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ABSTRACT
Penguins exhibit an array of derived feather features and color-producing mechanisms, including distinct melanosome
morphologies and beta-keratin nanofibers that produce blue structural color. Several morphologies have been
proposed to have hydrodynamic or insulatory functions. An understanding of the distribution of these morphologies
over the body of a single penguin species may elucidate their evolution and function. We investigated feather
microstructure and color production mechanisms in blue, black, and white barbs of feathers of the Gentoo Penguin
(Pygoscelis papua). Light and scanning electron microscopy revealed that all feathers, regardless of color, are semi-
lunate in cross section and lack, or show greatly reduced, air-filled compartments (central vacuoles) in feather barbs.
Keratin nanofibers are present in all sampled feathers (including those of 8 other penguin species) but are surrounded
by melanin in black barbs and disorganized in white barbs. Reduction of the air-filled central vacuole and gain of
keratin nanofibers appear to have single origins in penguins. Given that they occur in all feathers regardless of color,
we hypothesize that nanofibers have been co-opted for color production but initially arose for another function.

Keywords: nanofibers, Sphenisciformes, structural color

Distribución de nanofibras de queratina y microestructura de las plumas en los pingüinos

RESUMEN
Los pingüinos exhiben un conjunto de caracterı́sticas derivadas de las plumas y mecanismos de producción de color
incluyendo morfologı́as distintivas de melanosomas y nanofibras de beta-queratina que producen color estructural
azul. Se ha propuesto que varias morfologı́as tienen funciones hidrodinámicas o de aislamiento. Entender la
distribución de estas morfologı́as a lo largo del cuerpo de una única especie de pingüino puede elucidar su evolución
y función. Aquı́, investigamos la microestructura de la pluma y los mecanismos de producción de color en barbas
azules, negras y blancas en plumas de Pygoscelis papua. La microscopı́a de luz y la electrónica de barrido revelaron que
todas las plumas, independientemente del color, son semi-lunares en la sección transversal y no tienen o muestran
una gran reducción de los compartimentos llenos de aire (vacuolas centrales) en las barbas de las plumas. Las
nanofibras de queratina están presentes en todas las plumas muestreadas (incluyendo aquellas de otras ocho especies
de pingüino), pero están rodeadas de melanina en las barbas negras y están desorganizadas en las barbas blancas. La
reducción de la vacuola central llena de aire y la ganancia de nanofibras de queratina parecen tener un único origen en
los pingüinos. Dado que las nanofibras se presentan en todas las plumas independientemente del color, hipotetizamos
que han sido cooptadas para la producción de color pero inicialmente surgieron para otra función.

Palabras clave: color estructural, nanofibras, Sphenisciformes

INTRODUCTION

Penguins (Sphenisciformes) are known to have modified

contour feathers with flattened rachises, enlarged after-

feathers, increased plumule density (in Emperor Pen-

guins [Aptenodytes forsteri]), and lack of apteria (distinct

feather tracts and bare patches) (Rutschke 1965, Dawson

et al. 1999, Giannini and Bertelli 2004, Williams et al.

2015). However, little is known about the microstructure

of penguin feathers, even though it can affect their

material properties, such as stiffness, as well as their

color (Rutschke 1965, Clarke et al. 2010, D’Alba et al.

2011a).

Penguins have different color-producing structures than

other birds. The large, low-aspect-ratio melanosomes that

create penguins’ characteristic black-brown colors are not

found in other extant birds (Clarke et al. 2010). Pterin-like

pigments that produce the yellow coloration in feathers of

Eudyptes and Aptenodytes are so far known only in

penguins and, potentially, domestic chickens (Gallus gallus

domesticus; McGraw et al. 2007, Thomas et al. 2013),

although they are often found in butterflies (Watt 1964,
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Wijnen et al. 2007). Moreover, beta-keratin nanofiber

bundles produce their blue color, in contrast to the

amorphous matrices of keratin and air found in the

feathers of other avian species (spongy medullary layer;

reviewed in Prum 2006). These keratin nanofibers in

penguin feathers are morphologically similar to quasi-

ordered collagen fibers that create blue coloration in

mammalian and avian skin (D’Alba et al. 2011a). Thus far,

keratin nanofibers have been studied in detail only in the

adult Little Penguin (Eudyptula minor), which is dorsally

blue (D’Alba et al. 2011a). However, blue coloration was

also noted at the tips of dorsal and wing contour feathers

in other penguin genera, including Eudyptes, Pygoscelis,

and Aptenodytes (Penney 1967, D’Alba et al. 2011a).

