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Abstract Carotenoid pigments are important for immunity
and as antioxidants, and carotenoid-based colors are
believed to provide honest signals of individual quality.
Other colorless but more efficient antioxidants such as
vitamins A and E may protect carotenoids from bleaching.
Carotenoid-based colors have thus recently been suggested
to reflect the concentration of such colorless antioxidants,
but this has rarely been tested. Furthermore, although
evidence is accruing for multiple genetic criteria for mate
choice, carotenoid-based colors have rarely been shown to
reflect both phenotypic and genetic quality. In this study, we
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investigated whether gape, tongue, eye-ring, and bill
coloration of chick-rearing black-legged kittiwakes Rissa
tridactyla reflected circulating levels of carotenoids and
vitamins A and E. We further investigated whether
integument coloration reflected phenotypic (body condition
and fledging success) and genetic quality (heterozygosity).
We found that the coloration of fleshy integuments was
correlated with carotenoid and vitamin A levels and
fledging success but only in males. Furthermore, the
coloration of tongue and eye-ring was correlated with
heterozygosity in both males and females. Integument
colors might therefore be reliable signals of individual
quality used by birds to adjust their parental care during the
chick-rearing period.
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Introduction

Red, orange, and yellow colorations are common in the
feathers, skin, and bills of birds. In most species, such
colors are produced by carotenoid pigments (review in
McGraw 2006a). Animals cannot synthesize carotenoids de
novo, so they have to acquire them in their diet. Carotenoid
intake primarily depends on the quality and quantity of
food, but it may also vary with individual efficiency in
absorbing, modifying, and utilizing carotenoids (Olson and
Owens 1998). In addition to providing coloration, carote-
noids are antioxidants and are known to modulate the
immune system (Blount et al. 2003; Chew 1993). This has
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lead to the assumption that there is a trade-off between
allocating carotenoids to signals versus health-related
functions. Recently, the antioxidant activity as the main
role of carotenoids has been debated (Costantini and Mealler
2008; Hartley and Kennedy 2004; Larcombe et al. 2010).
Rather, it has been hypothesized that carotenoids being
bleached by oxidative processes may reflect the concentration
in major colorless antioxidants (e.g., vitamin C, E, or A) and
therefore the healthy functioning of anti-oxidative systems
(Hartley and Kennedy 2004). The common prediction of
these hypotheses is that individuals in good health and with
superior foraging ability can invest more carotenoids in
sexual signals. Many studies have shown that birds with
brighter carotenoid coloration have higher resistance to
parasites (Baeta et al. 2008; Faivre et al. 2003; Horak et al.
2001), have higher reproductive success (Doutrelant et al.
2008; Préault et al. 2005), and survive longer (Horak et al.
2001). Carotenoid-based coloration is thus assumed to
provide an honest signal of individual quality.

Although most studies on sexual selection focused on
phenotypic quality (Andersson 1994), there is increasing
evidence for multiple genetic criteria in mate choice
(Mays and Hill 2004; Neff and Pitcher 2005). Females
might choose males with “good genes,” for example males
with specific alleles increasing fitness (Eizaguirre et al.
2009; Ekblom et al. 2004) or with high heterozygosity
(Husseneder and Simms 2008; Roberts and Gosling 2003;
Schwensow et al. 2008). In several species, heterozygosity
is associated with individual quality (Acevedo-Whitehouse
et al. 2003; Keller and Waller 2002; Roldan et al. 1998) and
is conveyed to conspecifics through phenotypic traits, such
as body scent, asymmetry, or song (Charpentier et al. 2010;
Roldan et al. 1998; Van Oosterhout et al. 2003). Few studies
have however shown a relation between carotenoid-based
coloration and heterozygosity. In birds, only inbred zebra
finches Taeniopygia guttata have been shown to be less
colored than outbred zebra finches (Bolund et al. 2010).

