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Abstract

Melanin is the main pigment in animal coloration and considerable variation in the concentrations of the two melanin forms
(pheo- and eumlanin) in pigmented tissues exists among populations and individuals. Melanin-based coloration is receiving
increasing attention particularly in socio-sexual communication contexts because the melanocortin system has been
hypothesized to provide a mechanistic basis for covariation between coloration and fitness traits. However, with few
notable exceptions, little detailed information is available on inter-individual and inter-population variation in melanin
pigmentation and on its environmental, genetic and ontogenetic components. Here, we investigate melanin-based
coloration in an Italian population of a passerine bird, the barn swallow (Hirundo rustica rustica), its sex- and age-related
variation, and heritability. The concentrations of eu- and pheomelanin in the throat (brown) and belly (white-to-brownish)
feathers differed between sexes but not according to age. The relative concentration of either melanin (Pheo:Eu) differed
between sexes in throat but not in belly feathers, and the concentrations in males compared to females were larger in belly
than in throat feathers. There were weak correlations between the concentrations of melanins within as well as among
plumage regions. Coloration of belly feathers was predicted by the concentration of both melanins whereas coloration of
throat feathers was only predicted by pheomelanin in females. In addition, Pheo:Eu predicted coloration of throat feathers
in females and that of belly feathers in males. Finally, we found high heritability of color of throat feathers. Melanization was
found to differ from that recorded in Hirundo rustica rustica from Scotland or from H. r. erythrogaster from North America.
Hence, present results show that pigmentation strategies vary in a complex manner according to sex and plumage region,
and also among geographical populations, potentially reflecting adaptation to different natural and sexual selection
regimes, and that some coloration components seem to be highly heritable.

Citation: Saino N, Romano M, Rubolini D, Teplitsky C, Ambrosini R, et al. (2013) Sexual Dimorphism in Melanin Pigmentation, Feather Coloration and Its
Heritability in the Barn Swallow (Hirundo rustica). PLoS ONE 8(2): e58024. doi:10.1371/journal.pone.0058024

Editor: Alexandre Roulin, University of Lausanne, Switzerland

Received December 4, 2012; Accepted January 29, 2013; Published February 28, 2013

Copyright: � 2013 Saino et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors have no support or funding to report.

Competing Interests: Author Nicola Saino is an Academic Editor for PLOS ONE. This does not alter the authors’ adherence to all the PLOS ONE policies on
sharing data and materials.

* E-mail: nicola.saino@unimi.it

Introduction

Organisms vary in coloration of their body surfaces that are

exposed to the external environment. Due to the diverse and

potentially contrasting natural and sexual selection pressures that

act on coloration, the functional analysis of such variation

occurring both at the intra- and inter-specific level is complex

[1–5]. Coloration can affect body thermal balance via differential

reflection of solar radiation and is crucial to crypsis and mimicry of

both prey and predators [6–9]. In addition, socio-sexual commu-

nication and species recognition are often mediated by colorful

signals [2,4,10,11]. Yet, the possibility that individual and inter-

population variation in coloration may in some instances be an

essentially neutral side-effect of geographical variation in ecology

or physiology cannot be dismissed a priori.

From a different perspective, the analysis of color variation

should rely on the dissection of the mechanisms and constraints

that cause it, and on the costs-to-benefits balance of ex novo

production or allocation of dietary pigments to the production of

traits under natural and sexual selection. For example, condition-

dependent expression of melanin- or carotenoid-based coloration

may have to be balanced against costs that may be paid in diverse

currencies ([11–15], but see [16,17]), and it has thus been

proposed that such trade-offs underpin the reliability of coloration

in signaling individual quality or alternative life-history strategies

under frequency-dependent or balancing selection.

Aside from highly specialized neural or endocrine control of

dynamic structural or pigmentary coloration (e.g. [18,19]),

integumental coloration is generally determined by persistent,

relatively static accumulation of pigments that can be either

exogenous or endogenously produced from their dietary precur-

sors. Melanin is the most common endogenous pigment. Besides

being involved in thermoregulation, camouflage and signaling

functions (see also above), melanin that is accumulated in the

integument also plays roles that, depending on the taxon, range
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from protection from abrasion and solar radiation, to defense from

oxidative stress and pathogens (see [20]).

Melanogenesis starts from the biosynthesis of dopaquinone from

L-tyrosine in a reaction catalyzed by tyrosinase, and proceeds

through sequential oxidation and decarboxylation intermediate

steps most often leading to the production of both melanin forms:

pheomelanin, which is responsible for yellow to reddish-brown

hues, and eumelanin, which is responsible for brown to black hues

[21–25]. However, the specific profile of such ‘mixed melanogen-

esis’, in terms of proportion of eu- and pheomelanin, can vary

among tissues as well as among individuals. Thus, melanic hues

may result from a combination of variation in absolute and relative

concentration of either melanin [26–28]. Moreover, ontogenetic

variation can occur, with an age-related change in absolute as well

as relative production of either melanin form [29,30].

Importantly, it has been hypothesized that a key role in the

evolution of melanic coloration particularly in communication

contexts is played by the melanocortin system (see [31]). In

vertebrates, the POMC gene encoding melanocortins link to the

melanocortin-1 receptor (MC1R), triggering melanogenesis, but

also to other receptors involved in the regulation of major fitness

traits such as sexual behavior, immunity, energy homeostasis and

response to stress via the HPA axis [31]. Such pleiotropic effects of

POMC may provide a mechanistic basis to interpret the observed

covariation between melanin-based coloration and diverse fitness

components, including sexual behavior, aggressiveness, stress

response as mediated by the HPA axis, immunity and energy

homeostasis (reviewed in [3,20,31]; e.g. [32]).