While every aspect of penguin coloration mechanisms

studied thus far (melanosome shape, color-producing

nanofibers) appears to be highly modified in comparison

to other birds (Clarke et al. 2010, D’Alba et al. 2011a),

feather microstructure has not been systematically studied

for feathers of distinct types and colors in one individual.

Other birds are known to have white coloration produced

by light-scattering structures (Prum 2006). However, the

internal structure of white penguin feathers has not been

investigated. Similarly, although enlarged melanosomes

were reported in the black-brown dorsal feathers of some

species of Pygoscelis, Spheniscus, Eudyptes, Eudyptula, and

Aptenodytes (Clarke et al. 2010), the organization of

melanosomes and the internal structure of these feathers

were not described.

To determine whether distinctive morphologies previ-

ously described in other penguins are widespread among

different feather types and colors within individuals, here

we used light and scanning electron microscopy to

describe gross feather morphology as well as the micro-

structure and mechanisms of color production in the

Gentoo Penguin (Pygoscelis papua). To assess color,

iridescence, and gloss, we used UV-Vis reflectance

spectrophotometry at both specular and diffuse geome-

tries. Results from this study then were compared to data

from 8 other penguin species, including the Emperor

Penguin, King Penguin (A. patagonicus), Southern Rock-

hopper Penguin (Eudyptes chrysocome), Macaroni Penguin
(E. chrysolophus), Adélie Penguin (P. adeliae), Chinstrap

Penguin (P. antarcticus), African Penguin (Spheniscus

demersus), and Magellanic Penguin (S. magellanicus).

These comparative data provided context for the evalua-

tion of the potential generality of the morphology and

color observed in the Gentoo Penguin feathers.

METHODS

Feathers were sampled from a recently deceased, captive

female Gentoo Penguin (VPL [Vertebrate Paleontology

Lab] M-11965, housed at the University of Texas at

Austin). The individual was donated for research purposes

to the University of Texas at Austin by SeaWorld Parks and

Entertainment (received from SeaWorld, San Diego,

California, USA). Gentoo Penguins are white ventrally

and black dorsally, with weak silver-blue tips on the dorsal

contour feathers. To cover the range of feather types in the

Gentoo Penguin, we examined barbs from contour

feathers from the head and dorsum, dark upper tail

coverts, and white breast contour feathers. Individual

barbs on these feathers are brown, black, silver-blue, or

white (Figures 1–5). Ten feathers from each body part were

sampled from the body of the Gentoo Penguin, cutting as

close to the skin as possible (Figure 1) to obtain a

representative sample of barb colors for each feather type.

To compare the internal feather microstructure of different

feather color types in the Gentoo Penguin to those in other

penguin species, we sampled from 8 penguin species,

taking 3 contour feathers of each of the blue and black

flanks and scapular regions of 8 skin specimens at the San

Diego Natural History Museum (SDNHM 45205, 36215,
37504, 36617, 36093, 39217, 36716, 37450; Table 1) and

white contour feathers from the lower belly of SDNHM

37450 (Table 1). Feather anatomy terminology follows

Lucas and Stettenheim (1972). For the present study, in

instances where a barb lacks barbules, the terms ‘‘barb’’ and

‘‘barb ramus’’ become definitionally equivalent, and we will

use ‘‘barb ramus’’ here. The cross-sectional areas (e.g.,

nanofiber region) reported for all samples were measured

from at least 3 electron micrographs (see below) per

sectioned barb rami, using ImageJ software (Schneider et

al. 2012).