Most studies linking individual quality and carotenoid
coloration in birds have been performed in species showing
carotenoid-based plumage coloration (review in Hill 2006).
However, because feathers are non-living structures, their
color is only indicative of a bird’s physiological status at the
time of molt. In contrast, other parts of the body such as
skin, caruncle, bill, cere, and tarsi may be brightly colored
by carotenoid pigmentation (e.g., Blount et al. 2002; Faivre
et al. 2003; Kristiansen et al. 2006; Velando et al. 2006) and
may change color or shape rapidly (Faivre et al. 2003;
Martinez-Padilla et al. 2007; Velando et al. 2006). Thus,
they could provide accurate information about current
individual physical condition. Although recent studies have
focused on such traits, more research is required to
understand the functional aspects of their use as honest
signals (Hill 2006; Pérez-Rodriguez and Vifiuela 2008). In
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particular, several gull species show conspicuous yellow to
red gape color during the breeding season. Nestling birds in
many passerines also often show rich gape colors that
convey information such as hunger or health to parents
(Kilner 1997; Saino et al. 2003). Although nestling gape
color has been relatively well studied (de Ayala et al.
2007; Hunt et al. 2003; Saino et al. 2000, 2003; Soler and
Aviles 2010; Thorogood et al. 2008), the signaling potential
of gape color in adults is largely unexplored (but see
Kristiansen et al. 2006).

The black-legged kittiwake Rissa tridactyla is one of the
most common gull species in the Northern hemisphere. It
feeds primarily on small schooling fishes (e.g., sand lance,
capelin, Pacific herring) and secondarily on carotenoid-rich
krill and copepods (Hatch et al. 1993a). It is a genetically
monogamous bird with a slight sexual size dimorphism
(Helfenstein et al. 2004a; Jodice et al. 2000) and quasi-
similar parental behavior between sexes (Coulson and
Johnson 1993; Leclaire et al. 2010; Roberts and Hatch
1993). Although kittiwakes are strictly monogamous over a
breeding season (Helfenstein et al. 2004b), mate switching
occurs in 19-47% of pairs each year (Coulson and Thomas
1983; Hatch et al. 1993b). In the chick-rearing period, cues
that reliably indicate individual quality could thus be used
for future pairing or adjustment of parental effort. Several
studies have shown that differences between kittiwakes in
survival and reproduction may be related to high differences
in intrinsic individual quality (Cam and Monnat 2000;
Coulson and Porter 1985). Furthermore, heterozygosity is
positively correlated with chick growth and survival (Mulard
et al. 2009), and it probably also affects adult fitness.
However, secondary sexual traits indicating individual
phenotypic or genetic quality have not been demonstrated
as yet in this species. Both sexes show intense coloration
during the breeding season, including the red eye-ring,
orange gape, pink-orange tongue, and yellow bill (Fig. 1).
As bill and eye-ring colors, gape and tongue colors might be

Fig. 1 Tongue, gape, bill, and eye-ring coloration in breeding black-
legged kittiwakes
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important signaling cues as gape and tongue are often
displayed to other individuals while birds are calling, in
flight or at the nest.

Here, we test the signaling potential of gape, tongue,
eye-ring, and bill colors of chick-rearing black-legged
kittiwakes. Because both male and female kittiwakes
provide parental care (Leclaire et al. 2010; Roberts and
Hatch 1993) and because mate choice is thought to be
reciprocal in this species, we predicted that integument
coloration of chick-rearing kittiwakes should reflect carot-
enoid and vitamin levels, as well as individual phenotypic
and genetic quality in both sexes. The bill is a keratinized
structure, and the turnover of carotenoids within it may take
place more slowly. Furthermore, while kittiwakes’ bill is
bright yellow at the beginning of the breeding period, it is
pale yellow and starts to be shed during the chick-rearing
period (our personal observation). We therefore predicted
that the bill color of chick-rearing kittiwakes should be less
related to current antioxidant levels and individual quality
than gape, tongue, or eye-ring color.

Material and methods
Study site

The study was conducted from late June to mid-August
2009 and 2010 on a population of black-legged kittiwakes
nesting on an abandoned US Air Force radar tower on
Middleton Island (59°26' N, 146°20" W), Gulf of Alaska.
Artificial nest sites created on the upper walls can be
observed from inside the tower through sliding one-way
windows (Gill and Hatch 2002). This enabled us to capture
and monitor the breeders and their chicks.

