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Abstract

Colors are well studied in bird plumage but not in other integumentary structures. In particular, iridescent colors from structures other
than plumage are undescribed in birds. Here, we show that a multilayer of keratin and lipids is sufficient to produce the iridescent bill of
Spermophaga haematina. Furthermore, that the male bill is presented to the female under different angles during display provides support
for the hypothesis thatiridescence evolved in response to sexual selection. This is the first report of an iridescent bill, and only the second
instance of iridescence in birds in which melanosomes are not involved. Furthermore, an investigation of museum specimens of an
additional 98 species, showed that this evolved once, possibly twice. These results are promising, as they suggest that birds utilize a
wider array of physical phenomena to produce coloration and should further stimulate research on nonplumage integumentary colors.

Keywords: structural color, iridescence, communication, birds

Introduction

Iridescence, angle dependent coloration, is widespread in nature
and occurs in almost all major animal clades (1, 2). It is a form
of structural coloration that results from the interaction of light
with materials with different refractive indices at a nanometer
scale. In birds, iridescence is commonly found in feathers (3).
These iridescent feathers are among the most colorful integu-
mentary structures in nature, and as such considerable research
has focused on its evolutionary significance (4), communication
functions (4), and underlying structural (5) and genetic mecha-
nisms (6). Nonetheless, iridescence in bird bills remains unreport-
ed, and colors in bird beaks were attributed to pigment-based and
noniridescent structural coloration, i.e. in penguins where pho-
tonic structures consisting of 2D crystal lattices produce colors
that are highly UV reflective.

Iridescence in birds has only been reported in feathers, where it
is almost exclusively produced by the organization of melano-
somes into thin layers, with the exception of a few examples
where iridescence is produced by periodic matrices of air and
B-keratin within barbs (7). Nonetheless, in many invertebrates,
multiple highly specialized structures including thin film reflec-
tors, multilayer reflectors, or other (chitin-based) photonic struc-
tures evolved to produce iridescent colors (2, 8, 9). Here, using a
combination of spectrophotometry, microscopy, optical simula-
tions, and phylogenetics, we show that the iridescent bill of the
Western Bluebill (Spermophaga haematina) is produced by a multi-
layer of keratin and potentially lipids that evolved out of an

ancestral bill with less-organized, thicker keratin layers, most
likely in response to sexual selection.

Results and discussion

Reflectance measurements (Supplementary data S1) showed that
a distinct peak at the border between UV and blue wavelengths
changes position, and intensity depending on the angle, confirm-
ing that the beak of Spermophaga is iridescent (Fig. 1A and B).
Furthermore, modeling of the visual system of birds showed
that chromatic differences between angles are perceivable (just
noticeable difference [JND] >1).

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) imaging (Fig. 2) showed an increase in organ-
ization from pigment-based colors (Fig. 2A and B), via structure-
based colors (Fig. 2C-E) to iridescence (Fig. 2F). This organization
is hierarchical and visible at the micron scale (i.e. SEM images),
and nanoscale (i.e. TEM images). This organization in layers is most-
ly present in the iridescent bill while absent in noniridescent bills.
Furthermore, layers are significantly thinner and form a multilayer
in theiridescentbill, essential for the production of iridescent colors
(Fig. 1F). While unable to chemically quantify the composition of
the different layers, multiple indications suggests that the beak
consists of a keratin-lipid multilayer. First, the major component
of a birds’ beak is keratin, produced in keratinocytes. These cells
and their membranes are visible in the TEM images (Fig. 2). The
layering consist of highly elongated cells, where the thickest layer
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Fig. 1. Western bluebill (Spermophaga haematina). A) Photographs of iridescent beak at different angles. B) Measured reflectance spectra at different angles
with JND’s. C) Modeled reflectance spectra at different angles resulting from finite-difference time-domain (FDTD) model. D) Simplified model illustrating

the multilayer mechanism associated with the iridescent coloration.

of the multilayer is keratin, and the thinnest is formed by the cell
membranes (lipids) of the keratinocytes that contain the keratin
and other remnants of the cell (10). Finally, optical modeling based
on TEM measurements confirmed that a multilayer consisting of
five stacks of ultrathin keratin (thickness=60nm) alternating
with a layer (thickness =35 nm) with refractive index=1.4 (i.e. lip-
ids originating from the cell membranes of keratinocytes), was suf-
ficient to produce the colors we observed, under all angles observed
(Fig. 1C and D, Supplementary data S4 and S5). Spermophaga haema-
tina’s iridescent colors are thus produced by a unique mechanism in
birds, i.e. a series of keratin sheets parallel to the surface inter-
changed by cell membranes, forming a multilayer.

