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Abstract Animals may assess the quality of other individ-
uals by using information that different ornaments may
provide. The European Roller (Coracias garrulus) is a
socially monogamous species in which males and females
display highly conspicuous plumage colouration. Accord-
ing to the mutual selection hypothesis, we predicted that, in
this species, plumage coloration could signal individual
quality in both sexes because both female and male rollers
invest a considerable amount of time caring for their
offspring. We used spectrophotometric measurements to
investigate the information content of multiple plumage
colour traits. We found that the roller is actually a sexually
dimorphic and dichromatic species. Different plumage
colours from different origins were correlated within
individual. Head and back brightness correlated with body
condition in both sexes, and in males, head brightness
correlated with the number of fledglings in successful nests,
while head green-yellow saturation correlated with parental
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provisioning. Meanwhile, in females, back brightness was
related to the number of fledglings in successful nests and
to parental provisioning rate. In addition, there was a
positive assortative mating in relation to weight, body
condition, head green-yellow saturation and back bright-
ness. Finally, we found a positive correlation between
parent and offspring coloration. Altogether, these results
suggest that multiple colour traits may act as quality
indicators in the roller and that they may be used by the
two sexes to assess potential mate quality.

Keywords Assortative mating - Coracias garrulus -
Multiple mutual ornaments - Plumage coloration

Introduction

Sexual selection theory proposes that ornamental traits,
such as plumage colour or elaborate visual and vocal
displays, reliably signal individual quality (Darwin 1871;
Andersson 1994). Because elaborate ornamental traits may
be costly to produce and maintain, their expression may be
quality dependent and only high quality individuals could
achieve maximum expression of such traits (Andersson
1994; Hamilton and Zuk 1982; Kodric-Brown and Brown
1984; Zahavi 1975; Zahavi and Zahavi 1997). These sexual
selected ornaments might thus provide honest signals of
individual phenotypic or genetic quality.

Until the last decade, most sexual selection studies
focussed on male secondary sexual traits of sexually
dimorphic species in which the male is the most orna-
mented sex. Several studies demonstrated that females
prefer to mate with well-ornamented males, as well as
fitness benefits of making this choice (review in Andersson
1994). Comparatively fewer studies have investigated the
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functional role of female ornaments (review in Amundsen
2000; Amundsen and Parn 2006; Kraaijeveld et al. 2007).
In some monomorphic species, however, both males and
females are similarly ornamented, often to a high degree.
Female ornaments have been proposed as resulting from
genetic correlations with male ornaments and thereby to be
non-functional (Lande 1980). Developmental constraints
may also lead to non-adaptive female ornamentation
(Emlen et al. 2005). On the other hand, a growing body
of evidence suggests that female ornaments can also signal
either the same or a different aspect of quality as male
ornaments (review in Amundsen 2000; Amundsen and Pérn
2006; Kraaijeveld et al. 2007). The mutual selection
hypothesis proposes that mutual ornamentation is the result
of mutual mate choice (Huxley 1914; West-Eberhard 1979;
Johnstone et al. 1996; Johnstone 1997; Trivers 1972;
Servedio and Lande 2006), which can lead to assortative
mating if males and females have similar preferences.
Theoretical models predict that mutual selection is likely to
occur when both sexes benefit from mating with high-
quality individuals of the other sex because both sexes
provide a substantial amount of parental care to the
offspring (Johnstone et al. 1996; Kokko and Johnstone
2002; Trivers 1972) or because their reproductive success is
limited by the other sex’s reproductive or parental abilities
(Grafen 1990; Heywood 1989; Hoelzer 1989).