Birds constitute no exception to the widespread occurrence of

melanic pigmentation as coloration of feathers and other exposed

surfaces (e.g. bill) is mainly based on ‘mixed’ melanins [33].

Despite the functional importance of melanic coloration [2] and its

obvious patterns of habitat-dependent variation (e.g. according to

humidity gradients, as generalized in Gloger’s rule), only relatively

few studies have investigated the biochemical composition of

melanins in the feathers and its sex- and age- or condition-

dependent variation [29,34,35]. Very few, though exceptionally

detailed studies of the phenotypic covariation between melanic

pigmentation and fitness traits putatively under the pleiotropic

influence of the same genetic machinery exist [3,31]. In addition,

there is a dearth of studies on the extent of genetic and

environmental components of variation in melanism at the within-

as well as among-populations levels, although tight genetic control

has often been invoked (e.g. [1,3,13,14,36–40]; see also [41]).

Indeed, while there is plenty of evidence of parent-offspring

resemblance in melanin-based coloration, only very few studies

have been able to partition genetic and environmental causes of

such resemblance ([42], see [3]). Moreover, there is both

correlative and experimental evidence that nutritional condition

including availability of cysteine at the level of melanosomes

[28,43], variation in food abundance [14], parasitism [13] and

individual variation in androgens profile [44] can affect melano-

genesis.

In the present study we thus first describe the eu- and

pheomelanin content of the feathers from two plumage regions

of barn swallows (Hirundo rustica rustica) from a population breeding

in northern Italy and investigate its variation in relation to sex and

age. Throat and/or belly feathers have been shown to exhibit sex

differences in a European population of H. r. rustica and in the

North American subspecies Hirundo rustica erythrogaster [34,35,45].

Throat and belly feathers were chosen as representatives of the

white-brownish breast, belly and axillary plumage regions and,

respectively, of the brown head regions (throat and front). We then

analyze the covariation between feather coloration and absolute or

relative concentration of either melanin form. Because we were

interested in any potential role of coloration as a socio-sexual

signal, we quantified coloration from a bird’s visual system

perspective, i.e. by taking visual spectral sensitivities of passerine

birds into account. This is important because visual system-

independent spectral color metrics may confound the appreciation

of coloration information content as perceived by birds [46–48].

Finally, we analyze heritability in coloration by exploiting frequent

occurrence of extra-pair paternity to partition any environmental

component due to shared nest environment from the genetic

effects on resemblance between offspring and parents when they

eventually became adults. In the present study, we will not

specifically deal with sex dichromatism, which will be at the focus

of a companion paper based on a very large sample of birds from

several years. The present study will serve as a basis for future

studies on the covariation between melanin-based coloration and

fitness traits in our model species.

Materials and Methods

Study Species
The barn swallow is a small (ca. 20 g), socially monogamous,

colonial, passerine bird. Its breeding range encompasses the entire

Holoarctic Region while the wintering quarters of migratory

populations are located in the tropics. Seven subspecies are

currently recognized which differ in several aspects of behavior,

morphology and coloration [49–51]. Populations breeding in

Europe undergo a single annual molt of wing and tail feathers

during the wintering period in sub-Saharan Africa. Contour body

feathers undergo a post-breeding, pre-migratory partial molt and

then a second molt episode during wintering [52]. Male traits that

have been shown to be currently under sexual selection are,

depending on the population, length and symmetry of the

outermost tail feathers, coloration of breast and belly feathers,

and song [49–51,53–57].

Field Procedures
The analysis of feather pigmentation and of its association with

coloration was carried out on feathers sampled during spring 2012

in the breeding colonies located in four farms in our study area

near Milano (Northern Italy) where we had been studying

swallows since at least three years. In May we captured the

breeding adults and marked them with individually numbered

metal rings and colored plastic rings. We plucked approximately

30 feathers from the center of the brown throat patch and 5

feathers from the belly, and stored them in plastic bags in a dark

place at room temperature until melanin and color analysis in July

2012. Feathers were plucked from the same position in all

individuals. Sex was identified based on morphology and socio-

sexual behavior observed at the nest [49], and later confirmed by

standard molecular techniques using a small blood sample in case

of uncertain assignment based on morphology [58].

Age Determination
The age of adult barn swallows cannot be assigned after the first

complete molt of the plumage, that occurs during the first winter

in Africa. Barn swallows have extremely high breeding philopatry

in the two study areas in northern Italy where we have been

working since several years as well as in other European regions

(southern Switzerland, C. Scandolara, pers. comm.; Denmark,

[49]), implying that an individual that has bred in a particular

farm only very rarely moves to another farm to breed in the

following years. Conversely, natal philopatry is low and most

offspring move to a different colony, located at variable distance
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from their original one, to breed. Because adults normally spend

the night inside the buildings where they breed, they can be

efficiently captured by placing mist nets at the exits of the buildings

before dawn. As a result of repeated capture sessions throughout

the breeding season (April-July) extremely few adults may escape

capture. Breeding philopatry and high capture efficiency imply

that individuals that are captured in a particular year and colony

but had not been captured in that colony in the previous year can

be confidently assumed to be yearlings, thus allowing to accurately

estimate their age in subsequent years (see [59–61]). For the

purposes of the present study we classified the individuals as either

yearlings (i.e. individuals hatched approximately one year before

the study) or older individuals. This classification should capture a

very large proportion of the age-related variation in pigment

concentration at the population level, given the low annual

survival rate (ca. 0.3–0.4) of adult barn swallows, which implies

that individuals older than two years account for ca. 15% or less of

the population.