Two barbs from each different feather type were

prepared for examination via scanning electron microsco-

py (SEM), following a protocol modified slightly from

Shawkey et al. (2003). However, embedding methods

varied in regard to the type of resin (EMbed 812 Hard

vs. Hard-Plus Resin 812; Electron Microscopy Sciences,

Hatfield, Pennsylvania, USA), relative percentages of resin

to acetone for each infiltration step (15%–50%–70% vs.

25%–50%–75%), and the use of a vacuum microwave.

Feathers of all species other than Gentoo were embedded

following the protocol described in D’Alba et al. (2011a).

Embedded Gentoo Penguin feather barbs were sec-

tioned using a Leica Ultracut UTC ultramicrotome (Leica

Microsystems, Wetzlar, Germany). Thick (3.0 lm) sections

were cut using a glass knife and placed on glass slides,

which were then cut with a glass scribe and mounted on

SEM stubs using carbon tape and carbon paint. Thick

sections of 1.0 lm were cut and placed on glass slides for

viewing under light microscopy. Thick sections on SEM

stubs were coated with 12 nm iridium (Figure 2B only) or

12 nm platinum–palladium mixture using a Cressington

208 Benchtop Sputter Coater and examined using a Zeiss

Supra 40 VP field emission SEM (located at the Institute
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for Cellular and Molecular Biology, University of Texas at

Austin). SEM micrographs of nanofibers in white Gentoo

Penguin feather barbs were obtained from longitudinal

cuts of non-embedded samples.

For all other penguin species, we embedded barbs from

one feather of each color and cut them using a Leica UC-6

ultramicrotome. Thick (3.0 lm) cross sections were cut

using a Diatome histo knife (Diatome, Fort Washington,

Pennsylvania) and transferred to SEM stubs lined with

carbon tape. Thick sections on SEM stubs were sputter-

coated with 12 nm gold–palladium mixture and examined

using a JEOL SEM (JSM7401F; JEOL, Tokyo, Japan) at the

University of Akron, Akron, Ohio, USA.

The normal, specular, and diffuse spectra (Hunter 1937)

for 3 feathers (i.e. Figure 1B: 1 and 2–3, respectively) were

assessed using an Avantes AvaSpec-2048 spectrometer

with an AvaLight-XE pulsed xenon light source (located at

the University of Akron; Vukusic and Stavenga 2009,

Shawkey et al. 2011). Briefly, reflectance was measured

using a bifurcated fiber optic probe held at 2 angles: 808

from horizontal (used here as the ‘‘normal,’’ or orthogonal,

because exact normal [908] was not possible given the

configuration of the spectrophotometer) and 158 from

horizontal (specular angle; see Meadows et al. 2011). Three

feathers of each type were taped to a black velvet surface to

ensure that the velvet was not seen through the open space

between barbs. Diffuse reflectance spectra were measured

using an integrating sphere (AvaSphere-50-REFL). All

measurements recorded reflectance over the wavelength

range 300–700 nm and were taken in triplicate using

AvaSoft 7.2. Spectra were averaged and smoothed in R

3.0.1 (R Core Team 2013) using the function ‘‘procspec’’ in

the package ‘‘pavo’’ 0.3 (Maia et al. 2013). The translucent

(Figure 1B: 1.1) and non-translucent (Figure 1B: 1.2)

regions of white contour feathers were measured sepa-

rately; only the distal tips of black dorsal and head contour

feathers were measured. Gloss, which is a measure of the

shininess of a material and is typically calculated as the

ratio of specular to diffuse reflectance (Hunter 1937), was

quantified as the ratio of the average specular to average

diffuse reflectance across the measured wavelength range

(Rasmussen and Dyck 2000).

RESULTS

Gentoo Penguin Feather Structure

Feather microstructure. The white breast contour

feather of the Gentoo Penguin has a translucent tip

(Figure 1B: 1.1) that lacks barbules, while the rest of the

feather is opaque (hereafter ‘‘non-translucent’’; Figure 1B:

1.2) and contains barbules. The dorsal contour feather has

a distal silver-blue tip (Figure 1B: 2.1), which blends into

black toward the rachis (Figure 1B: 2.2) and, similarly to

the breast contour feather, lacks barbules. In the proximal

portion of that feather, the barbs grade to brown and then

to light brown close to the base of the feather. The small

head contour feather has only a few barbs with blue tips

(Figure 1B: 3.1). Otherwise, the feather grades proximally

from black to white. The upper tail covert (Figure 1: 4) has

dark blue tips and is distinct from a dorsal contour feather,

FIGURE 1. Sampling locations of feathers and barbs. (A) Numbered sampling locations on the Gentoo Penguin specimen (VPL M-
11965). (B) Barb sampling locations by feather type. Circles denote barb sampling locations. (1) White breast contour feathers; (1.1)
translucent region and (1.2) the non-translucent region. (2) Dorsal contour feathers; (2.1) distal silver-blue barb tips that become (2.2)
black toward the rachis. (3) Head contour feathers; (3.1) distal black barbs. (4) Upper tail coverts; (4.1) the lateral dark blue barbs.
Feather scale: 1 cm.
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being closer in morphology to a rectrix, with a curved

rachis that creates a ventral channel and low barb density

compared to contour feathers.

Barb shape. The cross-sectional shape of the barb

ramus varies across its length and among locations on the

feather as a whole (Figures 1–4). Within one barb ramus,

the end farthest from the rachis is ventrally flattened and

dorsally rounded. The barb rami seen in the silver-blue tips

of dorsal contour feathers (Figure 1B: 2.1) and translucent

tips of white breast contour feathers (Figure 1B: 1.1) are

semi-lunate in cross section (Figure 2A; Figure 3B).

However, the cross-sectional profile of barbs varies subtly;

for example, the lateral edges of the flattened ventral side

are slightly more beveled in appearance in the translucent

barb rami (Figure 3B). Barb rami located more proximal to

the rachis across feather types (e.g., Figure 1B: 2.2) are

more ovoid, with less distinction between the curved

dorsal side and the flattened ventral side (Figure 2D, 2E;

Figure 3A). The barbs of the white breast contour feathers

show variation along their axis. The proximal end of each

ramus is opaque and gradually transitions to a translucent

appearance that dominates the distal end (Figure 3A, 3B).

No melanosomes are present.

Barb internal nanostructure. No broad, open, air-filled

central vacuoles are present in any barb rami in any feather

types (e.g., Figure 2B, 2C, 2E). However, small air-filled

pockets exist. In the silver-blue regions, clusters of

melanosomes are located only on the ventral side of the

FIGURE 2. Barbs from dorsal and head contour feathers and upper tail covert feather, showing the ventral melanosome layer (m),
the dorsal keratin cortex (c), and the distribution of nanofibers (f). Insets of feathers show the sampling location of barbs. (A) A light
microscope image and (B) a scanning electron microscope (SEM) image of blue barb rami show the microstructure of the silver-blue
tip of a dorsal contour feather. (C) An SEM image from an upper tail covert feather’s blue barb ramus. (D) A light microscope image
and (E) an SEM image with a close-up of the nanofibers from black barbs of a head contour feather. Scale bars: 10 lm; inset in E: 1
lm.
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barb rami (Figure 2A). Nanofibers are centrally located and

fill ~22% of the blue barb ramus’s cross-sectional area

(Figure 2A; Figure 4). They are located in a region that is

approximately 5 lm high by 15 lm wide (Figure 2A).

Individual nanofibers average 260 6 7 nm in diameter in

blue barb rami. In black barb rami, clusters of melano-

somes are spread throughout the cortex surrounding the

medially located nanofibers (Figure 2D, 2E; Figure 4). The

area the nanofibers occupy is laterally offset from the

midpoint of the rami. Nanofibers make up only ~2.5% of

the cross-sectional area in a region approximately 6 lm
high by 4 lm wide (Figure 2E). Individual nanofibers in the

Gentoo Penguin average 257 6 6 nm in diameter in black

barb rami. The diameters of nanofibers in the Gentoo

Penguin are 40–41% larger than those in the Little Penguin

(184 6 4.0 nm; D’Alba et al. 2011a).