The iridescence observed in the bill of S. haematina differs from
other iridescent colors that are produced by thin layers formed by
melanosomes or barb nanomorphology (7). However, the use of
lipids in multilayers to produce iridescent colors is known in
plants (11). While melanin is present in most noniridescent bills,
in the iridescent bill it is only present in the thicker, most basal
layers. As such, it apparently has no function in color production
other than perhaps to absorb incoherently scattered light (12).
Such multilayer-based iridescence can also be found in manakins
(7) and arthropods (9). Similar, but distinct, multilayer arrays were
found in penguins, where they are formed by quasiparallel folded
membrane doublets that have varying orientations with respect
to the surface and produce UV colors (13).

While structural color evolved multiple times out of an ances-
tor with pigment-based bill coloration, the iridescent multilayer

evolved only once, out of other structurally colored bills, evolving
more but thinner multilayers, and suggesting that the presence of
a structure is an evolutionary prerequisite for iridescence to
evolve in the bill (Fig. 2). Interestingly, iridescent and nonirides-
cent beaks with multilayers differ in the absence of melanosomes
in the iridescent beak, likely a result of developmental constraints
where melanosomes have larger dimensions than the thickness of
the keratin layers necessary foriridescence. Given the many func-
tions of melanin in beaks and other integuments (14), it is possible
that selection against the loss of melanin might hinder the evolu-
tion of iridescent beaks. Nonetheless, a few estrildids (e.g. Lonchura
sp. and Padda fuscata) might show weak iridescence, suggesting at
least two origins (Fig. 2). Unfortunately these specimens were not
present in the collection, warranting future additional research.
Interestingly, in the clades that contain Lonchura/Padda and
Spermophaga, weak iridescent plumage is present, suggesting
that estrildids might have co-opted a bias for iridescent colors.
To our knowledge, other families (e.g. Ploceidae and Vangidae)
might have only noniridescent glossy or blue beaks.

Dense stacking and multilayers involving keratin are known to
enhance mechanical strength (15). Hence, iridescence might have
evolved as a byproduct of an adaptation for increased bill strength.
Indeed, not all brightly colored integuments are ornamental: the
signal has to be visible to the receiver, especially during courtship,
and should elicit a response. Bills seem to fit the bill, as they are
often sexually dimorphic, used in complex courtship rituals, asso-
ciated with mating preference, indicate age, sex, social status, and
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Fig. 2. Overview figure showing the evolution of different color mechanisms (pigment-based = orange, containing a structural element = gray, iridescent
=blue), together with six representative species with the SEM and TEM micrographs of their beaks. Species visually inspected using specimens (black dot)
or using photographs (white dot) (Supplementary data S2 and S3). Pies represent probabilities of a color mechanism being present in ancestral nodes
based on symmetrical evolutionary rates (i.e. the best model; Akaike information criterion values are 161.89 [equal rates], 138.23 [symmetrical rates], and
14354 [all rates different]) between color mechanisms. In general, evolution of color mechanisms is very conserved. Species used for SEM and TEM were
Estrilda melpoda (A, pigment), Nigrita canicapillus (B, pigment), Parmoptila woodhousei (C, structural element), Pyrenestes ostrinus (D, structural element),
Spermestes bicolor (E, structural element), and Spermophaga haematina (F, iridescent). P. woodhousei is not on the phylogenetic tree and its phylogenetic
affinity is currently uncertain. The arrow corresponds to Padda fuscata, a potentially iridescent species.

fitness in both passerine and nonpasserine (reviewed in Ref. (16)).
Interestingly, the bill of the western bluebill is sexually dichromat-
ic, with males having more color. Furthermore, males of the genus
Spermophaga use their iridescent bill during courtship, when they
hold a leafin the bill, mandibulate, and display the bill from differ-
ent angles (shifting from —45° to 70°) by twisting its head (17).
These results show that bluebills both perceive and use irides-
cence in courtship, suggesting a role for sexual selection. Indeed,
bills as a whole are likely important sexual signals in Estrildids giv-
en the occurrence of sexual dichromatism in few species.

The presence of keratin-based iridescence raises the question
why this color mechanism is so rare in birds (where iridescence

is widespread) or almost absentin other vertebrates such as mam-
mals (except for Chrysochloridae (18)) where this would drastical-
ly increase the attainable color space. One explanation might be
that avian keratins are mostly composed of p-keratins (twisted
B-sheet structures) opposed to the a-helical structure of mamma-
lian a-keratin. Alternatively, the conditions for keratin-based iri-
descence to evolve might be rare and counterbalanced by other
selective forces, or weak selection due to the restricted color vision
in mammals. The presence of a keratin-cell membrane multilayer
producingiridescence, highlights the need to investigate the func-
tion and color mechanisms of lesser studied integumentary struc-
tures (14, 16).
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