Feather Color Measurements
We quantified feather reflectance by means of spectrophoto-

metric measurements using an Avantes DH-2000 spectrometer in

a dark chamber (Fig. 1). Illumination was provided by a combined

deuterium-tungsten halogen light source. Two repeated measure-

ments were obtained from three overlain throat feathers or one

belly feather. Reflectance of the samples was always referred to

white and black standards. The illuminated field covered an area

of 2.5 mm2 centered approximately 1.5 mm from the distal end of

the throat feathers (i.e. in the terminal brown part of the feather)

and 2.5 mm from the distal end of the belly feather (i.e. in a white-

to-brownish region). Reflectance spectra were processed to

quantify coloration using the tetrachromatic color space model

[62] using TetraColorSpace program (Version 1a; [47]) run in

MATLAB 7 (MathWorks, Natick, MA). This approach has the

advantage of incorporating information on both plumage reflec-

tance spectra and bird cone sensitivity functions. This allows to

estimate the relative stimulation of the retinal cones and thus to

better model the color perceived by birds. As this model has been

recently adopted in a number of studies of tetrachromatic

vertebrates (e.g. [47,63]), we will only briefly describe the rationale

of the method here. According to Goldsmith and co-workers [62],

the idealized stimulus QI of each retinal cone type by the

reflectance of a color patch can be estimated as:

QI

ð700

300

R(l)Cr(l)d(l)

where R(l) is the color reflectance spectrum, Cr(l) is the spectral

sensitivity function of cone type r. We assumed UVS cone type-

retina and used spectral sensitivity of the blue tit (Cyanistes caeruleus)

because this is the species more phylogenetically close to the barn

swallow for which spectral sensitivity information is implemented

in TetraColorSpace program. However, correlation analysis of h
and Q color components (see below) obtained by assuming blue tit

or, respectively average bird UVS spectral sensitivities disclosed an

extremely high association (details not shown). This implies that

the results were robust to the effect of the particular spectral

sensitivity profile chosen among those typical of UVS birds.

Idealized stimulation of the four cones were normalized to a sum

of 1, so that each color patch can be described in the tetrahedral

color space by a vector of {uv, s, m, l} values representing the

relative stimulations of the ultraviolet-, short-wavelength-, medi-

um-wavelength-, and long-wavelength-sensitive cones, respective-

ly. Each color vector in the tetrahedral color space is then

transformed to Cartesian coordinates that are subsequently

converted into the spherical coordinates h, Q, and r (see

[47,63]). h and Q that we used here to quantify hue roughly

represent the red-green-blue (h) or the ultraviolet (Q) components

of hue, while r is a measure of color saturation (or chroma). In the

range of colors of barn swallow throat and belly feathers,

increasing h values indicate paler, whitish coloration. No verbal

description can be provided for variation in Q because this mainly

reflects ultraviolet hue components which cannot be sensed by the

human eye. Because the color space is a tetrahedron and not a

sphere, different hues vary in their maximum potential chroma

(rmax) [47]. Thus, in the analyses we used the ‘achieved chroma’,

computed as rA = r/rmax.

Repeatability [64] of the coloration variables as estimated by

measuring twice the same feather(s) at both plumage regions was

always larger than 0.73 (n = 45 individuals for both plumage

regions). Among-feathers repeatability estimated by measuring two

different feathers from the same region was also larger than 0.74

for all variables (n = 10 individuals for both plumage regions).

Melanin Analyses
The microanalytical methods we used to quantify the amounts

of eumelanin and pheomelanin (see [65]) are based on the

formation of specific degradation products: pyrrole-2,3,5-tricar-

boxylic acid (PTCA) by alkaline H2O2 oxidation (acidic KMnO4

oxidation in the original method; [65]) of eumelanin and 4-amino-

3-hydroxyphenylalanine (4-AHP) by reductive hydrolysis of

pheomelanin with hydriodic acid (HI). After trimming, brown

barbs of the throat feathers and white-brownish barbs of belly

feathers were homogeneized at a concentration of 10 mg/mL in

water. The methods for alkaline H2O2 oxidation measure of

eumelanin are reported in [66]). Sample homogenates (100 mL)

were taken in a 10 ml screw-capped conical test tube, to which

375 mL 1 mol/L K2CO3 and 25 mL 30% H2O2 (final concentra-

tion: 1.5%) were added. The mixture was mixed vigorously at 25̊C

61̊C for 20 hr. The residual H2O2 was decomposed by adding

50 mL 10% Na2SO3 and the mixture was then acidified with

140 mL 6 mol/L HCl. After vortex-mixing, the reaction mixture

was centrifuged at 4,000 g for 1 min, and an aliquot (80 mL) of the

supernatant was directly injected into the HPLC system.