Field data collection

We caught 84 birds during the chick-rearing period
(between 4 and 6 days after the hatching of the first chick;
means, 5+0 days). At capture, birds were weighed to the
nearest 5 g with a spring scale and skull length (head+bill)
was measured to the nearest | mm with a caliper. Forty six
percent of birds were sexed based on molecular sexing, and
47% of birds were sexed based on copulation and courtship
feeding behavior during the pre-laying period. Six percent
of birds were sexed because their mate was sexed
molecularly or behaviorally, and 1% of birds were sexed
based on skull length (females’ skull length<93 mm and
males’ skull length>96 mm; Jodice et al. 2000). All nest
sites were checked twice daily to record events such as
laying, hatching, fledging, or chick mortality. In 2009, we
performed gape and tongue color measurements, to which
bill and eye-ring color measurements were added in 2010.

Color measurement

Gape, tongue, and bill colors were measured with a
reflectance spectrometer (Ocean Optics USB2000), a
deuterium-halogen light source (DH2000, Top Sensor
System), and a 200-um fiber optic reflectance probe held
at 45° to the integument surface. Reflectance was measured
using SpectraSuite software (Ocean Optics, Inc.) and in
relation to a dark and a white (Spectralon®, Labsphere)
standard. The spectrometer was calibrated between each
bird measurement. We measured gape color at the intersec-
tion between the upper and lower mandibles, tongue color
at ca. 3 mm of the top, and bill color under the nostril on
the upper mandible.

Since this study was set out to discuss the potential role
of carotenoid-based coloration in kittiwakes, we focused on
two physical measurements: yellow chroma ((R700 nm—
R4s0 nm)/R700 nm) and mean brightness (R300-700 nm)s
measured from the reflectance spectra using the Avicol
software (Gomez 2007). Reflectance spectra of kittiwake
integument colors have peaks in both the ultraviolet (UV)
and visible wavelengths (Fig. 2). Although UV coloration
is most likely structural rather than pigment-based, there is
some potential for carotenoids to contribute to the amount
of UV signals. Carotenoids are subtractive pigments and
increased carotenoids may obscure UV colors by acting as
a filter (Mougeot et al. 2007; Shawkey and Hill 2005). As
in other species for which reflectance spectra of bare parts
have been studied (Mougeot et al. 2007; Thorogood et al.
2008), UV chroma (i.e., the proportion of the total
reflectance falling in the UV range) of kittiwake gape,
tongue, and bill co-varies negatively with yellow chroma
(gape: r=-0.60, P<0.0001; tongue: r=—0.25, P=0.035;
and bill: »=—0.50, P<0.0001). However, we decided not to
include the UV-chroma measurements in our analyses for
the following reasons: (1) to limit the problem of multiple
comparisons, (2) because we were interested in carotenoid-
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Fig. 2 Mean£SE reflectance spectra for bill, gape, and tongue in
males (black) and females (gray) during the chick-rearing period
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mediated color, and (3) because there is a covariance
between UV chroma and yellow chroma.

Three measures of gape, tongue, and bill coloration
were performed on 26 birds. They were highly repeatable
(gape yellow chroma: intraclass correlation coefficient
(ICC)=79%, P=0.0006; gape brightness: ICC=79%, P=
0.0006; tongue yellow chroma: ICC=74%, P=0.0008;
tongue brightness: ICC=78%, P=0.0006; bill yellow
chroma: ICC=83%, P=0.0005; bill brightness: ICC=49%,
P=0.0045).

The light emitted by the spectrometer is dangerous for
the birds’ eyes. Eye-ring color was thus measured from
digital photographs. Pictures were taken at a standard
distance of ca. 40 cm using a digital camera with flash.
For each photograph, a color swatch was placed next to the
bird to standardize subsequent measurements (Montgomerie
2006). All pictures were analyzed using Adobe Photoshop
7.0. For each picture, the average components of red, green,
and blue (RGB system) were recorded within the whole
area of the eye-ring. RGB components were then converted
into saturation and brightness values. Saturation represents
color density (e.g., pink is less saturated than red), and
brightness indicates whether a color is dark or light,
independently of hue and saturation.