Nanofibers are present in both translucent and non-

translucent zones of the white feathers but are irregu-

larly distributed along the rami and often found in

bundles that occupy 6–20% of the barb ramus cross-

sectional area (Figure 3C, 3D; Figure 4). The nanofibers

are sometimes aligned perpendicularly to the ramus

(Figure 3C); in the translucent zones, they are disorga-

nized and encased in central air pockets that surround a

central vacuole measuring 14 lm long by 4 lm wide

(Figure 3D). The individual nanofibers average 227 6 8

nm in diameter.

Gentoo Penguin Reflectance Spectra and Glossiness
Reflectance spectra were collected for 3 Gentoo Penguin

feather types (at 4 feather locations; Figure 5); wavelengths

of maximum reflectance are given inTable 2. A fast Fourier

transform analysis (Figure 3C inset) of the nanofibers in

the non-translucent tip barb ramus shows an amorphous

pattern that lacks long wavelength order and has little or

no short wavelength order.

FIGURE 3. Barbs from white breast contour feathers. (A) A dissecting microscope image of the non-translucent regions of the barb
rami; inset shows the cross-section light microscope image of this region with barbules. (B) Translucent regions toward the tips of
the barbs; inset shows the cross section of the translucent region of the ramus. Circles indicate the presence of nanofiber bundles
and approximate sampling location of the barbs for scanning electron microscopy (SEM). (C) An SEM image of a non-translucent
region of barb ramus, showing the keratin cortex (c) and the distribution of nanofibers (f); inset shows the fast Fourier transform
analysis of a cross section of a nanofiber bundle. (D) An SEM image of a translucent region showing central vacuoles (v) and
disorganized nanofibers (f). Scale bars: 10 lm.
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In both normal and specular light incidence, the

reflectance of the translucent (Figure 1B: 1.1) and non-

translucent (Figure 1B: 1.2) regions of the white breast

contour feathers rapidly increases in the ultraviolet

wavelengths and then slightly but steadily increases across

the remainder of the studied spectral range (Figure 5A).

The specular reflectance spectrum of the translucent

region has the highest reflectance intensities of any of

the spectra measured in either the breast or dorsal contour

feathers. This region, however, has comparatively low

diffuse reflectance intensities (Figure 5C). The non-

translucent region has the lowest specular reflectance

intensities measured in the white breast contour feather

(Figure 5A), whereas its diffuse reflectance intensities are

the highest measured (Figure 5C). Both regions have

similar normal reflectance intensities (Figure 5A).

Gloss was calculated as 10.0 for the translucent region

and 0.9 for the non-translucent region (Figure 5D). Those

values are, respectively, the highest and lowest gloss values

compared to gloss values for other white feathers (from a

tern, gull, magpie, ptarmigan, and swan; Shawkey et al.

2011) as well as the silver scapular feathers from the

Anhinga (Anhinga anhinga), which is known to have

structural color (Figure 5D).

The normal and specular reflectance spectra for the

silver-blue tip (including Figure 1B: 2.1 and 2.2 and the

feather space in between them) of the dorsal contour

feathers and the black tip of the head contour feathers have

low intensities compared to the spectra for the white

breast contour feathers. This would be expected from a

dark, pigmented feather that absorbs much of the incident

light. The normal reflectance is higher in intensity than the

specular reflectance for the dorsal contour feather, but

reversed for the head contour feather. Gloss values of 0.6

and 1.6 were calculated for the silver-blue tip of the dorsal

contour feather and the black tip of the head contour

feather, respectively. Those gloss values are smaller than

the lowest value obtained by Maia et al. (2011) for matte

black feathers of other birds (~2.5), using the same

methodology and spectrophotometer.

Comparative Penguin Feather Microstructure
Many of the other sampled penguin species lack a distinct,

broad central vacuole (Figure 6A, 6B, 6E, 6F, 6H, 6J); the

vacuoles are of reduced size (Figure 6C, 6D, 6G, 6I) in

those samples where they are present. Additionally, all

showed a similar flattened appearance to the Gentoo

Penguin feathers. Nanofibers were found in all black, blue,

and white feathers (Figure 6A–6J). The internal micro-

structure of the blue barb rami from dorsal contour

feathers and dark blue upper tail covert feathers (Figure

2A–2C) in the Gentoo Penguin is consistent with that of

the Little Penguin (D’Alba et al. 2011a) and with blue

feathers of other penguin species (Figure 6). Bundles of

nanofibers are often separated by irregularly shaped air

spaces, no larger than ~5 lm in diameter (Figure 6B–6G,

6I, 6J). In black feathers, nanofibers occupy a cross-
sectional area that is almost 93 less than the correspond-

ing area in blue barb rami and are covered or masked by a

layer of melanosomes. Nanofibers in white barbs do not

share the consistent size and organization of those in blue

barbs, and melanosomes are absent.