The methods for HI reductive hydrolysis to measure pheome-

lanin (4-AHP) are described in [24,65]. Sample homogenates

Figure 1. Reflectance spectra of belly or throat feathers with
relative pale or dark color.
doi:10.1371/journal.pone.0058024.g001
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(100 mL) were taken in a 10 ml screw-capped conical test tube, to

which 20 mL 50% H3PO2 and 500 mL 57% HI were added. The

tube was heated at 130̊C for 20 hr, after which the mixture was

cooled. An aliquot (100 mL) of each hydrolysate was transferred to

a test tube and evaporated to dryness using a vacuum pump

connected to a dry ice-cooled vacuum trap and two filter flasks

containing NaOH pellets. The residue was dissolved in 200 mL

0.1 mol/L HCl. An aliquot (10–20 mL) of each solution was

analyzed on the HPLC system.

H2O2 oxidation products were analyzed with the HPLC system

consisting of a JASCO 880-PU liquid chromatograph (JASCO

Co., Tokyo, Japan), a Shiseido C18 column (Shiseido Capcell Pak

MG; 4.66250 mm; 5 mm particle size) and a JASCO UV

detector. The mobile phase was 0.1 mol/L potassium phosphate

buffer (pH 2.1) : methanol, 99:1 (v/v). Analyses were performed at

45̊C at a flow rate of 0.7 mL/min. Absorbance of the eluent was

monitored at 269 nm. A standard solution (80 mL) containing 1 mg

of PTCA (pyrrole-2,3,5-tricarboxylic acid) in 1 mL water was

injected every 10 samples. HI reductive hydrolysis products were

analyzed with an HPLC system consisting of a JASCO 880-PU

liquid chromatograph, a JASCO C18 column (JASCO Catechol-

pak; 4.66150 mm; 7 mm particle size) and an EICOM ECD-300

electrochemical detector. The mobile phase used for analysis of 4-

AHP was 0.1 mol/L sodium citrate buffer, pH 3.0, containing

1 mmol/L sodium octanesulfonate and 0.1 mmol/L Na2EDTA :

methanol, 98: 2 (v/v). Analyses were performed at 35̊C at a flow

rate of 0.7 mL/min. The electrochemical detector was set at

+500 mV versus an Ag/AgCl reference electrode. A standard

solution (10–20 mL) containing 500 ng each of 4-AHP (4-amino-3-

hydroxyphenylalanine) and 3-AHP (3-amino-4-hydroxy- phenyl-

alanine; 3-aminotyrosine; Sigma Ltd.) in 1 mL 0.1 M HCl was

injected every 10 samples. The measures of PTCA and 4-AHP

concentrations obtained by these methods have been shown to be

reliable [66,67].

In all statistical analyses we used PTCA and 4-AHP concen-

trations (mg/mg) as indexes of the concentrations of either

eumelanin or, respectively, pheomelanin in the feather samples

from the throat or belly feathers. We refrained from presenting

estimates of eu- or pheomelanin concentrations obtained by back-

converting PTCA and 4-AHP because back-conversion factors are

not yet known with precision. Yet, we emphasize that because

such conversion coefficients can be assumed to be constant

between sexes and plumage regions, the present data are fully

amenable to analysis of variation of either melanin form and of

their relative concentration (Pheo:Eu ratio; see below) in relation

to age, sex, as well as plumage region.

Throughout the text we refer to eu- and pheomelanins rather

than to PTCA or, respectively, 4-AHP concentrations for clarity

and easier reference.

Heritability of Feather Coloration
Heritability of feather coloration was estimated using throat

feathers collected from parents and their offspring when they were

recruited as adult breeders. Feather samples for parents refer to

the year when the offspring that was eventually recruited was

generated. None of the recruits originated from the same brood.

Because of very low, male-biased philopatry in our study

population, in order to gather a sufficiently large sample we

pooled the feather samples collected over 4 years and the analyses

had to be restricted to male recruits only (see [68] for description

of the original dataset). Because the feathers were collected in

different years, coloration values were normalized to a within-year

mean of 0 for offspring and male or female parents separately by

subtracting the within-year mean value from each observation.

Because no pedigree was available, we estimated heritability

using offspring-midparent regression, where heritability is estimat-

ed by the slope of the regression [69]. Such analysis incurs some

potential bias. We used several analyses in order to try to rule out

these biases. First, we exploited frequent occurrence of extra-pair

offspring (i.e. nestlings sired by a male different from the social

mate of the mother; see [53]) to estimate any environmental effect

on parent-offspring resemblance due to sharing of the same

environment during the nestling period. Paternity by the social

father (i.e. whether the social father was also the biological father

of the offspring or not) was assessed by genotyping both parents

and the offspring at hypervariable microsatellite loci, as detailed in

[53,68], using small blood samples collected upon capture. Thus,

we had two groups of male recruits (and families): those whose

social father did not coincide with the biological father will be

defined as extra-pair offspring (EPO), while the offspring whose

social father was also their biological father will be qualified as

biological offspring. Only families for which information for both

parents was available could be included in the analyses. The slope

of the EPO-social father regression of coloration variables should

reflect the effect of common nesting environment (see also

Discussion). Conversely, the slope of the regression between the

biological offspring and the midparent phenotypic values should

reflect heritability. Hence, non-significant EPO-social father

regression would imply that any significant biological offspring-

midparent relationship reflects heritable variation, and the slope of

the biological parents-offspring regression can be used as an

approximation of heritability. Second, because maternal effects are

a likely cause of overestimation of heritability when using parent-

offspring regression, we compared estimates from regression

models using maternal phenotype only to the results from models

using biological midparent values. If estimates from models using

mother phenotypes are not higher than estimates from midparents

or biological father models, then maternal effects can be excluded.

