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Introduction

The word color actually has a broad definition. Al-
though color can be thought of as a scientific concept of 
energy, reflective material, visible light, and colorimetry, 
only the definition of color associated with the optical 
phenomenon was focused on in this study. In this sense, 
color can be divided into pigmentary color and struc-

tural color. Pigmentary color is the color seen by humans 
in nature, and melanin and carotenoids are represented 
largely in pigments (Stephen et al., 2011). These colors 
are the most common in living organisms and ecosystems. 
The pigments include red, black, brown, gray and yellow (Mc-
Graw et al., 2004; 2005). On the other hand, structural 
color refers to the color caused by microstructure and 
light diffraction and interference. Many known examples 
of structural color are rainbows, colorful feathers of birds 
including peacocks, and the colors of Morpho butterflies 
and abalone shells. Birds have colorful feathers, and the 
iridescence of feathers attracts researchers from many 
different scientific disciplines - physics, material science, 
biology, and more. In nature, the brilliant feathers of col-
orful birds are classified into structural colors (Kinoshita, 
2008; Prum, 2006). Structural colors of feathers include 
metallic blue, red, green, and purple, and the colors give 
off a brilliant sheen because of their high reflectance 

We measured the sizes of microstructures and the reflectance of blue feathers in the Common Kingfisher (Alcedo 
atthis). The colors were mainly produced in the barbs, which were composed of keratin sponge layers with air spaces 
and melanin rods. The reflectance spectra of back and tail feathers of the Common Kingfisher showed a peak with a 
broad plateau in the visible wavelength, whereas those of the wing feathers showed peaks in ultraviolet and visible 
and short-wavelengths. Moreover, the reflectance of back and tail feathers was higher than that of wing feathers. 
The blue color of the feathers comes from the keratin sponge layer due to coherent scattering. The back and tail 
feathers are composed of the keratin sponge layer only, and the wing feathers are composed of the keratin sponge 
layer and the keratin honeycomb structure. Due to the difference in these structures, it supposed that the reflectance 
is different. Determining why the reflectance spectra of the back and tail feathers were flattened will require further 
study. 
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(Kinoshita et al., 2008; Lopez-Garcia et al., 2018). Gener-
ally, structural color is produced by interactions of light 
and microstructures in organisms (Prum, 2006). 

The structural color can be divided into an iridescent 
color and a non-iridescent color (Kinoshita & Yoshioka, 
2005). The iridescent color is that the color that appears 
different depending on the angle at which it is viewed, 
and non-iridescent color refers to the appearance of a 
constant color regardless of viewing-dependent geometry 
(Fu et al., 2016). For example, peacocks, and mallards 
exhibit iridescent color (Medina et al., 2015), and cotin-
gas and manakins exhibit non-iridescent color (Kinoshita, 
2008). The iridescent color of feathers produced in the 
barbules is related to the shape and the reflective lay-
ers of air, keratin, and melanin granules (Doucet et al., 
2006). The non-iridescent colors of feathers are generally 
produced with light scattering by air vacuoles within the 
keratin of the barbs (Kinoshita, 2008; Noh et al., 2010). 

In particular, non-iridescent blue feathers have at-
tracted the attention of researchers, because the color 
blue is rarely produced by the light and the pigments and, 
in many cases, is produced as the structural colors. . Some 
studies have shown the optical analysis of blue feathers 
of cotingas, bluebirds, jays, and blue penguins (D'Alba et 
al., 2011; Noh et al., 2010; Parnell et al., 2015; Shawkey 
et al., 2006). In this study, we studied a bird with blue 
feathers who inhabit in Korea. The purpose of this study 
was to determin the blue coloring mechanism through the 
microstructure and feather reflectance of blue feathers 
and to show the possibility of an application technique of 
biomimicry in the future. 

