
ORIGINAL PAPER

Carotenoids increase immunity and sex specifically affect color
and redox homeostasis in a monochromatic seabird
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Abstract Carotenoid-based integument coloration is ex-
tremely widespread in animals and commonly used as an hon-
est signal of condition in sexual selection. Besides being used
for color expression, carotenoids have antioxidant and immu-
nomodulatory activity. Being a limited resource, carotenoid
allocation to competing demands generates a trade-off.
Recent studies, however, suggest that the antioxidant role of
carotenoids might not be as important as previously thought.
To shed light on the mechanism maintaining carotenoid-based
signal honesty in the black-legged kittiwake (Rissa
tridactyla), we supplemented males and females with dietary
yellow xanthophylls (lutein and zeaxanthin) during the chick-
rearing period, when male coloration may be a good indicator
of future reproductive success. The supplementation affected
plasma carotenoid levels similarly in males and females, i.e., it
increased the levels of lutein but decreased the levels of total
astaxanthin, one of the main pigments coloring integuments in

this species. Supplemented adults and their chicks had stron-
ger immune response than controls, suggesting that yellow
xanthophylls enhance the innate immune system in kitti-
wakes. However, supplementation caused sex-specific effects
on integument coloration and oxidative stress. Supplemented
males had duller integuments, but similar oxidative damages
compared to control males, while supplemented females had
more colorful integuments, but higher oxidative damages than
control females. Because the increase in lutein was associated
with a decrease in other potential antioxidants (i.e.,
astaxanthin and vitamin A), the role of carotenoids as antiox-
idants in kittiwakes remains undetermined. Our results, how-
ever, indicate that the trade-off responses to carotenoid avail-
ability are sex-specific in kittiwakes.

Keywords Bacteria killing ability . PHA . Redox
homeostasis . Carotenoid supplementation . Black-legged
kittiwakes

Introduction

Many animals, including birds, fish, and reptiles, use
carotenoid-based coloration as an honest indicator of individ-
ual quality in sexual selection (Kodric-Brown 1989; Hill
2006; Hamilton et al. 2013). In addition to providing colora-
tion, carotenoids have the potential to act as antioxidants and
immunostimulants (Blount et al. 2003; Chew and Park 2004;
McGraw 2006a; Simons et al. 2012). Carotenoids cannot be
synthesized de novo by vertebrates and have to be acquired
through the diet. Consequently, a trade-off between allocating
carotenoids to coloring signals vs. physiological functions has
been assumed (Lozano 1994), and increased redness or
yellowness of carotenoid-rich ornaments has been hypothe-
sized to signal good health (von Schantz et al. 1999). The
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mechanisms and functions of the expressions of carotenoid-
based ornaments have been particularly well investigated in
birds (reviewed in Svensson and Wong 2011; Simons et al.
2012; Pérez-Rodríguez et al. 2013). However, the mecha-
nisms maintaining honesty of the carotenoid signals are still
debated. While the role of carotenoids in the good functioning
of the innate immune system, albeit complex, is relatively
sound, studies of the role of carotenoids as antioxidants have
yielded much more contradictory results (Horak et al. 2007;
Costantini and Møller 2008; Isaksson and Andersson 2008;
Perez-Rodriguez 2009; Svensson and Wong 2011), and carot-
enoids have been suggested not to be as powerful antioxidants
as previously thought (Hartley and Kennedy 2004; Costantini
and Møller 2008).

Recently, several other mechanisms have been suggested to
explain how carotenoid-based ornaments can still give infor-
mation on oxidative stress levels. First, at high concentrations,
carotenoids, such as lutein or β-carotene, can lose their anti-
oxidant effect and acquire pro-oxidant properties (El-Agamey
et al. 2004; Costantini et al. 2007a; Huggins et al. 2010). Only
individuals in good health and with good noncarotenoid anti-
oxidant systems can afford high carotenoid levels and intense
carotenoid-based coloration (Zahavi and Zahavi 1997;
Costantini et al. 2007a). Accordingly, supplementation with
moderate to high amount of xanthophylls causes increased
oxidative stress and lower body mass in kestrels (Falco
tinnunculus; Costantini et al. 2007a), and higher skeletal mus-
cle breakdown and reduced flight performance in American
goldfinches (Carduelis tristis; Huggins et al. 2010). Second,
as carotenoids may be bleached by oxidative processes, col-
oration may reflect the concentration in major colorless anti-
oxidants (e.g., vitamins A, C, or E, or melatonin) and, hence,
the healthy functioning of antioxidative systems (Hartley and
Kennedy 2004). However, results have been inconsistent.
Although supplementation with colorless antioxidants causes
larger red bill spots in yellow-legged gulls (Larus michahellis;
Pérez et al. 2008), redder bills in zebra finches (Taeniopygia
guttata; Bertrand et al. 2006), and redder nuptial coloration in
sticklebacks (Gasterosteus aculeatus; Pike et al. 2007), it does
not affect plumage or wattle coloration in house finches
(Haemorhous mexicanus), male greenfinches (Carduelis
chloris) and ring-necked pheasants (Phasianus colchicus;
Karu et al. 2008; Orledge et al. 2012; Giraudeau et al.
2013). More studies are therefore needed to evaluate the link
between carotenoids and oxidative stress in birds.