In birds, plumage coloration is one of the most
widespread and conspicuous ornament, and it has been
the focus of several tests of the honest signalling theory
(Andersson 1994; Hill 2006). Plumage coloration can result
from three different mechanisms, which can act alone or in
conjunction (carotenoid and melanin pigments or feather
microstructure; Hill and McGraw 2006a). Colour produc-
tion may have different associated costs depending on its
origin. Therefore, plumage coloration might convey differ-
ent information to potential partners and/or competitors
(Hill 2006). The informative content of pigment-based
plumage colorations has been profusely studied in many
avian taxa. Evidence suggests that carotenoid-based plum-
age colorations are strongly condition-dependent (Hill
1990; von Schantz et al. 1999; McGraw and Hill 2000;
reviewed in Hill and McGraw 2006b). For instance,
McGraw and Hill (2000) demonstrated that males para-
sitised by intestinal coccidians showed less saturated
carotenoid-based plumage than unparasitised males. Melanin-
based plumage colorations, on the other hand, have long
been considered to be under genetic control and indepen-
dent from environmental conditions (e.g. Badyaev and Hill
2000; Bize et al. 2006; Roulin and Dijkstra 2003), although
some studies have shown that melanic colours can also be
determined by nutritional (Veiga and Puerta 1996) or rearing
conditions (Fargallo et al. 2007). In addition, a recent meta-
analysis has shown that carotenoid- and melanin-based
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plumages do not differ actually in their ability to act as
honest signals of the quality of their bearers (Griffith et al.
2006). Behavioural ecologists became interested in the
function of structural plumage colours only recently. There
is a growing evidence that the full expression of such
colorations requires good condition during moult (McGraw et
al. 2002; Siefferman and Hill 2005a), suggesting that
structural plumage ornaments may signal different aspects
of individual quality (e.g. Doucet 2002; Keyser and Hill
1999; Keyser and Hill 2000; Doucet and Montgomerie 2003;
Hill et al. 2005; Siefferman and Hill 2005b; Solis et al. 2008;
Avilés et al. 2008).

Hitherto, studies of bird male and female ornamentations
have mainly focussed on single conspicuous ornaments.
Many species, however, possess multiple ornaments that
may or may not be simultaneously displayed by both sexes
and that may convey exclusive, overlapping or unreliable
information on diverse aspects of condition (Meller and
Pomiankowski 1993). Studies of multiple ornaments have
focussed on males of promiscuous and polygynous avian
species because these groups include some of the most
extravagantly ornamented species (Zuk et al. 1990, 1993;
Ligon and Zwartjes 1995; Omland 1996; Andersson et al.
2002). Comparatively less attention has been given to
multiple colour ornamentation in females (see review in
Kraaijeveld et al. 2007).

The general aim of our study is to assess the information
content of multiple plumage-coloured traits in the European
Roller (Coracias garrulus L.). The Roller is a socially
monogamous Coraciiform species with biparental care
(Cramp and Simmons 1988). Both sexes incubate the eggs,
brood and feed the young, even though the female takes a
larger share. Females and males appear monochromatic to
humans and are similar in size (Avilés 2006). Typical
individuals exhibit highly conspicuous structural violet and
turquoise colorations in scapulars and rump and head and
belly, respectively. Furthermore, they show a melanin-based
chestnut back plumage (see “Materials and methods”). Both
structural and melanin-based plumage patches are con-
spicuously displayed during the characteristic ‘rolling’
flight of the species. We used spectrophotometric measure-
ments to account for ultraviolet (UV) information hidden to
humans with the aim to investigate in breeding rollers: (1)
whether the species is sexually dichromatic, (2) the
relationship among the various colour traits in both males
and females (Jawor and Breitwisch 2004), (3) whether
breeding pairs show assortative mating in relation to
components of coloration as would be expected for species
in which the two sexes provided substantial care to the
offspring, (4) whether coloured traits correlate with indi-
vidual quality (i.e. body condition, reproductive success
and/or reproductive investment) in the two sexes and (5)
whether the expression of coloured traits is correlated
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between parents and offspring, which would suggest that
coloured traits are transmitted either genetically or by
maternal or parental effects or are the result of a common
environmental effect affecting parents and their offspring
colorations.

Materials and methods
Study system

The study was conducted during the 2005-2007 breeding
seasons in an unwooded area of Caceres province in
western Spain (39°27' N, 6°20" E) where rollers breed in
nest boxes placed on the poles of electric lines (Avilés et al.
1999; 2000). The area is characterised by the predominance
of dry pastures, which are used by livestock.

The European Roller is a migratory secondary hole-
nesting bird (Cramp and Simmons 1988). They mostly
arrive to breeding grounds in April and begin to lay in early
May (Avilés et al. 1999). The mean clutch size in the study
area is 4.23 eggs (range, 1-7; Avilés et al. 1999).
Incubation usually begins after the laying of the third egg
and takes around 20 days. Due to the incubation pattern,
chicks hatch asynchronously. Chick rearing takes 24 days,
and both sexes participate in incubation and feeding tasks
(authors, unpublished data).