Antioxidant analyses: carotenoids and vitamins A and E

In 2009, a blood sample (~500 pl) was collected from the
brachial vein of 89 captured birds using heparinized
syringes to determine carotenoid and vitamins A and E
level in plasma. All blood samples were centrifuged
immediately after collection, and plasma was stored at
—20°C. Carotenoids and vitamins were analyzed following
the protocol described in Surai and Speake (1998). Proteins
were precipitated by adding 120 ul of absolute ethanol to
60 pl of plasma and vortexed for 1 min. Afterwards, 500 pl
of hexane with 0.1% of buthylhydroxytoluéne were added
to the supernatant. The mixture was shaken for 1 min and
centrifuged at 13,000 rpm/min at 4°C for 5 min. This was
repeated twice to realize two extractions. The supernatant
was evaporated to dryness under a nitrogen flow. Residual
was re-suspended in 70 pl methanol/methyl tertiary
butyl ether (MTBE) (50:50, v/v) and analyzed by high-
performance liquid chromatography (HPLC, Waters™)
using a reverse-phase HPLC column (Protonsil C30,
3 um, 4.6x250 mm ID) with a mobile phase of methanol
and MTBE. Peaks were identified by comparing their
retention time and absorbent properties with reference
carotenoids (astaxanthin, canthaxanthin, lutein, zeaxanthin,
[3-carotene, and [3-cryptoxanthin; Extrasynthese, Genay) and
reference vitamins (x-tocopherol and retinol; Sigma, St
Louis). Quantity of pigments and vitamins (micrograms per
milliliter of plasma) was calculated based on dilution curve
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constructed from known amounts of purified references. The
estimated quantities were corrected by extraction output in
reference to lycopene internal standard (100 ng/pl). We
summed the concentrations of all pigments (i.e., lutein,
iso-lutein, iso-asthaxanthin, zeaxanthin, (3-cryptoxanthin,
anhydrolutein, and [(3-carotene) to determine the total
carotenoid level in plasma.

Heterozygosity analysis

At capture, blood was taken from the alar vein using a 1-ml
syringe and a 25-gauge needle, and kept in a preservative
solution (Longmire buffer; Longmire et al. 1988). Genomic
DNA was extracted from each blood sample using the
DNeasy® Blood and Tissue Kit (QIAGEN Group) and
following the supplier’s guidelines. Samples were geno-
typed at 10 microsatellite loci (Mulard et al. 2009),
distributed in two multiplexes. We amplified 1 pl extracted
DNA in 10 pl reactions, using 0.75x QIAGEN® Multiplex
PCR Master Mix (QIAGEN Group), and 0.05 to 0.45 uM
of each primer. For the multiplex 1, the PCR thermal profile
consisted of denaturation at 95°C for 15 min, followed by
35 cycles of 95°C denaturation for 30 s, 57°C annealing for
1 min and 30 s and 72°C elongation for 1 min, and a final
elongation at 60°C for 30 min. For the multiplex 2, the
thermal profile was the same except that the annealing
was done at 60°C. One microliter of PCR product was
then mixed with 8.7 ul of highly deionized formamide
and 0.3 ul of GeneScan™ 600 LIZ® Size Standard
(Applied Biosystems). The mixtures were denatured at 95°C
for 5 min before separation with a 48-capillary 3730 DNA
Analyzer (Applied Biosystems). Data analysis and genotyp-
ing were performed on GeneMapper® Software (Applied
Biosystems).

Internal relatedness (described in Amos et al. 2001) was
used as the estimate of heterozygosity and was calculated
using the Nausicaa Software (Mulard et al. 2009). Internal
relatedness was highly correlated with two other estimates of
heterozygosity: heterozygosity and standardized heterozy-
gosity (2=0.95; P<0.0001).