To shed some light on the mechanism maintaining the sig-
naling honesty of carotenoid-based ornamentation and evalu-
ate the role of carotenoids in redox homeostasis and immune
system, we supplemented chick-rearing male and female
black-legged kittiwakes (Rissa tridactyla) with dietary yellow
xanthophylls (lutein and zeaxanthin) and measured the re-
sponse of the following variables: plasma carotenoid levels,
integument color (i.e., bill, gape, tongue, and eye-ring),

plasma antioxidant activity, plasma reactive oxygen metabo-
lite concentration, and bacterial killing ability of plasma—a
measure of the innate immune system activity. Carotenoids
may be part of a complex system maintaining the homeostatic
balance between oxidants and antioxidants (Hill and Johnson
2012; Pérez-Rodríguez et al. 2013). Animals may regulate this
balance by downregulating noncarotenoid antioxidants if ca-
rotenoids are plentiful, thereby masking the contribution of
the extra carotenoids on total antioxidant activity (Pérez-
Rodríguez et al. 2013). We therefore also measured levels
of plasma vitamins A and E to evaluate the effect of the sup-
plementation on some components of the antioxidant system.

The first aim of this study was to evaluate whether caroten-
oids help maintain redox homeostasis and bolster immunity. If
physiological and coloring functions do indeed trade off,
unsupplemented birds being more constrained in their caroten-
oid allocation should show lower coloration, lower immune
response, and lower antioxidant capacity, while supplemented
birds should be able to allocate carotenoids to all of these
functions. The second aim of this study was to determine
whether carotenoid allocation between coloration and physio-
logical functions differ between males and females. In
kittiwakes, integument color is related to carotenoid levels
and reproductive success in chick-rearing males (Leclaire
et al. 2011a, 2011b), but not in chick-rearing females
(Leclaire et al. 2011b). During the chick-rearing period, integ-
ument color is therefore suggested to be under strong selective
pressure and to work as sexual advertisement only in males
(Leclaire et al. 2011b). Sex-specific allocation of supplemental
carotenoids is therefore expected, with males allocating more
additional carotenoids to coloration compared to females.

Despite the increasing number of carotenoid studies carried
out in nestlings, the positive effects of increased carotenoid
availability on chicks are still controversial. The most com-
mon effects include increased immune response (Fenoglio
et al. 2002; Cucco et al. 2006), increased coloration
(Casagrande et al. 2007), or improved growth or condition
(Cucco et al. 2006; Saino et al. 2008). Contradictory results
have, however, also been found (Biard et al. 2006; Fitze
et al. 2007; Marri and Richner 2014). In kittiwake chicks,
bill and eye-ring are black, while gape and tongue are dull
pink, a color that probably does not originate from carot-
enoids but rather from underlying blood flow. Therefore,
in contrast to kittiwake adults, a trade-off between allo-
cating carotenoids to coloration and physiological func-
tions does probably not exist in chicks. In our study, sup-
plemental dietary carotenoids provided to adults may be
passed to chicks through the bolus of food that parents
regurgitate to feed their chick. Therefore, to investigate
the potential effects of carotenoids on physiological func-
tions in chicks, we also measured carotenoid and vitamin
levels, oxidative stress, and immune response in chicks
from supplemented and unsupplemented parents.
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Methods

Study site

The study was conducted from June 19th to August 2nd 2010
on a population of black-legged kittiwakes nesting on the
upper walls of an abandoned U.S. Air Force radar tower on
Middleton Island (59° 26′ N, 146° 20′ W), Gulf of Alaska.
Nest sites were observed from inside the tower through sliding
one-way windows (Gill and Hatch 2002). This enabled easy
capture and monitoring of breeders and chicks. All nest sites
were checked twice daily to record events such as laying,
hatching, or fledging. Studied adults and chicks were sexed
based on molecular methods (Merkling et al. 2012) or on
copulation and courtship feeding behavior during the
prelaying period (Jodice et al. 2000).

Carotenoid supplementation

We supplemented birds with lutein and zeaxanthin. Lutein and
zeaxanthin are the two most common pigments in bird blood
(McGraw 2006a) and were the first and third most abundant
pigments in plasma of kittiwakes breeding in the 2008 season
(Leclaire 2010). Carotenoids were obtained from Kemin
Foods (Nantes, France; Oro Glo Layer Dry 20) in the form
of a dietary supplement made of crystalline lutein derived
from marigold flowers. Carotenoid concentration in the prod-
uct was 1.8 % lutein and 0.2 % zeaxanthin, and both caroten-
oids were in free alcohol forms readily available for absorp-
tion (Biard et al. 2006).

Upon hatching of the first chick (two chicks being the
modal brood size), 63 pairs were trained to eat a daily supple-
mental capelin (Mallotus vilosus) for 5 days. In 15 pairs, both
male and female refused to eat fish throughout the 5 days of
training. They were thus excluded from the experiment. The
48 remaining pairs were randomly assigned to either caroten-
oid supplementation treatment (SUP birds; n=24 pairs) or to
control treatment (CO birds; n=24 pairs). Carotenoid supple-
mentation started 5 days after hatching of the first chick and
lasted for 10 days. It consisted in one daily supplemental cap-
elin filled with 0.05 g dietary supplement diluted in 1 ml re-
fined soybean oil (Crisco® pure vegetable oil). SUP birds
therefore received daily 0.9 mg lutein and 0.1 mg zeaxanthin.
Carotenoid/oil mixture was prepared each evening and stored
at 4 °C and in darkness until use the following day. Control
treatment consisted in one daily supplemental capelin filled
with 1 ml vegetable oil. We retained only birds that ate more
than five fishes during the 10-day treatment (n=13 SUPmales
and n=14 CO males, and n=12 SUP females and n=7 CO
females). There are no data on the specific composition of
carotenoids in the diet of black-legged kittiwakes. Yet in
June–August 2010, capelin was the main food item in kitti-
wake diet (Hatch 2013). Chick-rearing black-legged

