the color one gets depends on
the device. On the other hand, the XYZ colors defined by the
CIE in 1931 are device independent. Therefore, from an
ethological point of view, it is of interest to give the XYZ
colors of pigeon green and purple barbules, shown in Table I.

VI. DISCUSSIONS

It is rather interesting that structural colors in domestic
pigeon neck feathers take advantage of a single keratin thin
film rather than a multilayer reflector which is rather com-
mon in the biological world �4�. It is known that the reflec-
tion from a multilayer reflector is very high, leading to a high
brightness for structural coloration. On the contrary, the
brightness resulting from a single thin film is rather low. This
can be understood by the fact that in the single thin film there
are only two interfaces involved in constructive interference,
while there is multiple interference in the multilayer reflec-
tor. The adoption of a single thin film to produce structural
coloration in the iridescent neck feathers may be biologically
significative: the low brightness of structural colors is highly
advantageous to avoid predators, while vision information
can still be conveyed.

It is rather interesting to note an early work of reflection
measurements on pigeon neck feathers done in 1925 �18�.
Based on the measured reflection spectra at difference inci-
dent angles, it was inferred that the structural color and iri-

descence in pigeon neck feathers might originate from inter-
ference of a thin film with a thickness of 208 nm and the
reflection peak in the visible range was due to the first order
harmonic reflection peak. Our structural measurements indi-
cate that the thickness of the thin film that gives rise to struc-
tural colors are much larger than that conjectured in Ref.
�18�. Moreover, both our experimental and theoretical results
suggest that the second and higher order harmonic reflection
peaks are responsible for structural colors instead of the first
order one.

Iridescence is one of the distinct properties of structural
coloration. For viewing angles changed from normal to ob-
lique green feathers vary color form green to purple. On the
contrary, purple feathers change color from purple to green
in an opposite way. Consequently, both green and purple
colors can be perceived no matter what the observing angle
is or how green and purple feathers are arranged. This oppo-
site iridescence may render maximal information signaling
and communication possible. For two multilayer reflectors, it
is difficult to cause such opposite iridescence. By contrast, it
is easy to obtain opposite iridescence by the single thin-film
interference due to the fact that the harmonic reflection peaks
can be altered simply by changing the thin-film thickness.
We can thus conclude that the adoption of the single thin-
film interference to produce structural colors in the iridescent
neck feathers of domestic pigeons is not accidental. Instead,
it should be a result of careful designs by nature.

VII. CONCLUSION

We studied the structural properties of iridescent green
and purple neck feathers in domestic pigeons by using opti-
cal microscope and SEM. Both green and purple barbules are
found to be composed of a medullary layer surrounded by an
outer keratin cortex layer. Grey barbules, however, do not
possess such a structure so that they do not possess any
structural color. Reflection measurements reveal that there is
interesting opposite iridescence in green and purple barbules:
with varying viewing angle from normal to oblique, green
barbules change color from green to purple, while purple
barbules from purple to green in an opposite way. Both ex-
perimental and theoretical results indicate that structural col-
ors in both green and purple barbules result from the inter-
ference in the top keratin cortex layer alone. The structure
beyond the top keratin cortex layer plays a role of a poor
mirror in order to enhance a bit the brightness. The observed
opposite iridescence in green and purple feathers may con-
tain important biological implications in color signaling and
communication.
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TABLE I. Calculated XYZ color for green and purple barbules at
different incident angles.

Green barbule Purple barbule

Incident angle �deg.� X Y Z X Y Z

0 0.088 0.133 0.103 0.128 0.101 0.176

20 0.081 0.121 0.104 0.146 0.110 0.185

40 0.120 0.105 0.171 0.175 0.157 0.156

60 0.253 0.209 0.256 0.185 0.252 0.126
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