Finally, the third assay was to compare the results from single

biological parent regression to the offspring-midparent regression.

The hypothesis being tested is that if resemblance among parent

and offspring is due to additive genetic variance, offspring

genotype is the average of its parents genotypes. In this case, the

relationship between offspring and midparent phenotype should

be stronger than the relationship between offspring phenotype and

either of its parents.

Statistical Analyses
To analyze variation in melanin concentration and color

measures in relation to sex and age (yearlings vs. older individuals)

we relied on linear models where the interaction between sex and

age was removed if non-significant. The association between

melanin concentration and color measures data was estimated

using Pearson correlation coefficient. The a-level of statistical tests

was always set at 0.05.

Ethics Statement
Upon capture, barn swallows were kept in cloth bags in a safe

position, as is standard practice in bird ringing studies. Overall,

300 individuals were sampled. Blood samples (,100 ml) were

collected by puncturing the brachial vein. The puncturing site was

accurately disinfected. All individuals were released as soon as

possible, usually within 1 hour of capture. After being released,

swallows behaved normally and observations at the nest on dozens

of individuals confirmed that they resumed their normal breeding

activities. The study was carried out under permission of the local

authority (Regione Lombardia #M1.1997.00231 and

#M1.2011.0002141) which is fully responsible responsible for

Melanin Pigmentation and Heritability in Swallows
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authorizing animal studies in the wild, including any ethical issue

related to the authorized protocol. No approval from an ethical

committee was required for this study. Permission was obtained

from the landowners to enter their property.

The data on which the present study is based can be obtained

from NS upon request.

Results

Melanin Pigments in the Throat and Belly Feathers
The mean concentrations of PTCA and 4-AHP, which are

proportional to absolute concentrations of eu- or, respectively,

pheomelanin in throat and belly feathers are visualized in Figure 2

and age- and sex-related variation is analyzed in linear models in

Table 1.

The concentration of both eu- and pheomelanins significantly

differed between males and females and this was the case at both

plumage regions (Table 1). However, in these models the

concentration of melanins did not significantly vary according to

age (Table 1; Fig. 2). In addition, the sex difference in melanin

concentration did not significantly vary between yearlings and

older individuals (Table 1; Fig. 2). Linear models with sex and

plumage region as main effects showed that sex differences in the

concentrations of both melanin forms varied between plumage

regions (interaction between region and sex: eumelanin:

F1,86 = 8.22, P = 0.005; pheomelanin: F1,86 = 6.48, P = 0.013).

For both melanins, the concentration in males relative to females

was larger in belly than in throat feathers (Fig. 2). Moreover, these

models disclosed a significant main effect of plumage region

(eumelanin: F1,86 = 674.80, P,0.001; pheomelanin:

F1,86 = 276.46, P,0.001), with concentrations being higher in

throat than in belly feathers for both pigments (Fig. 2).

The (log-transformed) Pheo:Eu ratio was significantly larger in

males than in females in throat feathers (F1,43 = 10.93, P = 0.002)

but did not differ between the sexes in belly feathers (F1,43 = 0.32,

P = 0.577). As a result of the patterns of sex-related variation in

melanin concentrations between plumage regions, there was a

hint, though not statistically significant, to a sex by plumage region

effect on log-transformed Pheo:Eu values (F1,86 = 2.96, P = 0.089).

In this model, there were significant main effects of sex

(F1,86 = 6.63, P = 0.012), with females having a larger ratio than

males, and of plumage region (F1,86 = 52.54, P,0.001), with the

proportion being significantly smaller in belly than in throat

feathers (Fig. 2).

Correlation of eu- and Pheomelanin Concentrations
within and between Plumage Regions

Within-sex there were no significant correlations among the

concentrations of eu- and pheomelanin in either body region, with

the only exception of belly feathers of males where the

concentrations of the two melanin forms were strongly positively

correlated (Table 2; Fig. 3). The corresponding correlation for

females was also positive but statistically non-significant (Table 2;

Fig. 3). The log-transformed Pheo:Eu values were also not

correlated between plumage regions (males: r = 0.136, P = 0.535,

females: r = 0.207, P = 0.356).

Tetrahedral Color Measures and Melanin Concentrations
Within-sex there were poor associations between color compo-

nents and melanin concentrations of throat feathers, with the

exception of pheomelanin in females that was strongly associated

with both the h and Q color components (Table 3; Fig. 4a). In fact,

a linear model disclosed a significant effect of the sex by

pheomelanin concentration interaction on h values (F1,41 = 4.15,

P = 0.048) and a marginally non-significant effect on Q values

(F1,41 = 3.58, P = 0.066), suggesting that the relationship between

throat coloration and pheomelanin concentration differed between

the sexes.

The relationships between h or Q hue color variables and eu- or

pheomelanin concentration of belly feathers were invariably

significant and consistent in sign between the sexes (Table 3).

Moreover, the slope of the relationships did not differ between the

sexes (P.0.498 in both analyses), rather being remarkably similar

(Fig. 4b). In addition, color saturation (rA) was positively predicted

by concentration of melanins in both sexes, though the association

with eumelanin in females was not significant (Table 3).