kittiwakes need to consume 315 g capelin every other day to
meet their energy expenditures (Gabrielsen et al. 1987). As
capelin contain 93 μg lutein+zeaxanthin per 100 g of fish
(Slifka et al. 2013), a 1-day supplementation amount corre-
sponds to 6.8-folds the normal daily carotenoid intake of a
kittiwake. However, this calculated normal daily carotenoid
intake based on capelin consumption is probably
underestimated as kittiwakes also consume a small amount
of salmon and krill which are richer in carotenoids than cap-
elins. In addition, because kittiwakes feed their young chicks
with food regurgitate, supplemented parents absorbed proba-
bly less carotenoids than the amount they received. Soybean
oil did not contain high dose of carotenoids as suggested by
the similar lutein, zeaxanthin, and total carotenoid levels be-
tween the CO birds after 10 days of supplementation and the
2009 unsupplemented chick-rearing kittiwakes (see Leclaire
et al. 2011b; values are given as means±SE; lutein levels:
1.24±0.20 vs. 1.49±0.17 μg/ml; zeaxanthin levels: 7.20±
0.83 vs. 6.24±0.68 μg/ml; total carotenoid levels: 13.62±
1.76 vs. 14.03±1.46 μg/ml; all P>0.38).

Experimental birds were captured at day 0 (i.e., 5 days after
hatching of the first chick) and day 10 (i.e., 15 days after
hatching of the first chick) of the experiment. Blood samples
were collected from the alar vein with a 1 ml syringe and a 25
gauge needle (maximum amount of blood collected: 900 μl),
birds were weighed to the nearest 5 g with a Pesola® scale and
integument color was measured with the method described
below. Blood was centrifuged just after collection and plasma
samples were stored at −20 °C until analyses.

At hatching, A and B chicks (first and second hatched
chick, respectively) were marked on the head with a nontoxic
marker for identification. A chicks were colored in red, while
B chicks were colored in blue. Chicks were weighed and
measured at 5 and 15 days of age. Body mass was measured
to the nearest gram with an electronic scale and tarsus length
to the nearest millimeter with a stop rule. Chicks were bled at
15 and 20 days of age in order to limit the amount of blood
collected at each capture. We retained only chicks from nests
where the total of fish eaten by parents was more than five
fishes during the 10-day treatment (20 A chicks and 7 B
chicks in SUP nests, and 15 A chicks and 7 B chicks in CO
nests).

Integument color measurements

At onset and end of treatment, 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 μm fiber optic reflectance probe
held at 45° from the integument surface. Reflectance was
measured using the SpectraSuite software (Ocean Optics,
Inc.) and in relation to a dark and a white (Spectralon®,
Labsphere) standard. The spectrometer was calibrated
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between each bird measurement. We measured gape color at
the intersection 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.

Reflectance spectra of gape, tongue, and bill have peaks in
both the ultraviolet (UV) and visible wavelengths (Leclaire
et al. 2011b). From the reflectance spectra, we calculated four
parameters using the Avicol software (Gomez 2007).Wemea-
sured (1) mean brightness as the mean summed reflectance
between 300 and 700 nm, (2) UV chroma as the proportion
of the total reflectance falling in the UV range (300–400 nm),
(3) carotenoid chroma [(R700 nm−R450 nm)/R700 nm], and (4)
hue as the wavelength at maximal reflectance in the range
500–700 nm.

During the 2010 breeding season, wemeasured integument
color three times in a row for 27 birds, allowing us to measure
repeatability of color measurement. Repeatability was calcu-
lated as intraclass coefficient using the BICC^ package in R (R
Core Team 2014).

The light emitted by the spectrometer is dangerous for the
birds’ eyes. Eye-ring color was thus measured from digital
photographs at onset and end of treatment. 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 compo-
nents of red, green, and blue (RGB system) were recorded
within the whole area of the eye-ring. RGB components were
then converted into hue, saturation, and brightness values.
This method has already been investigated on black-legged
kittiwakes (Leclaire et al. 2011a, 2011b; Blévin et al. 2014),
and information obtained from digital pictures is still useful as
it reveals patterns of biological meaning (Alonso-Alvarez
et al. 2004; Mougeot et al. 2007b; Leclaire et al. 2011a,
2011b; Blévin et al. 2014).

Plasma carotenoid and vitamin levels

Carotenoid and vitamin (A and E) levels in plasma were ana-
lyzed at the McGraw lab (Arizona State University, USA) at
the beginning 2011 using the protocol described in McGraw
et al. (2008b). Briefly, we thawed and added 15 μl of plasma
to a microcentrifuged tube that together with 100 μl of ethanol
was vortexed for 5 s. Afterwards, we added 100 μl of tert-
butyl methyl ether and vortexed again for 5 s. We then centri-
fuged tubes for 3 min at 12,000 rpm. We transferred the su-
pernatant to a fresh screw cap tube and evaporated to dryness
with a nitrogen evaporator in a hood. Next, we resuspended
the supernatant in 200 μl mobile phase, vortexed for 5 s, and
injected 50 μl into a high-performance liquid chromatograph
(HPLC; Waters Alliance® Instrument, Waters Corporation,
Milford, MA). We used a 5 μm Waters Carotenoid C-30

column (4.6×250 mm ID) to determine types and amounts
of carotenoids present. Pigment concentrations were calculat-
ed based on external curves constructed from known amounts
of purified reference carotenoids. In adults, carotenoid and
vitamin levels were measured at onset and end of treatment,
while in chicks, they were measured at 15 days of age. Eleven
plasma samples turned brown, which likely indicated degra-
dation of the samples during transport.