Field data collection

During the three study years, nest boxes were monitored
weekly from mid-April to fledging to determine laying
dates, clutch sizes and fledging success. Adult rollers were
captured at the nest with an automatic trap at the beginning
of the nestling period. We captured eight females and one
male in 2005, eight females and seven males in 2006 and
29 females and 28 males in 2007. Adults were ringed and
measured at capture. We calculated body condition for each
individual as the residuals from the linear regression
between body weight and tarsus length. Upon capture, a
drop of blood was extracted by brachial venipuncture and
stored in ethanol for later sexing (see Parejo et al. 2007 for
the detailed protocol) by molecular methods as described
by Fridolfsson and Ellegren (1999). Additionally, we
plucked three to five feathers from the same location of
the following body regions: head (turquoise), scapulars
(violet) and back (chestnut). In 2007, to investigate
plumage colour transmission, we also collected feathers
from fledglings with the same protocol as in adults. Chick
feathers were collected from all chicks of a brood when the
older chick was 19 days old. At this moment, fly feathers
are not fully developed, thus minimising the risk of early
nest abandonment.

Parental investment

In 2006 and 2007, we made behavioural observations at
nests in order to estimate parental investment. Observations
were made in the morning (0730-1200 hours) and extended
1 h after the moment we saw at least one adult roller
approaching the nest. Two observations were made on each
nest, one during incubation (around the 13th day after the
onset of incubation; range, 8-18), which allowed us to
calculate the time spent by parents incubating at nests per
hour and the other in the middle of the chick-rearing period
(around the 15th day after hatching; range, 10-20) from
which we calculated the rate of visits that parents made to
feed their offspring in a per hour basis. As identification of
parents was not always possible due to their fast entrance in
nests, we calculated all variables for both parents together.

Determination of the presence of carotenoid pigments
in the different plumage patches

We investigated the presence of carotenoid pigments in
feathers by following the method described in McGraw
et al. (2005). Briefly, 3—5 mg of coloured parts were cut
from feathers of the three body regions (see above) from
different individuals and introduced in a glass vial. To
extract pigments, 1 ml of acidified pyridine was added to
each vial, and then the tubes containing tissues and pyridine
were capped tightly and heated in a 95°C water bath for
4 h. After this time, tubes were allowed to cool at room
temperature. Pigments were present in the feathers when-
ever the heated pyridine solution was colourful after the
treatment, as occurred for back feathers. As pigments may
be carotenoids or other different ones, we proceeded with a
follow-up analysis to confirm the presence of carotenoids.
In this last test, 2 ml of distilled water were added to the
coloured acidified pyridine solution, and then the mixture
was capped and homogenised by inversion of the tube.
Next, 1 ml of hexane/tert-butyl methyl ether (1:1) was
added, the tube capped and the mixture shaken vigorously
for 2 min. Finally, the solution was centrifuged at
3,000 rpm for 5 min to see whether the colour was retained
in the upper (carotenoids) or bottom (non-carotenoids
pigments) phases of the solution.

Colour measurements

For colour measurements, feathers were carefully placed on
black paper in a fashion that mimicked the way the feathers
naturally lay on the bird. Spectral data was always recorded
by the same person (N.S.) in total darkness with an Ocean
Optics DH 2000 spectroradiometer. Plumage reflectance
was quantified in the range 300—700 nm with a deuterium
and a halogen light source using a bifurcated micron fibre
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optic probe at a 45° angle from the feather surface and
illuminating an area of 1 mm?. Using the spectra acquisi-
tion software package, OOIBase, we sequentially recorded
ten spectra relative to a standard white reference (WS-2)
and then averaged the spectra to reduce electrical noise
from the collection array within the spectrometer. This
process was repeated three times, the probe lifted and
replaced on the feather sample between each scan. We then
averaged the three spectra for each body region and
individual.

Colour variables

We summarised reflectance data using the three standard
descriptors of reflectance spectra: brightness, chroma and
hue. Brightness or the total amount of light reflected by the
feather was calculated as the summed reflectance from 300
to 700 nm (e.g. Siefferman and Hill 2005b). Chroma, a
measure of spectral purity, was the ratio of the total
reflectance in the range of interest and the total reflectance
of the entire spectrum (300—700 nm; Siefferman and Hill
2003). If the spectra showed a bimodal pattern (i.e. head,;
Fig. 1), two measures of chroma were calculated, each one
corresponding to each peak of reflectance (Chroma UV-
blue: 300475 nm; Chroma green-yellow, 475-625 nm).
Hue referred to the wavelength at which the maximum peak
of reflectance is reached. As for the chroma, when the
spectra showed a bimodal pattern, one hue value for each of
the two peaks was calculated. The spectra of the chestnut
back was invariably truncated at 700 nm (Fig. 1); therefore,
we used yellow-red chroma and total brightness to
summarise chestnut back spectra. Colour variables were
then entered into a principal components analysis (PCA) for
each body region separately (e.g. Doucet and Montgomerie
2003, Siefferman and Hill 2005b). In Table 1, component
loadings for each PCA are summarised.