A strikingly different pattern of association between color and

the log-transformed Pheo:Eu values emerged among sexes and

plumage regions. Both hue color components of throat feathers

were significantly correlated with Pheo:Eu values in females but

not in males (Table 4). Conversely, both hue color components

and also saturation of belly feathers were significantly correlated

with Pheo:Eu values in males but not in females (Table 4). The

negative sign of the correlations between Pheo:Eu and the h color

component implies that feathers that looked paler were relatively

more eu- than pheomelanized.

Heritability of Feathers Coloration
We had information on both parents and an offspring for 34

families: 23 with a biological offspring and 11 with an EPO. The

slope of the relationship between biological offspring and

midparent phenotypic values was significant for h and Q but not

for rA (Table 5; Fig. 5), giving heritability estimates of 0.8160.28

and 0.8060.23 for h and Q respectively. Several lines of evidence

suggest that what we detect is heritability. First, there were no

significant relationships between EPO phenotypic values and the

phenotypic value of the social father, although for rA the

coefficient was surprisingly high (Table 5). Second, heritability

estimates based on offspring-mother relation were not stronger

than those from offspring-midparent relation, suggesting absence

of detectable maternal effects. Finally, for h, the offspring

phenotype was more tightly related to the average of parents

phenotype than to either of the biological parents, suggesting

additivity. This was not the case for w, which showed some

Table 1. Concentration of PTCA and 4-AHP, reflecting the
concentrations of eu- and pheomelanin in two plumage
regions of adult barn swallows in relation to sex and age
(yearlings vs. older individuals).

Eumelanin Pheomelanin

F df P F df P

Throat

Sex 6.57 1,42 0.014 7.12 1,42 0.011

Age 0.34 1,42 0.562 0.54 1,42 0.467

Sex6Age 1.71 1,41 0.198 1.63 1,41 0.210

Belly

Sex 7.61 1,42 0.009 5.34 1,42 0.026

Age 0.10 1,42 0.755 0.98 1,42 0.329

Sex6Age 1.68 1,41 0.203 0.65 1,41 0.425

The main effects of age and sex are estimated in a model excluding their non-
significant interaction. See Figure 1 for sample sizes of the sex by age classes.
doi:10.1371/journal.pone.0058024.t001
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stronger relation between biological father and son than between

mother or midparent and offspring, suggesting some potential sex-

specific effects.

Discussion

In a barn swallow population breeding in Italy we first showed

that concentrations of eu- and pheomelanin in the throat and belly

feathers differed between the sexes but did not vary with age and

were larger in throat than in belly feathers. The relative

Figure 2. Mean (+ SE) concentration of eumelanin (PTCA) or pheomelanin (4-AHP) at two plumage regions of adult male and female
barn swallows in two age classes (yearlings or older individuals). Because no age related variation existed, the sex-specific data pooled over
the two age classes are also presented. Asterisks indicate a significant difference (P,0.05) between the sexes (see Table 1). Numbers in the body of
the upper left figure are sample sizes of the sex by age classes.
doi:10.1371/journal.pone.0058024.g002

Table 2. Pearson correlation coefficients between PTCA and 4-AHP reflecting the concentrations of eu- and, respectively,
pheomelanin in two plumage regions in either sex.

Eumelanin, belly Pheomelanin, throat Pheomelanin, belly

Males

Eumelanin, throat 0.101 20.202 0.113

Eumelanin, belly 0.146 0.628**

Pheomelanin, throat 0.075

Females

Eumelanin, throat 20.228 20.174 20.205

Eumelanin, belly 0.248 0.339

Pheomelanin, throat 0.328

Sample size was 23 males and 22 females. ** indicates P = 0.0013; all the other correlation coefficients were non-significant (P.0.123).
doi:10.1371/journal.pone.0058024.t002
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concentrations of either melanin form also differed between males

and females in throat but not in belly feathers, and the

concentrations in males relative to females were larger in belly

than in throat feathers. There were generally weak correlations

between the concentrations of melanins within as well as among

plumage regions in both sexes, with the only exception of belly

feathers where the correlation between eu- and pheomelanin was

positive, though statistically significant only in males. Coloration of

belly feathers was strongly predicted by the concentration of both

melanins whereas a correlation for throat feathers existed only

with pheomelanin in females. In addition, the relative concentra-

tion of eu- and pheomelanin predicted coloration of throat

feathers in females and that of belly feathers in males. Finally, high

biological parents-offspring and low social father-extrapair off-

spring resemblance was observed in throat coloration, suggesting

large heritability of color variation.

Concentration of melanins was estimated by chemical degra-

dation of the melanin polymer and HPLC analysis of specific

degradation products: PTCA (eumelanin) and 4-AHP (pheomela-

nin). Because back-conversion factors of degradation products to

eu- and pheomelanin concentrations can be assumed to be

consistent among sexes, age classes and plumage regions, the data

we presented are fully amenable to analysis of sex- and plumage

region-related variation of concentration of either melanin form.