Materials and Methods

Feathers
Blue feathers were collected from all adult birds as fol-

lows. Feather were sampled from the Common Kingfisher 
(Alcedo atthis; n=4) from road-killed individuals at the 
National Institute of Ecology, Chungnam Wild Animal 
Rescue Center and Ulsan Metropolitan City Wildlife Res-
cue and Management Center in Korea. We cut off the 
back, tail, and wing feathers (secondaries) of the cCom-
mon kingfisher, and feathers were cleaned with absolute 
ethanol and 0.1% Tween 20 according to Shawkey et al. 
(2003), because wild feathers contain impurities. Then, 
the cleaned feathers were kept at –20°C. 

Microstructure analysis 
For the feather macrostructure, three points, the dorsal 

vane, ventral vane and barb in the dorsal vane, were ob-
served using a stereomicroscope (M205C, Leica). 

Microstructures of the feather barbs were analyzed us-
ing FE-SEM (ultrahigh field emission scanning electron 
microscope). Feathers from two bird species were tightly 

fixed with liquid nitrogen because feathers are normally 
not rigid and are prone to bending, and then a portion of 
the barbules attached to the barb was cut with dissecting 
scissors. The barbs were mounted on stubs using adhesive 
carbon tape coated with platinum and photographed for 
microstructure using a FE-SEM (SU8220; Hitachi, Tokyo, 
Japan) operating at 3 kV. 

We measured the diameter of the circular keratin rod 
(CKR), the circular air space (CAS), the irregular keratin 
rod (IKR), and the irregular air space (IAS) using ImageJ 
(Image Processing and Analysis in Java by http://imagej.
nih.gov/ij) to test the relationship between the size of the 
microstructure and optical characteristics (Fig. 1). We used 
a one-way ANOVA to analyze CKR, CAS, IKR, and IAS by 
Statistics for Windows, Version 18.0 (SPSS Inc., Chicago, 
IL, USA).

Measurement of reflectance spectrum
We measured the reflection properties of blue feath-

ers by ultraviolet and visible (UV-Vis) spectrometry 
(Carry-5000; Agilent, Santa Clara, CA, USA). We obtained 
reflection spectra using a UV-Vis spectrometer under 
omnidirectional white light illumination conditions. All 
reflection spectra were measured at wavelength of 300 
to 700 nm. To stabilize the beam condition of the light 
source, all reflection spectra were obtained after the 
equipment was switched on for two hours. 

Results and Discussion

The structures of the dorsal, ventral and barbs of blue 
feather vanes were observed with a stereomicroscope (Fig. 

CASCAS

CKRCKR

IASIAS

IKRIKR

Fig. 1. Microstructure (CKR, CAS, IKR, and IAS) size analysis 
of transmission electron microscopy images of a barb. CKR, 
circular keratin rod width; CAS, circular air space width; 
IKR, irregular keratin rod width; IAS, irregular air space 
width.

http://imagej.nih.gov/ij
http://imagej.nih.gov/ij
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2). The feather vanes showed different colors on the dor-
sal and ventral sides, and the bluish shining of the barbs 
was observed when they were enlarged. Common King-
fishers have blue color only on the dorsal side feathers 
from the back, tail and wing (Fig. 2).

In the cross-section of blue feather barbs, barbs were 
composed of a keratin cortex and sponge matrix, which 

are medullary to the keratin rod and air space (Fig. 3). The 
vacuoles were located in the center of the barbs, and mel-
anin granules were irregularly distributed in the sponge 
matrix. Interestingly, the wing feather barbs occupied 
approximately half of the keratin honeycomb structures 
in their barbs (red circle in the Fig. 3C). The diameters of 
the four categories (CKR, CAS, IKR, and IAS) of feather 
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Fig. 2. The dorsal and ventral 
sides of feathers and the color 
of the enlarged barb of Alcedo 
atthis; (A) back feather, (B) Al-
cedo atthis; tail feather, and (C) 
Alcedo atthis; wing feather. 
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Fig. 3. Low- and high-resolution 
scanning electron microscopy 
images of a cross-section of 
barbs in Alcedo atthis; (A) back 
feather, (B) tail feather, and (C) 
wing feather. 
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microstructures are given in Table 1. The feather barbs of 
the three parts showed significant differences in the four 
categories (P<0.05). 