In addition, to examine the biochemical basis of the color-
ation in kittiwakes, we performed exploratory analyses. We
collected bare parts (eye-ring, tongue, gape, and bill) of three
unknown sex kittiwakes found freshly dead in the field and
stored them at −20 °C until analyses. Analyses of carotenoids
in bare parts were performed in June 2011 following the
ketocarotenoid protocol for beak described in McGraw and
Toomey (2010).

Oxidative stress analyses

In May 2012, oxidative stress was measured in plasma sam-
ples by using the d-reactive oxygen metabolites (d-ROM) and
the oxy-adsorbent tests (Diacron International, Grosseto,
Italy), as previously described in birds (Costantini and
Dell’Omo 2006). Oxidative stress was measured at the end
of treatment in adults and at 20 days of age in A chicks.

The d-ROM test measures plasmatic hydroperoxydes,
which are reactive oxygen metabolites (ROM) resulting from
the attack of reactive oxygen species on organic substrates
(carbohydrates, lipids, amino acids, proteins, nucleotides).
The plasma (10 μl) was first diluted in 200 μl of an acidic
buffer solution (pH 4.8) and 2 μl of a chromogen and then
incubated at 37 °C for 75 min. These acidic conditions favor
the release of iron ions from plasma proteins, which catalyze
the breakdown of hydroperoxide into alkoxyl and peroxyl
radicals. These final products, in turn, react with the chromo-
gen and produce a complex where color intensity, read with a
microplate reader (505 nm, ASYS UVM340), is proportional
to its concentration. The concentration of hydroperoxide was
then calculated by comparison with a standard solution.

The oxy-adsorbent test measures the total plasma antioxi-
dant capacity (OXY). This test evaluates the plasma ability to
oppose the oxidative action of a hypochlorous acid (HClO)
solution. The plasma (5 μl) was first diluted 1:100 with dis-
tilled water. 5 μl of this solution was then incubated with
200 μl of a tittered HClO solution at 37 °C for 10 min. Then
5 μl of chromogen (N,N-diethyl-p-phenylenediamine) was
added to measure the excess of HClO in plasma. The resulting
colored complex, read with a spectrophotometer (505 nm,
ASYS UVM340), is inversely related to the antioxidant pow-
er. The plasmatic antioxidant capacity was then calculated by
comparison with a standard solution. Six plasma samples
turned brown which likely indicated degradation of the sam-
ples during transport.
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Analyses of the immune system

Bactericidal capacity of plasma was tested in adults at the end
of treatment. We used Escherichia coli ATCC 8739
(#RQC11003, Sigma Aldrich). This bactericidal assay gives
an index of the capacity of the blood to rapidly thwart a poten-
tial bacterial pathogen. This activity is probably a combination
of several mechanisms of the innate immune system, including
microbicidal activities of natural antibodies, complement pro-
teins, or lysozymes (Tieleman et al. 2005; Matson et al. 2006;
Demas et al. 2011). Thus it is considered as one of the most
general and integrative in vitro measurements of the constitu-
ent elements of the innate immune system (Demas et al. 2011).
Bacteria were reconstituted from lyophilized pellet in 100 ml
tryptic soy broth (TSB). Bacteria were grown for 16 h at 37 °C
with constant agitation. Solution was then centrifuged and the
bacteria pellet was diluted in phosphate-buffered saline (PBS)
until attenuance at 680 nm was 0.20. This solution was diluted
1:100 to make up the bacteria working solution. 40 μl of plas-
ma was mixed with 20 μl of bacteria working solution on 96-
well plates and incubated at 41 °C for 30 min. Then 160 μl
TSB was added and the mixture was incubated at 37 °C under
constant agitation for 10 h. Optical density at 630 nm was read
using a Perkin Elmer Victor3 plate reader. Optical densities
before the 10 h incubation were used as references. Positive
and negative controls were regularly interspersed. Eight plas-
ma samples turned brown, out of which four were particularly
brown and were excluded from the statistical analysis. The
bactericidal assay was carried out in autumn 2014. Although
freeze duration is known to decrease E. coli killing capacity of
plasma (Liebl and Martin 2009), information on bactericidal
capacity obtained from plasma samples stored over a period of
4 years at −30 °C still revealed patterns of biological meaning
(Rubenstein et al. 2008).

Twenty-day-old A chicks were injected subcutaneously
with 0.2 mg phytohemagglutinin (PHA; L8754, Sigma
Aldrich) in 0.05 ml sterile PBS within the patagium. PHA
injection generates acute inflammation involving cellular com-
ponents such as macrophages, heterophils, and basophils
(Salaberria et al. 2013; Vinkler et al. 2013). Wing web thick-
ness was measured with a pressure-sensitive spessimeter
(Teclock Co., Okaya City, Japan) with an accuracy of
0.01 mm just before injection and 24 h after injection to assess
the intensity of the immune response. To reduce measurement
errors, all measurements were realized three times in a row and
the same observer carried out measurements at all time points
for a given bird. PHA response could not be tested in adults as it
required two consecutive captures with a strict time interval.

Statistical analyses

Effects of the treatment on integument coloration (mean bright-
ness, carotenoid chroma, UV chroma, and hue of gape, tongue,

and bill, and hue, saturation and brightness of eye-ring), anti-
oxidant levels and body mass in adults were assessed using
linear mixed models (LMM). Measure after treatment was the
dependent variable and measure before treatment was entered
as a covariate. Treatment, sex, and their interaction, as well as
the number of fish eaten during the experiment, were entered
as fixed effects. Nest identity was entered as a random factor.
Gape and tongue brightness and hue, as well as bill carotenoid
chroma and UV chroma, were log-transformed to meet nor-
mality assumption. Total lutein, zeaxanthin, anhydrolutein, and
β-cryptoxanthin levels were log-transformed to meet normal-
ity assumption. Effects of the treatment on OXY, ROM, and
bacterial killing ability of plasma (log-transformed) in adults
were tested using similar models, except that values before
treatment were not measured and were not entered as covari-
ates. Plate identity was entered as a random factor in the bac-
terial killing ability, ROM and OXY analyses. Plasma color
was entered as an explanatory variable in the carotenoid, vita-
min, bacterial killing ability, ROM and OXY models.