PC scores originated from the three PCAs were then
used to define inter-individual differences in coloration:
Regarding the head, individuals with a high-positive PC1
colour score displayed an overall less saturated UV-blue
plumage coloration and high saturated green-yellow plum-
age coloration in the head and showed a main peak of
maximum reflectance at a higher wavelength than individ-
uals with negative PC1 colour scores (Table 1). In addition,
individuals with high-positive PC2 scores for the head
showed a brighter head and a secondary peak of maximum
reflectance at higher wavelengths in the heads than
individuals with negative PC2 colour scores (Table 1).
Concerning the scapulars, individuals with a high-positive
PC1 colour score showed brighter and more saturated UV-
blue scapulars and a hue displaced towards shorter wave-
lengths than individuals with negative PC1 colour scores
(Table 1). Regarding the back, individuals with high PCI
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Fig. 1 Reflectance patterns across the whole spectrum of colour
patches on the different parts of the plumage: a head, b scapulars and
¢ back in male (continuous line) and female (dotted line) rollers

colour scores exhibited more brilliant and less saturated
yellow-red plumage coloration in the back than individuals
with negative PC1 colour scores (Table 1).

Statistical analysis

Analyses were performed using SAS statistical software
(SAS 2001 Institute, Cary, NC, USA). Sexual differences in
size and coloration were tested by running linear mixed
models (MIXED SAS procedure) with identity link
function and normal distribution, in which sex and study
year were entered as a fixed and a random factor,
respectively. When investigating sexual differences in
coloration, we also introduced in analyses the body
condition as a covariable and the interaction term between
this variable and the sex to study the relationship between
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Table 1 Principal components loadings for colour variables of the
different three body regions of the roller

Principal components

Head Scapulars  Back
PC1 PC2 PC1 PC1
Total brightness —0.40 0.50 0.44 0.71
UV-blue chroma -0.54  -0.07 0.66
Green-yellow chroma 0.51 —-0.01
Hue of the main peak 042 -0.23 —-0.62
Hue of the secondary peak 0.32 0.83
Yellow-red chroma -0.71
Variance explained by
Each component 56.5% 18.2% 54.3% 78.6%
Cumulative 56.5%  74.7% 54.3% 78.6%

plumage coloration and body condition in the two sexes.
Relationships between different plumage measures of an
individual were investigated separately for males and
females by Pearson correlations (CORR SAS procedure).

Assortative mating was tested by performing a Pearson
correlation matrix between mate colour attributes. Since an
exploratory analysis showed that the year was non-
significant, we did not perform linear mixed models with
year as a random factor.

Relationships between plumage coloration and repro-
ductive variables or measures of parental investment were
analysed separately for males and females by means of
linear mixed models, except when reproductive success
(nesting success versus nesting failure) was the dependent
variable for which we used a generalised linear mixed
model (GLIMMIX procedure in SAS) with logistic link
function and binomial distribution. In these analyses,
reproductive variables (laying dates, clutch size, reproduc-
tive success and number of fledglings in successful nests)
and measures of parental investment (time spent incubating
per hour and number of feeding visits per hour) were
entered as dependent variables, and all colour variables
were entered as covariables. Multicollinearity due to corre-
lation of color of different traits was considered unimpor-
tant in these analyses because correlations were largely
below 0.7 (Table 3), which is the threshold value over
which collinearity should be corrected for (Green 1979). In
all models, the year was entered as a random factor, and no
interaction terms were considered due to low sample sizes.

Finally, to study the relationship between parent and
offspring phenotypes, linear mixed models were run in
which the colour attribute of the chick was entered as the
dependent variable and colour attributes of the same trait
of its parents as covariables. The nest was introduced as
a random effect to account for the fact that chicks from

the same nest are not independent. We performed
backward model selection using P=0.05 as the threshold
value for elimination. Final models only contained sig-
nificant effects.

Results
Origin of roller coloration

In the roller, only feathers of the back presented pigments,
and head and scapulars feathers were structural plumage. In
the back, as the bottom phase (pyridine—water phase) of
the solution retained the colour of feathers, we concluded
that these feathers did not contain carotenoids either,
although they seem to contain some other pigment such as
phacomelanin (McGraw et al. 2005). Therefore, we can
reasonably assume that the colour traits of rollers that we
study here have two different origins: the head and
scapulars with a structurally based coloration and the back
with a melanin-based coloration.