The proportion of barb ramus area filled by nanofibers
ranges from ~7% in black barbs from the Magellanic

Penguin (Figure 6G) to 34% in blue barbs of the Southern

Rockhopper Penguin (Figure 6B). Nanofibers also vary in

diameter, ranging from 220 nm in black feathers of the

Magellanic Penguin and Chinstrap Penguin (Figure 6G, 6E;

Table 1) to 151 nm in the blue feathers of the Southern

Rockhopper Penguin (Figure 6B; Table 1).

DISCUSSION

Feather Microstructure and Nanostructure
All Gentoo Penguin feathers used in our study, regardless

of color, are semi-lunate in cross section and lack, or show

greatly reduced (e.g., in translucent region of white barbs),

central vacuoles in feather barbs. We found keratin

nanofibers in all sampled Gentoo feathers; however, the

nanofibers are surrounded by melanin in black barbs and

disorganized in white barbs. Similarly, feathers from most

FIGURE 4. Schematic representation of cross sections of (A)
blue, (B) black, and (C) white barb rami of Gentoo Penguin
feathers. Diagrams show the distribution and observed location
of melanosome clusters, keratin nanofibers, and keratin cortex
within rami.
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FIGURE 5. Reflectance spectra from white and black feathers. (A) Specular at normal incidence (thick lines) and specular (thin lines)
reflectance spectra for all feather types and locations. Reflectance spectra for the white breast feather’s translucent region (T) are
long dashed lines; the spectra for the white breast feather’s non-translucent region (NT) are short dashed lines. The spectra for the
silver-blue tip of the dorsal contour feather and the tip of the head contour feathers are bracketed at the bottom of A and are
enlarged in B. (B) An enlargement of the 4 reflectance spectra in the bracketed region of plot A. The dorsal contour feather spectra
are represented as solid lines, and those of the black tip of the head contour feathers as dot-dashed lines. Thick lines are specular at
normal incidence spectra; thin lines are specular reflectance spectra. (C) Diffuse reflectance spectra for all 4 feather regions in
descending order: white breast feather’s non-translucent region, white breast feather’s translucent region, silver-blue tip of the
dorsal contour feather, tip of the head contour feather. (D) Gloss values for the penguin white breast contour feather (closed circles)
only. White feather gloss values were obtained from Shawkey et al. (2011). Open circle denotes the gloss value for Anhinga anhinga.
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species of penguin examined here were found to lack

broad central vacuoles. Feathers from the other penguins

studied here also have bundled nanofibers in the otherwise

solid barbs, with only tiny air-pocket spaces among these

bundles (Figure 6). By contrast, all other non-teratological

bird feathers thus far examined (e.g., sample in Clarke et al.

2010, Li et al. 2014) have conspicuous, broad, air-filled

central vacuoles in barb rami. Birds with avian keratin

disorder lack central vacuoles (D’Alba et al. 2011b), which

suggests that a comparative investigation of the develop-

ment of these nearly solid barbs that occur in both

diseased taxa and penguins could inform how this

condition arises.

Associations between Nanofibers and Feather
Reflectance

Within the Gentoo Penguin, we confirmed the association

between the presence of semi-organized nanofibers and a

peak in the ultraviolet (the human-visible blue-green color

is likely the tail end of the reflectance peak in the

ultraviolet; Hunt et al. 1998) as well as a small peak in the

blue-green wavelengths (Table 2). These results are

consistent with the findings of D’Alba et al. (2011a).