In chicks, effects of the treatment on carotenoid and vita-
min levels, PHA response, OXY, ROM, mass gain, and tarsus
growth rate (i.e., the difference between 5 and 15 days of age
for the last two variables) were assessed using LMM with
treatment, sex of the chick, rank of the chicks (except for
OXY and ROM, which were measured in A chicks only),
and their interactions as fixed effects and nest as a random
factor. Wing length was entered as a fixed effect and observer
identity as a random effect in the PHA response models.
Plasma color was entered as a fixed effect in the carotenoid
and vitamin level models and in the OXY and ROM models.
Zeaxanthin and β-cryptoxanthin levels were log-transformed,
and total astaxanthin levels was transformed using a box-cox
transformation (λ=−3) to meet normality assumption.

All statistical tests were performed with SAS (SAS Intitute
Inc. 1999). Nonsignificant terms were backward dropped
using a stepwise elimination procedure. When the minimal
model was obtained, each removed term was then put back
into the minimal model to assess the level of nonsignificance
and to ensure that significant terms had not been inappropri-
ately dropped.We used two-tailed type III tests for fixed effect
with a significance level set to α=0.05, and the Satterthwaite
correction for the calculation of fixed-effect degrees of free-
dom (Littell et al. 2006). Values are expressed as least squared
means±standard error of the LS means throughout.

Results

Carotenoids in integuments

Chemical tests indicated that all the tissues analyzed contained
carotenoids. Bills mainly contained lutein and other yellow
xanthophylls, whereas gape, tongue, and eye-ring mainly
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contained orange-red ketocarotenoids like astaxanthin and
canthaxanthin. All pigments, however, were highly esterified
and thus did not yield quantifiable HPLC traces.

Effects of the supplementation on adults

Supplemented (SUP) and control (CO) birds ate a similar
number of fish during supplementation (means±SE: 7.80±
0.27 vs. 7.52±0.30 fishes; range: 6–10 fishes in both treat-
ments; F1,43=0.96, P=0.33), but females tended to eat less
fish than males (means±SE: 7.26±0.32 vs. 7.96±0.24 fishes;
range: 6–10 fishes in both sexes; F1,44=3.14, P=0.08). SUP
and CO pairs had similar brood size at onset of treatment
(means±SE: 1.32±0.10 vs. 1.33±0.11 chicks; F1,43=0.13,
P=0.72), as well as at the end of treatment (means±SE:
1.20±0.08 vs. 1.10±0.10 chicks; F1,44=0.71, P=0.41).
Males were heavier than females both before (460±5 and
414±6 g; F1,29.9=42.85, P<0.0001) and after treatment (435
±5 and 390±6 g; F1,26.8=37.34, P<0.0001). Supplementation
did not influence male or female body mass (SUP and CO
males: 435±5 and 434±5 g, F1,23=0.01, P=0.94; SUP and
CO females: 390±6 and 387±8 g, F1,15=0.06, P=0.81).

SUP birds had higher lutein levels in plasma than CO birds
(Table 1 and Fig. 1a), but similar levels of zeaxanthin (Table 1
and Fig. 1a). SUP birds had lower total astaxanthin levels than
CO birds (Table 1 and Fig. 1a). None of the other carotenoid
levels appeared to vary with treatment (Table 1 and Fig. 1a),
and total carotenoid levels were similar in SUP and CO birds
(7.59±2.42 vs. 9.64±2.01μg/ml; F1,32.6=0.44, P=0.51). SUP
birds had lower vitamin A levels in plasma compared to CO
birds (Table 1 and Fig. 1a), but similar vitamin E levels
(Table 1 and Fig. 1a). Carotenoid and vitamin levels did not
significantly differ between sexes (Table 1), except β-

cryptoxanthin levels which were higher in males than females
(0.88±0.17 vs. 0.45±0.20 μg/ml; Table 1). β-carotene levels
decreased with fish number (Table 1). Total lutein, zeaxanthin,
total astaxanthin, and β-cryptoxanthin levels were lower in
the plasma samples that had turned brown (Table 1).

Almost all gape color parameters varied with the interac-
tion between treatment and sex (Table 2 and Figs. 2 and 3).
SUP males had higher gape brightness (F1,24=8.13, P=
0.0088; Fig. 2) and lower gape hue (622±3 vs. 630±3 nm;
F1,24=5.06, P=0.034) and tended to have lower gape carot-
enoid chroma (F1,24=3.32, P=0.08; Fig. 3) than COmales. In
contrast, SUP females tended to have lower gape brightness
(F1,16=3.50, P=0.080; Fig. 2), but not significantly higher
gape hue (629±3 vs. 622±4 nm; F1,16=2.65, P=0.12) than
CO females. Gape UV chromawas lower in SUP females than
CO females (0.20±0.01 vs. 0.24±0.01, F1,16=7.40, P=0.015;
Fig. 2), while it did not differ between SUP and CO males
(0.20±0.01 vs. 0.20±0.01, F1,24=0.02, P=0.88; Fig. 2). SUP
females did not have different gape carotenoid chroma than
CO females (F1,16=0.76, P=0.40; Fig. 3).