Reflectance patterns of the three plumage parts

The reflectance patterns of roller head, scapulars and back
are shown in Fig. 1. The head showed a bimodal pattern
with a main peak in the green-yellow region (475-625 nm,
peak around 555 nm) and a secondary peak in the UV-blue
region (300-475 nm, peak around 385-390 nm). The
scapular region reflected the most strongly in the UV-blue
region, with a peak in the blue one (400—475 nm, peak
around 440 nm). Finally, the back’s reflectance spectrum
increased continuously from the yellow region (from
550 nm) onwards.

Sexual dimorphism and dichromatism

Some of the morphological and plumage attributes varied
between the two sexes (Fig. 1, Table 2). Rollers were
sexually dimorphic in wing length (Table 2), with males
(mean+SE, n=20.08+1.32 cm, 36) showing longer wings
than females (mean+SE, n=19.62+0.94 c¢m, 43). Further-
more, rollers were sexually dichromatic in structural
colorations since head and scapular coloration varied
between sexes (Table 2). More specifically, males displayed
purer UV-bluish heads than females (i.e. lower PC1 scores
for the head than females) and purer UV-bluish and brighter
scapulars than females (i.e. higher PC1 scores for the
scapulars than female; Fig. 1). Melanin-based backs,
however, were sexually monochromatic (Table 2), and no
year effect was found. Because of these sexual differences
in coloration, all the following analyses were done in males
and females separately.
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Table 2 Linear Mixed Models (Mixed procedure in SAS) with (1)
morphological traits as the dependent variables, the sex as a fixed
factor and the year as a random factor to look for sexual differences in
these traits; and (2) plumage attributes as the dependent variables, the sex
as a fixed factor, body condition as a covariable and the year as a random
effect to simultaneously look for sexual differences in these attributes and
relationships between colour plumage and body condition

Trait Independent variables ~ Statistic P value

Morphological traits

Tarsus length (mm) Sex F177=0.11 0.74

Year Z=0.79 0.22
Wing length (cm)  Sex F.77=8.43  0.0048
Year 7=0.23 0.41
Weight (g) Sex Fi75=132 025
Year Z2=0.57 0.28
Plumage attributes
Head PC1 Sex Fyi75=7.06 0.0096

Body condition Fy7,=027  0.60
Sex*Body condition £} 7,=0.51 0.48
Year 7=0.92 0.18
Head PC2 Sex Fy7,=0.00  0.97
Body condition Fy75=10.40 0.0019
Sex*Body condition  F; 7;=0.38 0.54
Year Z=0.73 0.23
Scapulars PC1 Sex Fyi76=9.61  0.0027
Body condition Fy73=0.11 0.74
Sex*Body condition  F;7,=0.00  0.98
Year 7=0.69 0.24
Back PC1 Sex Fi73=0.16  0.69
Body condition Fyi76=512 0.03
Sex*Body condition  F} 7,=0.09 0.77
Year 7=0.96 0.17

Retained effects in models are highlighted in bold.

Relationships between plumage measurements

Some of the measurements of plumage coloration were
correlated despite the fact that some of these traits have
different origins (i.e. pigment versus structural; Table 3).
Females that exhibited more green-yellowish heads (i.e.
high PC1 scores for the head) displayed less brilliant and
purer yellow-red backs (i.e. low PCI1 scores for the back;
Table 3). On the other hand, males that exhibited more
green-yellowish heads (i.e. high PC1 scores for the head)
exhibited less brilliant and pure UV-blue scapulars (i.e. low
PC1 scores for the scapulars; Table 3). Additionally, males
with brighter heads (i.e. high PC2 scores for the head)
showed brighter and less pure yellow-red backs (i.e. high
PC1 scores for the back; Table 3).

Plumage attributes and body condition

Body condition was positively correlated to plumage
brightness in the head (head PC2) (regression coefficient=
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0.03) and also positively related to plumage brightness and
negatively to yellow-red saturation in the back (back PCl;
regression coefficient=0.03) in the two sexes (Table 2). All
other relationships between colour attributes and body
condition were non-significant. Furthermore, we did not
find any significant year effect in these analyses (Table 2).