Statistical analysis

Relationships between each color parameters (n=8), fledging
success, body condition, heterozygosity (internal related-
ness), sex, and date were analyzed with General Linear
Models or Generalized Linear Mixed Models. Fledging
success, body condition, heterozygosity, date, and their
interaction with sex were entered as fixed effects. Gape
and tongue colors were measured in 2009 and 2010. Year
and bird identity were therefore entered as random effects for
gape and tongue color analyses. Body condition was
estimated as the residuals of a linear regression between
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body mass and body size (i.e.,, skull length). Fledging
success was estimated as the number of chicks that fledged.
Bill, gape, and tongue brightness were log-transformed to
meet normality assumption.

Carotenoid and vitamins A and E levels were not
normally distributed. The link between antioxidant levels,
and gape and tongue coloration was thus estimated using
Pearson correlations. All statistical tests were performed
with SAS (SAS Institute Inc 1999). Non-significant terms
were backward dropped using a stepwise elimination
procedure. All statistical tests are two-tailed type-3 tests
with a significance level set to «=0.05. Values are expressed
as means=SE throughout.

Results
Correlation between color parameters

In males, gape and tongue yellow chroma were significantly
inter-correlated (r=0.44, P=0.01), and bill yellow chroma
tended to be correlated with gape and tongue yellow
chroma (r=0.30, P=0.08 and r=0.33, P=0.057). Gape,
tongue, and bill brightness were all highly inter-correlated
(all »>0.55, all P<0.001). Yellow chroma and brightness
were not correlated (all P>0.10). Eye-ring saturation and
brightness were highly correlated (»=0.48, P=0.0044) but
were not correlated with other integument parameters (all
P>0.05).

In females, gape, tongue, and bill yellow chroma were
not inter-correlated (all P>0.30). In contrast, gape, tongue,
and bill brightness were all inter-correlated (all »>0.40, all
P<0.01). Yellow chroma and brightness were not correlated,
except in the case of bill color (r=—0.63, P<0.0001). Eye-
ring saturation and brightness were significantly correlated
(r=0.46, P=0.0058) but were not correlated with other
integument parameters (all 2>0.05).

Sexual dichromatism

Neither coloration of integument nor total carotenoid and
vitamin levels were significantly different between males
and females (coloration: MANOVA on all color parameters:
Fg55=0.97, P=0.47 and all univariate tests P>0.05, Fig. 2;
antioxidant levels: see Table 1).

Color, fledging success, body condition, and heterozygosity

In males, body condition, fledging success, and heterozy-
gosity were not correlated (all P>0.15). In females, body
condition and fledging success were correlated (#=0.40,
P=0.013), but they were not correlated with heterozygos-
ity (all P>0.30). Body condition, fledging success, and

heterozygosity were correlated with the date of capture
neither in males nor in females (all P>0.10).

Gape and tongue yellow chroma depended upon the
interaction between sex and fledging success (F; 757=4.57,
P=0.036, Fig. 3a, and F,7,=5.28, P=0.025, Fig. 3b).
Males with high gape yellow chroma had higher fledging
success than males with low gape yellow chroma (£ 304=
4.91, P=0.034, Fig. 3a), and males with high tongue yellow
chroma tended to have higher fledging success than males
with low tongue yellow chroma (F 365=3.22, P=0.081,
Fig. 3b). In contrast, gape and tongue yellow chroma did
not depend upon fledging success in females (/' 34.53=0.61,
P=0.44, Fig. 3a and F, 33=1.85, P=0.18, Fig. 3b). Surpris-
ingly, homozygous birds had higher tongue yellow chroma
than heterozygous birds (F7,=6.62, P=0.012, Fig. 4a).
Although the interaction between sex and heterozygosity
was not significant (£ 7,=1.13, P=0.29), when testing
males and females separately, tongue yellow chroma
depended upon heterozygosity only in females (females:
F133=6.38, P=0.017; males: F; 3;=0.82, P=0.37; Fig. 4a).
Tongue yellow chroma increased with date in females but
not in males (£ 33=8.89, P=0.0054 and F 37=0.00, P=
0.99; sexxdate: F; 7,=4.31, P=0.042). Tongue and gape
brightness did not depend upon fledging success, body
condition, or heterozygosity.