Tongue brightness and carotenoid chroma depended also
upon the interaction between treatment and sex (Table 2). SUP
males had higher tongue brightness (F1,23=8.73, P=0.0071;
Fig. 2) but not significantly lower tongue carotenoid chroma
than COmales (F1,25=2.56, P=0.12; Fig. 3). In contrast, SUP
females did not have different tongue brightness than CO
females (F1,16=0.72, P=0.41; Fig. 2), but they tended to have
higher tongue carotenoid chroma than CO females (F1,17=
3.62, P=0.07; Fig. 3).

Bill brightness depended upon the interaction between
treatment and sex (Table 2). It was lower in SUP females than
CO females (F1,16=4.95, P=0.041; Fig. 2), but it was not
significantly different between SUP males and CO males

Table 1 Linear mixed models testing for an effect of treatment (supplementation vs. control) and sex on carotenoid and vitamin plasma levels in adults
of black-legged kittiwakes

Total lutein Zeaxanthin Total
astaxanthin

β-Crytptoxanthin Anhydrolutein β-Carotene Vitamin A Vitamin E

Treatment Fdf 5.021,32.9 0.821,31.1 4.701,32 0.461,37 0.011,40 0.071,34.8 21.021,29.4 0.261,43
P 0.032 0.37 0.038 0.50 0.91 0.79 <0.0001 0.61

Sex Fdf 1.151,21.9 1.171,39 0.021,10.3 5.681,38 0.011,40 0.011,6.99 0.001,19.4 0.881,43
P 0.30 0.29 0.89 0.022 0.94 0.94 0.96 0.35

Sex×treatment Fdf 0.001,24.8 0.001,37 0.221,9.51 0.161,36 0.761,38 0.021,5.43 1.121,21.2 0.011,41
P 0.96 0.95 0.65 0.70 0.38 0.90 0.30 0.94

Fish number Fdf 0.331,37.8 0.891,38.8 2.901,24.3 3.971,38 1.451,40 12.771,8.86 0.481,39 0.051,43
P 0.57 0.35 0.10 0.054 0.24 0.006 0.49 0.83

Plasma color Fdf 6.631,37.9 8.921,32 7.831,37.2 6.041,38 0.011,40 0.561,9.65 0.311,38.7 0.301,43
P 0.014 0.005 0.008 0.019 0.91 0.47 0.58 0.59

Levels before
treatment

Fdf 8.981,38.6 8.271,39.6 3.271,37.4 5.271,38 16.981,41 2.331,6.05 4.611,38 0.001,41
P 0.005 0.007 0.078 0.027 0.0002 0.16 0.038 0.99

Significant effects retained in the final model are highlighted in bold
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(F1,24=2.81, P=0.11; Fig. 2). SUP birds tended to have higher
bill carotenoid chroma than CO birds (Table 2 and Fig. 3). Bill
brightness decreased with the number of fish (Table 2). Bill
hue tended to be higher in females than males (549±3 vs. 543
±2 nm; Table 2).

Eye-ring hue, brightness, and saturation did not vary with
treatment (F1,36.9=3, P=0.092; F1,43=0.12, P=0.73; and F1,

38=1.32, P=0.26), sex (F1,36.3=0.47, P=0.50; F1,43=0.10,
P=0.75; and F1,30.2=0.01, P=0.92) or their interaction (F1,

41=0.46, P=0.50; F1,41=0.10, P=0.76; and F1,30.5=2.39,
P=0.13).

Reactive oxygen metabolite (ROM) levels depended upon
the interaction between sex and treatment (F1,6.54=5.95, P=
0.047; Fig. 4). ROM level was higher in SUP than CO females
(F1,13.1=9.62, P=0.0084; Fig. 4) but did not depend upon
treatment in males (F1,16=0.17, P=0.69). Anti-oxidant capac-
ity (OXY) did not differ between supplemented and control
birds (234.2±20.7 mmol−1 HOCl neutralized vs. 253.3±
23.4 mmol−1 HOCl neutralized; F1,30.4=0.55, P=0.46) and
did not vary with sex (F1,6.42=0.71, P=0.43). ROM levels
and OXY did not vary with the number of fish (F1,24.4=
0.04, P=0.83; and F1,13.9=0.46, P=0.51). ROM levels was

lower in plasma samples that had turned brown (F1,13.3=
22.29, P=0.0004), while OXY did not vary with plasma color
(F1,13.8=3.29, P=0.092).

Bactericidal capacity of plasmawas higher in SUP than CO
birds (F1,34=4.20, P=0.048; Fig. 5a) and did not depend upon
sex (F1,33=0.91, P=0.35; Fig. 5a).

Effects of the supplementation on chicks

Supplemented A chicks and B chicks had higher lutein levels
in plasma (Table 3 and Fig. 1b) but similar levels of zeaxan-
thin compared to control A and B chicks (Table 3 and Fig. 1b).
The levels of other carotenoid pigments and vitamins did not
differ between SUP and CO chicks and did not vary with sex
or rank of the chicks (Table 3 and Fig. 1b), except vitamin A
levels that depended upon the interaction between sex and
rank (Table 3; female A and B chicks: 0.75±0.14 and 0.76±
0.12 μg/ml; male A and B chicks: 0.50±0.15 and 1.10±
0.20 μg/ml). SUP chicks tended to have higher vitamin E
levels than CO chicks (Table 3 and Fig. 1b). Males tended to
have higher total lutein levels (Table 3; 0.43±0.22 and 0.10±
0.19 μg/ml) and β-crytptoxanthin levels than females

Fig. 1 Circulating carotenoid
and vitamin levels in the plasma
of supplemented and control a
adults and b chicks of black-
legged kittiwakes after 10 days of
treatment. *P<0.05. Shown are
LS means ± SE of models with
nontransformed levels
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(Table 3; 0.50±0.20 and 0.15±0.17 μg/ml). SUP chicks had
higher total carotenoid levels than CO chicks (2.91±1.17 vs.
0.57±1.25 μg/ml; F1,44=4.86, P=0.033).