Disorganized nanofibers in white feathers may produce

white structural color through incoherent light scattering

(Shawkey and Hill 2006, Burresi et al. 2014). This

hypothesis requires further investigation. Black barb rami

that contain nanofibers are probably not blue in color

because melanosomes overlie the nanofiber layer, absorb-

ing light before it reaches the medullary area. Other birds

exhibit similar patterns, incorporating melanosomes into

the light-refracting spongy medullary layer in feathers that

would otherwise be structurally colored blue (Finger et al.

1992, Doucet et al. 2004). Melanosomes are not intermin-

gled with the light-scattering structure in black feathers in

penguins but instead surround the nanofibers within the

keratin cortex; in blue feathers, they lie only ventral to the

nanofiber structures (Figures 2, 4, and 6). Differences in

gloss between different feathers and feather areas are likely

caused by differences in surface smoothness (the feature

that typically modulates gloss most strongly; Hunter 1937),

given that we found no evidence of the melanosome

organization that causes gloss in black feathers (Maia et al.

2011).

Hypotheses for Color and Nanofiber Function

What function does coloration play in penguins? Coun-

tershading for camouflage from prey has been proposed

for many animals, including penguins (Simmons 1972,

Cairns 1986). This seems to fit with the strongly

demarcated black and white coloration in penguins and

with their ecology. However, countershading does not

explain (1) why the tips of dark dorsal feathers would be

silver-blue rather than black, (2) why black coloration is

TABLE 1. List of the 8 penguin species used in comparison with Gentoo Penguin samples, with location, number, and color of
feather samples taken; diameter of the nanofibers found in feather barb cross sections; and number of nanofibers measured.

Species Location (n) Feather color Nanofiber diameter (mean 6 SE) n

Eudyptes chrysolophus Scapular (3) Black-blue 123 6 4 49
Spheniscus demersus Scapular (3) Black 202 6 7 36
S. magellanicus Nape (3) Brown 220 6 6 48
E. chrysocome Flank (3) Black-blue 151 6 5 41
Pygoscelis adeliae Flank (3) Black 144 6 4 47
Aptenodytes forsteri Shoulder (3) Black-blue 151 6 4 41
A. patagonicus Lower breast (3) White 158 6 7 38
A. patagonicus Flank (3) Black-blue 157 6 7 45
P. antarcticus Flank (3) Black-blue 218 6 8 52
P. antarcticus Head (3) Black 220 6 7 50
P. papua Scapular (10) Black-blue 260 6 7 60
P. papua Head (10) Black 257 6 6 33
P. papua Upper breast (10) White 227 6 8 45

TABLE 2. Wavelengths of maximum reflectance from the spectra of white and pigmented feathers of the Gentoo Penguin. Spectra
include normal, specular, and diffuse reflectance for the white breast contour feather, the silver-blue tip of the dorsal contour
feather, and the black tip of the head contour feather.

Feather region
Normal peak

wavelengths (nm)
Specular peak

wavelengths (nm)
Diffuse peak

wavelengths (nm) Glossiness

Translucent tip, white breast None None 389 and 465 10.0
Non-translucent tip, white breast None None 391 and 498 0.9
Silver-blue tip, dorsal 353 361 and 521 328 0.6
Black tip, head 349 341 363 1.6
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created by melanosomes that obscure the blue-producing

nanofibers, or (3) why blue dorsal plumage observed in

adults of some species (e.g., the Little Penguin) is seen only

in the first-year juveniles of many others. The fledging

juvenile plumage is known to be dorsally blue in Eudyptes,

Pygoscelis, Spheniscus, and Megadyptes (Sutherland 1923,

Penney 1967, F. B. Kulp personal observation). Only the

Little Penguin does not switch to black dorsal plumage as

an adult; fledging juveniles are indistinguishable from the

adults on the basis of plumage (Reilly and Cullen 1979). In

addition, seawater strongly absorbs light at all wavelengths,

but most strongly at long wavelengths (red and near

infrared), and this light attenuation increases with depth

(Wozniak and Dera 2007). The result is that even blue

color is attenuated underwater. This and the fact that

Gentoo Penguins dive at depths of 20–30 m (Williams et

al. 1992) suggest that the weak blue color of their feathers

might not be perceivable and is unlikely to be used for

signaling underwater. Links between color and ecology

also do not appear sufficient to explain the presence of

nanofibers in all feathers, regardless of color.