Sex-differences were inconsistent among plumage regions, as in

throat feathers the sex-difference in eumelanin, but not in

pheomelanin concentration was ‘reversed’ (i.e. females had larger

concentration than males), and the Pheo:Eu values were conse-

quently larger in males than females. Conversely, sex-differences

were concordant for eu- or pheomelanin concentration in belly

feathers. Hence, there appear to be different pigmentation

strategies in either body region between males and females whose

causes and function, if any, still remains to be elucidated. Sex

differences in pigmentation are believed to be most often

genetically based (see [3]), but the contribution of environmental

effects cannot be dismissed a priori. Habitat quality effects

potentially mediated by diet has been previously claimed to

influence melanization in other species (e.g. [14,70–72]). More-

over, an individual’s oxidative status can affect the course of

melanin biosynthesis (see [73,74]. In the barn swallow, timing of

winter molt of the body feathers that we collected on the breeding

grounds for pigment analyses may differ between the sexes. This is

suggested by sex-related asynchrony of the post-breeding (pre-

migratory) molt of body feathers [75], assuming that time

schedules of the two molt episodes are correlated within

individuals. Seasonal effects may thus influence melanogenesis

because the environmental conditions to which either sex is

exposed during molt of body feathers may differ. Because molt of

body contour feathers proceeds in a postero-anterior direction

[51], throat feathers are molted later than belly feathers. Seasonal

variation in ecological conditions in the winter quarters of the

Italian swallow population in Africa ([76]; our unpubl. results),

with the rain season starting in late winter when molt is about to

be completed, may thus partly contribute to sex-differences in

melanization of throat feathers between males and females via sex-

by-environment effects. Admittedly, the contribution of such

interaction effects to sex differences in melanism is a mere

speculation and the mechanisms that translate environmental

effects into inter-individual or sex-related variation in melanism is

unknown at present [77].

The concentrations of melanins were poorly correlated both

within and among plumage regions. A significant correlation was

only found between belly eu- and pheomelanin concentrations in

males while the association was positive but far from statistical

significance in females. The correlation between pheomelanin in

either plumage region was also relatively large, though far from

significance, only in females. Lack of significant association

between pheo- and eumelanism in ‘mixed melanin’ pigmentation

is consistent with previous findings [78] and suggests independent

genetic and/or epigenetic control in biosynthesis pathways starting

from common precursors. This pattern also suggests that no

reciprocal constraint set by e.g. limitation of common precursors

limits the production of either melanin form.

It should be noted that the amount of material available for

analyses of melanins in throat feathers was very small. In addition,

there is individual variation in size (length) of throat feathers as

well as in the length and area of the brown terminal barbs (see also

[34]), that were at the focus of our interest, and the grey/whitish

basal barbs. Because trimming of exactly homologous portions of

throat feathers from all individuals (and also from all the feathers

belonging to the same individual) is technically difficult, we cannot

exclude that the analyses of pigmentation and also those of

coloration (see below) are partly blurred by random ‘noise’ in the

data. Hence, the analyses including throat feathers pigmentation

Figure 3. Relationship between concentration of pheomelanin
(4-AHP) and eumelanin (PTCA) in the belly feathers of male
and female adult barn swallows. The relationship was significant
for males but not females (see Results). Linear regression lines are
shown.
doi:10.1371/journal.pone.0058024.g003

Table 3. Pearson correlation coefficients between the h, Q
(hue) or rA (saturation) tetrahedral color components and
melanin concentration in throat or belly feathers.

h Q rA

Throat

Eumelanin, males 20.279 0.200 20.171

Eumelanin, females 0.123 20.253 0.033

Pheomelanin, males 20.120 0.060 20.308

Pheomelanin, females 20.636** 0.650** 20.404

Belly

Eumelanin, males 20.486* 0.503* 0.532**

Eumelanin, females 20.466* 0.463* 0.360

Pheomelanin, males 20.735** 0.791** 0.714**

Pheomelanin, females 20.635** 0.694** 0.611**

Sample sizes are 23 males and 22 females. *: P,0.05; **: P,0.01.
doi:10.1371/journal.pone.0058024.t003
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and coloration should be considered with this caveat in mind.

Importantly, however, the present results were unaffected by

potentially confounding effects of age. Age, in turn, did not

significantly predict melanin concentration either per se or in

combination with sex, suggesting that no age-related variation in

melanization occurs in the barn swallow or that age effects arise

only among very old, senescent individuals. Testing this possibility,

however, would require ad hoc sampling of rare old individuals,

which was beyond the main goals of the present study.

In belly feathers, both tetrahedral color hue components and

also chroma were associated with the concentration of both

melanin forms and consistently so in either sex. However, the

relative amount of either melanin form in the belly feathers

significantly predicted color only among males. In throat feathers,

on the other hand, color was predicted only by pheomelanin and

the pheo- to eumelanin concentration ratio in females. The reason

for such discrepancies between plumage regions and sexes is

matter of speculation. Practical difficulties in reflectance record-

ings in throat feathers (see also above) or great excess of pheo-

compared to eumelanin cannot explain why a strong relationship

between pheomelanin concentration and color was found in

females but not males. It could be speculated that structural

differences in the feather barbs occur between the sexes [34].

Pigmentation of belly feathers and its association with color has

been previously analyzed in a barn swallow population of the

subspecies H. r. erythrogaster from North Eastern USA [34]. As the

ancient Greek ethimology of the subspecies’ scientific name itself

suggests (%ruhróz= red; castr= belly), American swallows have

more markedly brownish belly plumage. Some of the findings were

similar in the present and in the previous study by McGraw et al.