PHA-induced immune response was higher in SUP than
CO chicks (F1,23.5=7.25, P=0.013; Fig. 5b), higher in females
than males (F1,15=9.77, P=0.0069; Fig. 5b), and increased
with wing length (F1,26.5=6.21, P=0.019). PHA-induced im-
mune response did not depend upon the interaction between
treatment and sex (F1,12.7=0.24, P=0.63; Fig. 5b), treatment
and rank (F2,24.6=2.00, P=0.16), and rank and sex (F1,14.2=
0.01, P=0.92), and it did not vary with ranks (F1,6.92=1.11,
P=0.33).

Anti-oxidant capacity (OXY) and reactive oxygen metab-
olite levels (ROM) did not vary with treatment (OXY: F1,29=
1.10, P=0.30, SUP chicks: 211.2±8.2 mmol−1 HOCl-neutral-
ized, and CO chicks: 223.4±10.4 mmol−1 HOCl-neutralized;
ROM: F1,29=2.69, P=0.11, SUP chicks: 17.83±1.06 mg
H2O2/dl, and CO chicks: 15.36±1.34 mg H2O2/dl) or sex
(all P>0.35).

Mass gain between 5 and 15 days of age did not vary with
treatment (F1,42=0.04, P=0.84; SUP chicks: 172±6 g day−1

and CO chicks: 174±6 g day−1), rank, or sex (all P>0.15),
while tarsus growth between 5 and 15 days of age did not vary
with treatment (F1,41=0.01, P=0.94; SUP chicks: 8.38±
0.31 mm day−1 and CO chicks: 8.34±0.35 mm day−1) or rank
(F1,41=0.40, P=0.53) but was higher in males than females
(F1,42=4.81, P=0.034).

Discussion

In kittiwakes, as in numerous bird species (Blount et al. 2003;
Alonso-Alvarez et al. 2004; Baeta et al. 2008; Thorogood
et al. 2008; Benito et al. 2011; Peluc et al. 2012), dietary lutein
supplementation increased lutein levels in plasma. Despite
zeaxanthin supplementation, no increase in zeaxanthin levels
in plasma was detected. This result is in line with studies in
common lizards (Lacerta vivipara; San-Jose et al. 2012),
common tern (Sterna hirundo) chicks (Benito et al. 2011),
and blue tit (Cyanistes caeruleus) nestlings (Larcombe et al.
2010) but contrasts with studies in some other birds (McGraw
et al. 2011; Peluc et al. 2012). This lack of effect may stem
from the low amount of zeaxanthin supplied to the birds, the
low sample size or preferential absorption of lutein over zea-
xanthin when both carotenoids are in competition.Many stud-
ies have shown that the different carotenoid pigments are in
competition for their absorption in gastrointestinal mixed mi-
celles (Kostic et al. 1995; van den Berg 1999; Tyssandier et al.
2002; Yeum and Russell 2002). Although zeaxanthin seems to
outcompete lutein during intestinal absorption in American
goldfinch (C. tristis; McGraw et al. 2008a), one cannot ex-
clude that the opposite is true in kittiwakes.T
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a

b

c

Fig. 2 a Gape, b tongue, and c bill mean reflectance spectra after 10 days of treatment in supplemented and control male and female black-legged
kittiwakes

Fig. 3 Carotenoid chroma of gape, tongue, and bill in supplemented and control male and female black-legged kittiwakes. Shown are LSmeans ± SE of
models with nontransformed chroma
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Supplemented kittiwakes had lower total astaxanthin levels
in plasma than control birds. Besides being acquired from a
fish and crustacean diet, astaxanthin can be metabolically de-
rived from zeaxanthin, but also from β-carotene and β-
cryptoxanthin (Rodriguez et al. 1973; McGraw 2006a;
LaFountain et al. 2015). The absorption of β-carotene and

lutein has been suggested to depend on the same transporter
(Yonekura and Nagao 2007), and, in birds, lutein absorption is
known to be physiologically favored over carotene (Scheidt
1998). The lutein-rich diet of supplemented birds may there-
fore cause a decrease in the absorption of astaxanthin or pre-
cursors in the intestinal mucosa. Similar to kittiwakes, in
Atlantic salmons (Salmo salar), lutein supplementation is as-
sociated with a weak tendency toward decreased astaxanthin
levels in blood (Olsen and Baker 2006). In addition to its
potential role as astaxanthin precursor, β-carotene is a precur-
sor of vitamin A (Olson 1989). Supplemented kittiwakes had
lower vitamin A levels in plasma than control birds, further
suggesting a carotenoid absorption threshold and preferential
absorption of lutein over β-carotene in kittiwakes.

Red and orange ketocarotenoids are the main pigments
coloring gape, eye-ring, and tongue in kittiwakes
(Doutrelant et al. 2013; this study). The lower plasma levels
of total astaxanthin, as well as the suggested lower intestinal
absorption of canthaxanthin precursor (β-carotene;
LaFountain et al. 2015) in supplemented birds may therefore
be expected to be associated with duller integument colors.
Carotenoids are subtractive colorants, and high carotenoid
levels are commonly associated with high carotenoid chroma,
but low UV reflectance and low brightness of yellow orange
soft integuments (Andersson and Prager 2006; Mougeot et al.
2007a; Thorogood et al. 2008; Dugas and McGraw 2011).
Accordingly, supplemented males had duller gape and tongue,
as showed by higher gape and tongue brightness, lower gape
hue, and a tendency to lower gape carotenoid chroma, than
control males. Our result is in line with a previous study on the
same population of kittiwakes showing that gape and tongue
color is positively correlated with vitamin A and carotenoid
levels in unmanipulated chick-rearing males (Leclaire et al.
2011b).