The reflectance spectra of the back and tail feathers of 
common kingfisher showed a flattened pattern between 
approximately 350 to 550 nm without peaks (Fig. 4A). 
On the other hand, the wing fathers showed a low but 
certain peak, which was approximately 8% on the reflec-
tance spectrum at 350 nm (Fig. 4). 

Several studies on feather structural color have reported 
that non-iridescent blue feathers are produced by coher-
ent scattering with a β-keratin spongy layer and light 
(Kinoshita, 2008; Kinoshita et al., 2008; Noh et al., 2010; 
Prum, 2006; Shawkey et al., 2006; Stavenga et al., 2011). 

The barbs of common kingfishers also have a β-keratin 
sponge layer, air vacuoles and melanin granules. Hon-
eycomb structures are observed with the keratin sponge 
layer in the secondary feather barbs. 

The reflectivity of common kingfisher’s back and tail 
feathers was high, and the wing feathers had lower re-
flectivity. Given that, although there are significant dif-
ferences in CKR, CAS, IKR, and IAS, the relationship be-

tween reflectivity and feather microstructure is not seen 
as a simple measurement, so a more precise experiment 
is needed. However, it is assumed that the reflectivity of 
wing feather barbs is low due to the keratin honeycomb 
structures. The back and tail feathers are composed of the 
keratin sponge layers in the barb, but because of the ker-
atin sponge layers, wing feathers occupied approximately 
49.3% and 31.7%, respectively (unpublished data).

The keratin rods in the sponge layers were arranged 
irregularly according to several studies, they are quasi-or-
dered arrays with short-term periodicity (Noh et al., 2010; 
Prum, 2006; Prum et al., 2009; Stavenga et al., 2011). 

The keratin rod in the sponge layer is formed at a spe-
cific size to produce the color and then halt, and the rod 
must be very small to produde the blue color (Table 1; 
Prum et al., 2009). In the Peacock feathers (although it 
is not non-iridescent color), the melanin granules in blue 
feathers were smaller and more densely packed than those 
in other colors, and the keratin rod in the feather of the 
eastern blue bird also had a nanoscale diameter suitable 
for blue (Shawkey et al., 2006; Yoshioka & Kinoshita, 
2002). Thus, the keratin rods in this study are suitable for 
producing blue colors as quasi-ordered arrays with keratin 
rod nanoscales. 

In barbs, the melanin granules are rod-type and irregu-
larly distributed in the keratin sponge layers and around 
air vacuoles. The role of melanin granules is light absorp-
tion in a non-iridescent blue color, which also plays a role 
in the feather barb of common kingfishers. 

We presumed that the color mechanism of the three 
parts feathers of common kingfishers was caused by in-
coherent scattering. In particular, we need to carry out 
further studies to determine more precise feather color 
mechanisms, feather microstructures and whether the flat 
spectrum of the back and tail feathers can be explained 
by the mixture distribution model.
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Table 1. Microstructural elements of feather barbs of Alcedo atthis

Name
Circular keratin rod 

(nm)
Circular air space  

(nm)
Irregular keratin rod 

(nm)
irregular air space  

(nm)

Mean SD Mean SD Mean SD Mean SD

Alcedo atthis

Back 75.81a 19.97 109.15ab 29.49 93.51ab 19.04 98.92a 36.03

Tail 89.04b 27.46 100.78a 22.59 99.41a 22.10 98.19a 34.24

Wing 82.47ab 27.25 115.62b 27.31 90.47b 19.60 115.33b 39.16

SD, standard deviation.
*Means different letters in a column are significantly different at P<0.05 by Scheffe’s and Games-Howell’s Post-Hoc test. 

Fig. 4. Reflection spectra of Alcedo atthis via ultraviolet 
and visible and/or region of interest spectroscopy under 
omnidirectional illumination conditions.
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