Assortative mating

We did not find assortative mating according to tarsus
(Pearson correlation coefficient, ¥=—0.02, P=0.90, N=27)
and wing length (Pearson correlation coefficient, 7=0.30,
P=0.12, N=27) but found significant positive assortative
mating in weight (Pearson correlation coefficient, 7=0.42,
P=0.03, N=26, Fig. 2a) and body condition (Pearson
correlation coefficient, »=0.50, P=0.008, N=27, Fig. 2b).
These two positive relationships were maintained after
the removal of outliers (Fig. 2a,b; weight, »=0.60, P=
0.002, N=25; body condition, »=0.42, P=0.04, N=25). We
further found assortative mating in the degree of green-
yellowish colour in the head (Pearson correlation coeffi-
cient, r=0.42, P=0.03, N=27, Fig. 2c), as well as in the
total brightness of the back (Pearson correlation coefficient,
r=0.41, P=0.035, N=27, Fig. 2d). After leaving out
outliers (Fig. 2¢), we found random mating according to
the degree of green-yellowish colour in the head (»=0.20,
P=0.33, N=25). Assortative mating was not significant for
the remaining colour traits (P>0.05, N=27 in all cases).

Plumage attributes and reproductive success and investment

Breeding success correlated positively with female back
brightness, dullness and yellow-red colour purity (back

Table 3 Results from the Pearson correlation matrix among colour
plumage measurements of male and female rollers

Sex Colour plumage measure  Scapulars PC1 ~ Back PC1
Female  Head PC1 0.12 -0.33
0.46 (40) 0.04 (40)
Head PC2 0.18 0.30
0.27 (40) 0.06 (40)
Scapulars PC1 0.03
0.87 (42)
Male Head PC1 —-0.45 —-0.19
0.006 (36) 0.27 (36)
Head PC2 0.27 0.35
0.11 (36) 0.03 (36)
Scapulars PC1 0.30
0.07 (36)

Values are correlation coefficient and P values with sample sizes in
parenthesis. Significant correlation coefficients at the P<0.05 level are
in bold.
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Fig. 2 Assortative mating on a body weight, b body condition, ¢ head PC1, and d back PC1, in the European Roller. Arrows indicate outliers that

we removed to repeat each analysis

PC1) once controlled for laying date (Table 4, regression
coefficient=—0.41). Additionally, parental provisioning was
correlated in the same way with this maternal trait (Table 4,
regression coefficient=—0.83). On the other hand, breeding
success was correlated to male head brightness (head PC2;
Table 4, regression coefficient=0.98). Moreover, parental
provisioning was higher in nests of males with pure green-
yellow heads (head PC1; Table 4, regression coefficient=
0.44). Except for the relationships between clutch size,
reproductive success and success of successful nests with
laying date, none of the other relationships were significant
(Table 4).

Parent—offspring relationships in coloration

Scapular brightness and UV-blue saturation appeared
positively correlated between parents (males and females)
and offspring (female scapulars PC1, F 5,=4.29, P=0.04,
regression coefficient=0.38; male’s scapulars PC1, F 5;=
10.65, P=0.002, regression coefficient=0.99; nest effect,
Z=2.37, P=0.009; Fig. 3a). However, only the relationship
between male-offspring scapular brightness and UV-blue
saturation remained significant after removing the two outliers
(Fig. 3a; male’s scapulars PCl1, F;5;=9.81, P=0.003,
regression coefficient=1.03; nest effect, Z=2.53, P=0.000).
In addition, male back brightness was correlated with that of
their chicks (male’s back PC1, F 79=4.55, P=0.04, regres-
sion coefficient=0.30; nest effect non-significant; Fig. 3b).

Discussion

The European Roller appears as a sexually dimorphic and
dichromatic species. Males have longer wings and exhibit
brighter and more saturated UV-blue heads and scapulars
than females. Thus, this dichromatism mainly exists in the
UV part of the spectrum so that it remains undetected to
humans. Birds usually have a tetrachromatic vision
(Goldsmith 1980) and can perceive ultra-violets. Such
‘hidden” sexual dichromatism is common in passerines
(Eaton 2005), and our results suggest that this also occurs
in non-passerines. Furthermore, recent findings suggest that
birds vary in their maximum sensitivity to the lower
wavelengths and can be classified as violet or ultraviolet
sensitive species (Cuthill et al. 2000). Evidence suggests
that rollers are violet sensitive (Odeen and Hastad 2003),
and accordingly, we found that the hue of the head and
scapulars is biased toward relatively long wavelengths
(violet ~ 390 nm) within the ultraviolet region of the
spectrum (see Fig. 1).