[34]. In both studies, coloration (though quantified by different

approaches) was predicted by concentration of both melanin

forms, and a significant association between coloration variables

and the relative amount of either melanin form was recorded for

males but not females. On the other hand, there are also striking

differences between the results of the two studies. First, a sex

difference in concentration of both melanins was found in this

study whereas in H. r. erythrogaster it was recorded only for

pheomelanin. Second, a significant (and positive) correlation

between pheo- and eumelanin concentrations in the present study

was recorded only among males whereas it was recorded only

among females in H. r. erythrogaster. No analyses on throat feathers

that could serve as a basis for comparison were apparently done on

American barn swallows. Interestingly, however, there are also

marked differences in sex-related melanic profiles of throat

feathers between the swallows we studied in Italy and those from

a relatively small sample of H. r. rustica breeding individuals from

Scotland [79]: while we found significant differences in the

concentrations of both melanin forms between the sexes, with

eumelanin being more concentrated in females and pheomelanin

being more concentrated in males, no clear difference existed

between the sexes in Scotland, as can be judged from the extensive

overlap between confidence intervals of the reported mean

concentrations [79]. The striking differences in the pigmentation

of throat or belly feathers between barns wallows from northern

Italy and those from Scotland or H. r. erythorgaster from North

America may suggest that pigmentation has undergone genetic

divergence between these populations, although the possibility of

non-negligible environmental variance cannot be ruled out. Thus,

given what is known about the genetic and physiological

machinery behind pheo- and eumelanogenesis and what has been

hypothesized about the role of melanin in communication, these

results suggest that any socio-sexual role of melanin-based

coloration could also differ between geographical populations.

Figure 4. Relationships between q and Q tetrahedral hue color components and eu- (PTCA) or pheomelanin (4-AHP). Panel A): throat
feathers; panel B): belly feathers. Lines are fitted by linear regression to statistically significant relationships for either sex separately.
doi:10.1371/journal.pone.0058024.g004

Table 4. Pearson correlation coefficients between the h, Q
(hue) or rA (saturation) tetrahedral color components and the
(log-transformed) pheomelanin to eumelanin ratio.

h Q rA

Throat males 20.030 0.004 20.269

Throat females 20.544** 0.639** 20.319

Belly males 20.689** 0.712** 0.512*

Belly females 20.268 0.353 0.390

Sample sizes are 23 males and 22 females.
*P,0.05,
**P,0.01.
doi:10.1371/journal.pone.0058024.t004

Figure 5. Relationship between offspring and the midparent q
and Q hue coloration components. Phenotypic values were
normalized to a within-year mean of 0 to control for among-years
sources of variation (see also Methods).
doi:10.1371/journal.pone.0058024.g005
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This would of course not be surprising given ample evidence for

geographical variation in natural and sexual selection regimes

among geographical populations ([80]; see [81] and references

therein).

Color measurements in the present study were obtained while

taking the spectral sensitivity profile of passerines into account,

and that all the significant associations of pigmentation variables

that were recorded with the h (‘visible’) color component were also

recorded (though reversed in sign) with the Q (UV) color

component. Thus, melanin pigmentation appears to covary with

pigmentation both in the ‘visible’ and UV bands, which can

therefore both serve as mediators of any signal that melanin-based

coloration may convey. Coloration in the UV band should

therefore be taken into account in future studies of coloration.

Unfortunately, however, no information is available on the

structure of the feathers barbs that may influence reflectance in

the ‘visible’ or in the UV coloration in the barn swallow.

Finally, low estimates of social father-extrapair offspring

resemblance in throat hue color components suggest that the

large biological parents-offspring resemblance in hue reflects

genetic effects and that coloration thus has large heritability. We

controlled and tested for potentially confounding effects such as

year and maternal effects and still found high values of heritability.

Heritability of melanin-based coloration may be generally high

and has been shown to be similar or even larger than that

suggested by the present slopes of the biological parents-offspring

regressions in some instances (e.g. h2 = 0.81 for mainly pheome-

lanin-based coloration in the barn owl (Tyto alba) [37]; h2 = 0.93 in

the tawny owls (Strix aluco) [78]). Moreover, coloration has been

claimed to be heritable also in the East-Mediterranean barn

swallow subspecies (H. r. transitivia) (Y. Vortman unpublished data

cited in [82]). Compared to heritability estimates generally found

in other traits (around 0.3; [83,84]), these values are thus

extremely high.

These high heritability values suggest that some common

environmental effects could be biasing heritability upwards. For

example, throat feathers are molted in Africa and parents and

offspring may tend to share the same wintering quarters and molt

at the same time of the year, so that the possibility that biological

parents-offspring resemblance estimates were inflated by common

environment effects cannot be ruled out. Unfortunately, it should

be noted that controlling for such effects in studies of this and

other migratory species with similar molt strategies will hardly be

possible because of obvious practical constraints on the study of

molt of specific individuals of known pedigree in Africa.

In conclusion, we identified the melanin determinants of

coloration of throat and belly feathers of barn swallows breeding

in Italy. Our results indicate extensive differences between the

sexes in pigmentation and thus in coloration both within and

among plumage regions even in a species with no ‘discrete’ sexual

dichromatism (i.e. where homologous plumage regions have

similar coloration in either sex), but no age-related variation in

pigmentation, at least among the most common age classes in the

population. Meanwhile, our results also show that extensive

differences exist in several aspects of pigmentation and its

relationship with coloration among geographical populations.

Finally, by exploiting natural levels of extra-pair paternity we

uncovered high heritability of coloration. Further studies are thus

needed to identify the function(s) of coloration in our study

population and its patterns of covariation with life-history traits.
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