In males and females, bill yellow chroma decreased with
date, whereas bill brightness increased with date (F go=
5.12, P=0.027 and Fi=6.90, P=0.011). Bill yellow
chroma and bill brightness did not depend upon fledging
success, body condition, or heterozygosity (all P>0.05).

Eye-ring brightness depended upon the interaction
between sex and fledging success. (£} 63=11.77, P=0.0011;
Fig. 3c). Males with high eye-ring brightness had higher
fledging success than males with low eye-ring brightness
(F131=13.86, P=0.0008, Fig. 3c), whereas eye-ring bright-
ness did not correlate with fledging success in females
(F132=1.63, P=0.21; Fig. 3c). Eye-ring saturation was
higher in heterozygous than homozygous individuals
(F1.61=5.25, P=0.025; Fig. 4b). Eye-ring saturation
decreased with date in males (/' 9=7.55, P=0.010), but
it did not vary with date in females (£ 3,=0.15, P=0.70;
sex xdate: Fj ¢;=5.42, P=0.023).

Gape and tongue colors and antioxidant levels

Carotenoid pigments detected in kittiwake plasma were
lutein, iso-lutein, zeaxanthin, anhydrolutein, iso-asthaxanthin,
[3-cryptoxanthin, and 3-carotene (Table 1). Total carotenoid
(i.e., the sum of all detected carotenoid pigments), vitamin A,
and vitamin E levels were correlated together in males (all >
0.53 and P<0.0002) and females (all »>0.36 and P<0.02).

In males, gape and tongue yellow chroma were
positively correlated with total carotenoid level (»=0.37,
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Table 1 Circulating levels in

vitamins A and E and carotenoid Male Female z P

pigments (in micrograms per n=45 n=44

milliliter) in males and females
Vitamin A 2.62+£1.28 2.29+0.74 -1.58 0.11
Vitamin E 28.4+15.3 24.6+14.5 -1.39 0.16
Total carotenoid 15.8+11.1 16.8+13.1 0.59 0.55
Lutein 1.57+£1.52 1.50+1.38 -0.03 0.98
Iso-lutein 0.99+1.25 1.15+£2.08 0.45 0.66
Zeaxanthin 7.07+5.08 6.81+£4.43 —0.48 0.63
Iso-asthaxanthin 3.84+3.38 5.01+5.04 2.09 0.036
{3-cryptoxanthin 1.13+£1.27 0.87+0.77 -1.82 0.069
Anhydrolutein 0.14£0.16 0.18+0.13 1.37 0.17
{3-carotene 0.14+0.16 0.15+0.19 0.21 0.84

Medians+interquartile ranges

Mann—Whitney tests comparing
male and female values

0.95- @)
‘ O ochick [ 1chick M 2chicks
©
£
E 090
g T
o
°
>
g_ 0.851 T
©
O
16 15 19 17
0.80
Female Male
0.7 b)
‘ O 0chick O 1chick M 2chicks
©
£
°
-S 0.6
< [
o
o
>
o
% 0.5+ T
[=
o
|—
15 15 18 17
0.4
Female Male
701 C)
‘ O 0chick O 1chick B 2 chicks
m
<
£2 I
5t
S & 60
o O
(9]
£ 2 I
[
"?E 55
11 16 12 15
50
Female Male

Fig. 3 Gape yellow chroma (a), tongue yellow chroma (b), and eye-ring
brightness (¢) in females and males that had no fledged chick, one
fledged chick, or two fledged chicks. The numbers represent sample sizes
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P=0.015, Fig. 5a, and r=0.42, P=0.0041, Fig. 6a) and
vitamin A level (r=0.44, P=0.0029, Fig. 5b, and r=0.40, P=
0.0071, Fig. 6b). Gape and tongue brightness were correlated
with vitamin A level (r=—0.33, P=0.026 and r=-0.37, P=
0.013), but only gape brightness was correlated with total
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Fig. 4 Tongue yellow chroma (a) and eye-ring saturation (b) in
relation to internal relatedness in males (continuous line) and females
(dashed line). Greater internal relatedness indicates decreased hetero-
zygosity. Arrow in b shows an extreme value corresponding to a bird
with large black patches in eye-rings. Tongue yellow chroma is
expressed as the residual of a model with fledging success, sex, date,
fledging successxsex, and datexsex as fixed effects, and year and
individual ID as random effects
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vitamin A (b) levels in males (continuous line) and females (dashed
line). Carotenoid and vitamin A levels were log-transformed for the
ease of representation. Statistical tests were however non-parametrics
and performed on non-transformed values

carotenoid level (r=—0.29, P=0.046 and »=—0.20, P=0.20).
Neither yellow chroma nor brightness of tongue and gape
were correlated with vitamin E level (all P>0.05).