We studied the coloration of three different plumage
traits that are either structural- (head and scapulars) or
melanin-based (back). Despite these differences, we found
that variation in coloration from different body regions is
correlated within individuals (Table 3). Male and female
melanic chestnut back coloration correlated with the
structural head coloration. In addition, colorations with the
same origin were correlated in males. However, different
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Table 4 Relationship between

fitness components and Dependent variables Independent variables ~ Females Males
phenotypic traits in rollers — —
Statistic P value  Statistic P value
Laying date Head PC1 F\37=0.18 0.68 F,3,=0.01 0.92
Head PC2 F, 33=0.01 0.93 Fy3,=0.33 0.57
Scapulars PC1 Fi35=1.26 0.27 F130=0.02 0.89
Back PCI F) 34=1.46 0.24 F129=0.01 0.92
Clutch size Head PC1 Fy33=0.01 0.92 F50=0.66 0.42
Head PC2 F134=0.03 0.87 F12=0.11 0.74
Scapulars PC1 F}3,=0.00 0.95 F1,19=0.58 0.45
Back PC1 F\37=0.26 0.62 F,3,=0.88 0.35
Laying date F130=45.10 <0.001 F,3;,=32.18 <0.001
Reproductive success Head PC1 F15,=0.04 0.85 Fi50=0.62 0.44
(success vs. failure) Head PC2 F133=0.26 0.61 Fi13=1.23 0.28
Scapulars PC1 F33=2.83 0.10 Fi9=0.23 0.64
Back PC1 F136=0.36 0.55 F125=0.16 0.69
Laying date F37=3.19 0.08 F132=5.72 0.02
Success of successful nests Head PC1 F29=0.12 0.73 F1,4=0.06 0.81
Head PC2 F|25=0.04 0.84 F120=4.81 0.04
Scapulars PC1 Fy3,=0.40 0.53 F,,5=0.23 0.64
Back PCI F13,=4.27 0.047  F;23=0.02 0.90
Linear Mixed Models or Laying date F13,=9.25 0.005  F,26=0.99 0.33
Generalised Linear Mixed Time of incubation/hour Head PC1 F1,5=0.24 0.63 F129=0.75 0.39
Models explaining variation in Head PC2 F120=0.59 0.45 F27=0.01 0.93
fitness components. Separate Scapulars PC1 F127=0.27 0.61 F125=0.21 0.65
models were run for each sex. Back PC1 Fl26=0.19 0.67  Fi3=1.19 0.28
E(‘;;Za;";aiafgsgdf;;;ll Laying date Flas=0.10 076  F126=000 097
Startine models ar iﬁ.ed. Number of parental Head PC1 F120=0.03 0.87 F123=17.71 0.01
g models are spec ..
Final models were obtained by provisioning visits/hour Head PC2 F 19=0.01 0.92 F 20=0.57 0.46
backward elimination, with the Scapulars PC1 F123=1.70 0.20 F1,9=0.09 0.77
stepwise removal of all effects Back PC1 F124=5.41 0.03 F1>=1.83 0.19

with P>0.05. Selected effects

Laying date

F1‘21:0.23 0.63 F1721:1.40 0.25

in each model are in bold type.

plumage patches did not provide redundant information.
Different aspects of male head coloration predicted body
condition, breeding success and food provisioning, while
female head coloration only predicted its condition. On the
other hand, female but not male back coloration predicted
food provisioning and nest breeding success. This suggests
that the various colour signals in that species are not
redundant and inform on various aspects of the phenotype
(Moller and Pomiankowski 1993). Interestingly, results
differed in males and females. In the latter, multiple
ornaments may function as exclusive indicators of quality
(see also Jawor and Breitwisch 2004). But in the former,
results suggest that only the head may potentially convey
information on individual quality.

Interestingly, our results suggest that structural and
melanin-based colorations might be condition-dependent
in both sexes. Body condition was correlated with head and
back brightness in females and males, and the number of
fledglings in successful nests was positively related to male
head brightness and to female back brightness. Moreover,
female back brightness related to the number of parental
provisioning rate. Thus, head and back brightness appear to