Keratin nanofibers are present in all feathers (silver-blue

colored or not) and, thus, appear to be linked to

hydrodynamics or some other function rather than to

color signaling. Flying through water exerts much stronger

resistance than flying through air (Denny 1990); thus,

penguin feathers should be particularly strong. This

question will be answered only by future work on the

comparative material properties and relative effects of
stresses (e.g., buckling or to crack propagation) on penguin

feathers in comparison to other closely related waterbird

taxa (e.g., Procellariiformes). However, many organisms

have evolved structures that resist buckling failure. From

bamboo stems (Habibi and Lu 2014) to the walls of wasps’

nests (Cole et al. 2001) and bone (Launey et al. 2010), these

structures show remarkable resistance to fracture (i.e.

fracture toughness). In all of these cases, fibers varying in

size (by hundreds of nanometers to 10 lm) and chemical

composition (chitin, cellulose, collagen, keratin) form

parallel arrangements in zones that protect the integrity

of the entire structure by allowing energy to dissipate in a

localized area. Penguin nanofibers are predominantly

arranged in parallel (Figures 2, 3, and 6). Zhang et al.

(1998) demonstrated that resistance to crack propagation

increases with the volume of fibers in a cylinder, and this

resistance is higher for fibers that are arranged in parallel.

Thus, nanofibers may help increase the strength of

penguin feathers as they move through water.

Other aspects of penguin feather microstructure have

been uncontroversially related to locomotion in an aquatic

medium, such as flattening of the feather rachis, which is

rounder in air-flying birds (e.g., Rutschke 1965, Stone-

house 1975). Here, we report that barb rami are also

asymmetrically flattened. Although the rachis is nearly

isometrically flattened, the barb rami are curved in profile

dorsally and flat ventrally (Figure 2A; Figure 3B inset). The

degree of dorsal curvature varies along the barb ramus,

increasing distally. This shape is seen in all feathers and

may represent hydrodynamic modification, given that

FIGURE 6. Scanning electron micrographs showing the distri-
bution of keratin nanofibers in barb rami from contour feathers
of 8 penguin species. (A–E) Blue feathers from Macaroni,
Southern Rockhopper, Emperor, King, and Chinstrap penguins,
respectively. (F–I) Black feathers from African, Magellanic, Adélie,
and Chinstrap penguins, respectively. (J) White feather from the
lower breast of the King Penguin. Scale bars: 10 lm in A, D, G, H,
and J; 5 lm in B, C, E, F, and I.
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ellipses represent the best geometries for maximum load-

carrying capacity (Yu et al. 2010). Similar integument

flattening is reported in semiaquatic mammals, such as

otters and seals. Guard hairs tend to be flatter in

semiaquatic mammals than in terrestrial mammals (Liwa-

nag et al. 2012). It is suggested that the flattened shape

helps create an outer layer of fur that traps a layer of air

beneath it when the animal is submerged, aiding in

underwater thermoregulation (Liwanag et al. 2012). The

flattened shape of the feathers helps decrease hydrody-

namic drag beyond what is expected given penguins’

streamlined body, by reducing vibrations and turbulent

flow (Lovvorn et al. 2001). Flattening of barbs could serve a

similar function.

The newly reported presence of nanofibers in all feather

colors examined here, the flattening of barbs, and the

absence of large central vacuoles may be hydrodynamic

modifications in the stem penguin lineage. Penguins show

an array of modifications of the musculoskeletal system

(e.g., osteoslerosis and flattening of the distal wing

elements as well as thickened scleral tissue around the

sclerotic ring; Suburo and Scolaro 1990, Ksepka and

Clarke 2010) to an aquatic lifestyle. Feathers in aqueous

media also are subject to torsional and shear stresses not

experienced in air, due to the much higher viscosity of the

media (Stonehouse 1975, Lovvorn et al. 2001, Clarke et al.

2010). Future work must focus on an experimental

understanding of the material properties of penguin

feathers to inform the selective pressures that may have

led to changes in microstructure.
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