In females, gape brightness was correlated with vitamins
A and E levels (r=-0.38, P=0.012 and »=—0.38, P=0.012)
and with total carotenoid level (r=—0.33, P=0.032). All
other parameters were not significantly correlated with total
carotenoid or vitamin levels (all P>0.10).

Discussion

We investigated black-legged kittiwake integument colora-
tion to determine whether it may signal antioxidant levels,
as well as phenotypic and genetic quality during the chick-
rearing period. The main findings of this study were that (1)
gape and tongue yellow chroma were associated with
carotenoid and vitamin A levels in males, (2) gape and
tongue yellow chroma and eye-ring brightness reflected
reproductive success in males, and (3) eye-ring saturation
and tongue yellow chroma were correlated with heterozy-
gosity in both males and females.

In males, circulating carotenoid and vitamin A levels
were positively correlated with gape and tongue yellow
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Fig. 6 Tongue yellow chroma in relation to total carotenoid (a) and
vitamin A (b) levels in males (continuous line) and females (dashed
line). Carotenoid and vitamin A levels were log-transformed for the
ease of representation. Statistical tests were however non-parametrics
and performed on non-transformed values

chroma during the chick-rearing period (Figs. 5 and 6),
while only vitamin A levels were correlated with gape and
tongue brightness. Carotenoids and vitamin A may thus be
involved in the expression of color signals in kittiwakes.
Vitamin A plays a key role in various functions such as
growth, reproduction, and vision, and its antioxidant and
immune modulating properties are well recognized (Garbe
et al. 1992; Stephensen et al. 2002; Surai 2002). Vitamin A
is a better antioxidant than carotenoids, but it is colorless.
Birds with a carotenoid-rich diet are expected to have high
vitamin A levels, as vitamin A is formed from carotenoid
precursors (f3-carotene) in the intestinal mucosa. Further-
more, a high level of vitamins may prevent carotenoids
from bleaching and thus carotenoid-based coloration from
diminishing (Hartley and Kennedy 2004). It has thus been
suggested that carotenoid-based signals do not advertise
carotenoids as antioxidants but may advertise the healthy
functioning of systems that prevent their oxidation (Hartley
and Kennedy 2004). Our results provide evidence that in
kittiwakes, carotenoid-based gape and tongue colors may
be indicators of uncolored vitamin A levels. In spotless
starlings Sturnus unicolor, beak color reflects circulating
level of vitamin A during the mating period (Navarro et al.
2010). In yellow-legged gulls Larus michahellis, birds
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supplemented with vitamin E have larger red bill spots than
non-supplemented birds (Pérez et al. 2008), and in male
sticklebacks Gasterosteus aculeatus, males supplemented
with vitamins E and C are more intensely colored and are
preferred by females compared to controls (Pike et al.
2007). However, the causal link between vitamin A and
carotenoid-based coloration remains to be demonstrated.
The carotenoid components of gape and tongue (i.e.,
yellow chroma), as well as eye-ring brightness, were related
to male reproductive success (Fig. 3a—c). Although we lack
correlation between antioxidant levels and eye-ring color-
ation, it is likely that eye-ring brightness also reflects
carotenoid and vitamin A levels. Male coloration in the
chick-rearing period may therefore be an honest signal of
individual quality, indicating good health of the antioxidant
system and reproductive success. Consequently, such
coloration could play a role in the evaluation of mates for
future pairing or the adjustment of parental effort by
females (“differential allocation” hypothesis; Burley 1988;
Sheldon 2000). These results are congruent with a previous
study in Kkittiwakes, showing that males experimentally
handicapped during the chick-rearing period had less bright
integuments (measured from photos) than control males
(our unpublished data). In several species, females have
been shown to adjust clutch size, concentration of internal
egg compounds, or food delivery according to male
attractiveness (de Lope and Moller 1993; Gil et al. 1999;
Helfenstein et al. 2008; Velando et al. 2006). In blue tits
Parus caeruleus for instance, females mated to males with
bright UV coloration feed theirs chicks at a higher rate
(Limbourg et al. 2004), and in eastern bluebirds Sialia
sialis, females mated to males with brighter plumage
increase their investment in sons (Ligon and Hill 2010).
Contrary to male coloration, female coloration was not
related to offspring fledging success, although female gape
brightness was correlated with carotenoid and vitamins A
and E levels. By evaluating gape color of females, males
could estimate female health. Further studies are needed to
determine in the extent to which gape coloration indicates
female quality during the chick-rearing period.
Heterozygous kittiwakes were found to have higher eye-
ring saturation (measured from pictures) (Fig. 4b) and
lower tongue yellow chroma (Fig. 4a) than homozygous
kittiwakes. In many species, heterozygosity is associated
with individual quality (Acevedo-Whitehouse et al. 2003;
Keller and Waller 2002; Roldan et al. 1998) and is
conveyed to conspecifics through phenotypic traits, such
as body scent, asymmetry, or song (Charpentier et al. 2010;
Roldan et al. 1998; Van Oosterhout et al. 2003). In
kittiwakes, heterozygosity is positively correlated with
chick growth and survival (Mulard et al. 2009), and it
probably also affects adult fitness. Kittiwakes may thus