@ Springer

be indicators of quality in males and females, respectively.
This supports the condition-dependent expression of struc-
tural coloration found in other species in relation to food
restriction (McGraw et al. 2002; Siefferman and Hill
2005a) and parasite load (Hill et al. 2005) for instance.
Moreover, our results suggest that female traits in rollers
signal phenotypic quality as in other species where males
provide a significant amount of parental care and in which
mate choice is probably reciprocal (Amundsen et al. 1997;
Siefferman and Hill 2005a; Johnsen et al. 1996). As an
alternative, however, plumage colour could well express
social dominance, and for instance, it may be important in
competition for territories, affecting the probability of
obtaining a place to breed. This could be one factor leading
to mutual ornamentation in the roller whenever both sexes
experienced the same selection pressure (Kraaijeveld
et al. 2007). Unfortunately, this hypothesis cannot be tested
with our data set because our sample is restricted to
breeders. Therefore, if plumage colour covaries with social
dominance, our data are likely to be biased to more
omamented individuals (those that acquired a breeding
territory), and then variability in plumage traits should be
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Fig. 3 Parent-offspring regressions in plumage coloration in the a
scapulars and in the b back. In a, values for offspring are mean values
per nest because the random effect of the nest was significant in the

limited. Considering this, we can affirm that our data are
conservative, which enhances the importance of the found
patterns. Finally, it has been shown that mutual ornamen-
tation may result from selection for sexual mimicry in
females that frequently interact with courting males
(Kraaijeveld et al. 2007). However, rollers usually arrive
mated to their breeding territories and, once settled, only
very rarely interact with arriving floaters (Parejo, own
unpublished data). Nonetheless, it may still be possible that
selection for concealing the sex in females was very strong
in winter territories or during migration when group-living
habits in rollers are common (Cramp and Simmons 1988).

Rollers appear to mate assortatively in relation to weight,
body condition, and head green-yellow saturation as well as
back brightness. These results are not surprising because
these two plumage characteristics seem to indicate individ-
ual phenotypic quality. Indeed, parental provisioning rate
related to head green-yellow saturation in males and to back
brightness in females. In addition, female back brightness
correlated with the number of fledglings in successful nests.
These relationships between coloration and phenotypic
quality may reveal the information conveyed by each
colour. Assortative mating based on plumage coloration
revealing quality may result from the existence of a mutual
choice based on the same ornament. Since the roller males
invest in reproduction as much as females, mutual selection
would be beneficial. Alternatively, assortative mating may
also result from an effect of breeding date if the best
individuals arrived earlier to their breeding areas. However,

analysis (see text). In b, values are given for each chick of each nest
because the random effect of the nest was not significant (see text).
Arrows indicate outliers that we removed to repeat the analysis

laying date was not significant in all the analyses of
assortative mating. Finally, it may be possible that
individuals mated assortatively by age and that ornamenta-
tion was age-dependent. This might lead to a positive
correlation between ornaments of the members of a pair.
Therefore, only experiments may allow us to conclude the
indicator function of these traits. Interestingly, rollers mated
assortatively by two plumage colours of different origin.
Positive assortative mating based on structural and melanin-
based coloration has been also shown in other birds (e.g.
Amundsen et al. 1997; Andersson et al. 1998; Potti and
Merino 1996; Roulin 1999).

We finally document a positive correlation between
parent and offspring coloration, suggesting some kind of
transmission of these traits or similar strong environmental
effects on parents and their offspring coloration. This
transmission may be of various kinds, from genes to
maternal or paternal effects. Indeed, there is some evidence
that structural colours may be condition-dependent in
nestlings while other colours would be relatively more
genetically determined (Johnsen et al. 2003). For instance,
the transmission of the melanin-based throat patch of house
sparrows, Passer domesticus, was shown to be due to
environmental factors (Griffith et al. 1999). In addition,
although correlative results in the field remain highly
controversial, melanin-based colours can also show high
‘broad sense heritability’ (see revision in Mundy 2006). In
the case of the roller, as we did not perform a cross-
fostering, the mechanism of transmission cannot be known.
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Nevertheless, adult back brightness may be under mutual
sexual selection, and its transmission from parents to
offspring suggests that it may be an important signal in
that species. Rollers only make a partial post-juvenile moult
that involves head, body, lesser and median upper wing-
covers and part of tail (Cramp and Simmons 1988).
Furthermore, the first prebreeding moult is rather limited
and occasionally absent (Cramp and Simmons 1988).
Therefore, first breeders may still have feathers grown as
nestlings.

In conclusion, we provide tentative evidence that
structural and melanin-based colorations of male and
female rollers might function as reliable signals of their
phenotypic and parental qualities. Furthermore, the exis-
tence of assortative mating on some of these traits may
suggest that they may be used in mate choice. We finally
document the potential for a transmission of structural and
melanin-based plumage coloration from parents to off-
spring. Altogether, these results give correlative support to
the hypothesis that multiple coloured traits may act as
quality indicators in the roller and that they may be used by
the two sexes to assess potential mate quality mutually.
Nonetheless, experimental studies are clearly needed to
confirm these interpretations.
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