@ Springer

assess the genetic quality of conspecifics or mates through
eye-ring and tongue color, and adjust their behavior
accordingly. The negative correlation between tongue
yellow chroma and heterozygosity (Fig. 4a) is intriguing
because heterozygous individuals are expected to be high-
quality birds and to have high carotenoid levels and high
yellow chroma. However, the relationship between tongue
yellow chroma and heterozygosity is mainly driven by
females (Fig. 4a), in which tongue yellow chroma is not
correlated with carotenoid levels (Fig. 6a). Furthermore, in
females, tongue yellow chroma increased with date and
tended to decrease with fledging success (Fig. 3b), poten-
tially revealing a negative relationship between tongue
yellow chroma and quality in females. Vascularized bare
parts of many species are also colored by blood (McGraw
2006b), and blood flow and hemoglobin synthesis vary
depending on bird physiological condition and metabolic
rate. In kittiwakes, eye-ring color becomes less saturated
and darker with the appearance of black patches as the
breeding season progresses (our personal observation).
Tongue and eye-ring color may thus depend on a
combination of factors, e.g., the concentration of hemoglo-
bin, the level of plasma carotenoid, the uptake of carotenoids
from blood by integument cells, and the amount of melanin
pigments. The color-based signal of heterozygosity in
kittiwakes could therefore be determined by multiple factors
rather than simply carotenoid levels. Very few studies have
shown a relation between carotenoid-based coloration and
heterozygosity. In zebra finch 7 guttata and guppies
Poecilia reticulata, inbred males are less colored than
outbred individuals (Bolund et al. 2010; Sheridan and
Pomiankowski 1997).

Contrary to fleshy integuments, the bill is a keratinized
structure and the turnover of carotenoids deposited within it
may take place more slowly. Therefore, bill coloration may
not be linked to the current condition of the bird but may
require more persistent stressful situations to change and
thus reflect individual quality in the longer term. Bill color
fades during the breeding season, from intense yellow at the
beginning of the season to pale yellow and shedding at the
end (our personal observations). Bill color may thus not
reliably reflect individual quality during the chick-rearing
period. This may explain why we did not observe any
correlation between bill color and individual quality during
the chick-rearing period.

To summarize, our main results indicate that the
coloration of carotenoid-based fleshy integument in black-
legged kittiwakes reveals information about phenotypic
quality in males during the chick-rearing period. Experi-
mental studies are now clearly required to determine
whether coloration is used by females to adjust their
parental effort.
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