Although the supplementation had similar effects on plas-
ma carotenoid levels in males and females, supplemented fe-
males—in contrast to supplemented males—had lower gape
UV chroma and tended to have redder gape and tongue than
controls (i.e., lower gape brightness and higher tongue carot-
enoid chroma). Our results suggest that males and females did
not differ in their carotenoid uptake from the diet, but differed
in their carotenoid allocation to integuments despite the kitti-
wake being a monochromatic species (Leclaire et al. 2011b;
Doutrelant et al. 2013). Sex-specific effects of carotenoids on
coloration have also been described in common tern nestlings,
where carotenoid supplementation causes an increase in feet
color only in females despite similar effects on carotenoid
levels in plasma in males and females (Benito et al. 2011).
Carotenoid deposition in integuments is directly affected by
androgen levels (Eens et al. 2000; McGraw 2006b; Mougeot
et al. 2007b). Sex differences in carotenoid deposition may be
due to sex differences in androgen receptor densities in the
skin, as suggested in kestrels (F. tinnunculus; Casagrande et al.

Fig. 4 Oxidative damage after 10 days of treatment in supplemented and
control female and male black-legged kittiwakes. Shown are LS means ±
SE

a

b

Fig. 5 Effect of the carotenoid supplementation on the innate immune
system in adults and chicks of black-legged kittiwakes. a Bacterial killing
ability of plasma (% of E. coli killed) in supplemented and control adults
after 10 days of treatment. b PHA-induced immune response (skin
swelling in mm) in 20-day-old supplemented and control chicks. Shown
are LS means ± SE
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2012). In addition, because formation of astaxanthin and can-
thaxanthin pigments from their precursors involves oxidation
(LaFountain et al. 2015), the high oxidative stress in supple-
mented females—in contrast to supplemented males (see be-
low)—could have increased astaxanthin formation in female
bare parts (Romero-Haro and Alonso-Alvarez 2015).
Similarly, high oxidative stress is associated with redder bills
in zebra finches (Romero-Haro and Alonso-Alvarez 2015).
Further studies including biochemical analyses of male and
female soft bare parts are clearly needed to properly evaluate
the effects of the different carotenoid pigments on coloration, as
well as the differences in carotenoid deposition between sexes.

Plasma from supplemented males and females had higher
bactericidal capacity than plasma from control birds. The bac-
tericidal capacity of plasma is a combination of several mech-
anisms of the innate immune system and gives an index of the
capacity of the blood to rapidly thwart a potential bacterial
pathogen (Tieleman et al. 2005). The increased immunocom-
petence of kittiwakes following yellow xanthophyll supple-
mentation is in line with the multiple studies showing that
lutein supplementation in the diet improves the innate immune
response of birds (Blount et al. 2003; McGraw and Ardia
2003; McGraw et al. 2011; Simons et al. 2012) and that indi-
viduals with higher carotenoid-based ornamentation are less
parasitized than duller individuals (Martínez-Padilla et al.
2007; Baeta et al. 2008; Lumpkin et al. 2014).

In contrast to the beneficial role of carotenoids in immuni-
ty, the role of carotenoids as antioxidant in birds is currently
questioned (Hartley and Kennedy 2004; Costantini and
Møller 2008). In kittiwakes, we found that yellow xanthophyll
supplementation did not strongly affect the antioxidant capac-
ity of plasma. The increase in lutein being associated with a

decrease in other potential antioxidants (total astaxanthin and
vitamin A) prevented us from determining whether caroten-
oids have antioxidant function in kittiwakes. Supplemented
females had higher oxidative damages than control females,
whereas supplemented males had similar oxidative damages
as control males. In yellow-legged gull (L. michahellis)
chicks, yolk lutein increases oxidative damages in males but
not in females (Saino et al. 2011). Increased oxidative dam-
ages in supplemented females may be due to pro-oxidant ac-
tivities of lutein or increased reactive oxygen species (ROS)
liberation associated with increased immunity. In addition,
carotenoids may be important components of a complex inte-
grated antioxidant system including, for instance, vitamins A
and E, glutathione peroxidase, coenzyme Q, and uric acid
(Harris 1992; Yu 1994). Although each antioxidant has spe-
cific roles, there is also a level of interaction and modulation
between these different compounds (Selman et al. 2006; Hill
and Johnson 2012). Increased oxidative damages in supple-
mented females may thus also be due to an imbalance between
these different antioxidant compounds. Our result suggests
sex-biased susceptibility to oxidative damages in kittiwakes.
The chick-rearing period is more energetically demanding for
females than males (Moe et al. 2002), and under resource
limitation (i.e., low vitamin A levels, for instance), chick-
rearing females may be more prone to oxidative damages than
chick-rearing males. Males may also have mobilized other
antioxidant compounds from storage organs to maintain redox
homeostasis.

In a previous study, on the same kittiwake population, male
coloration was found to be positively correlated with repro-
ductive success, suggesting that coloration may be a signal of
quality used by conspecifics in sexual selection (Leclaire et al.

Table 3 Linear mixedmodels testing for an effect of treatment (supplementation vs. control) and sex on carotenoid and vitamin plasma levels in chicks
of black-legged kittiwakes

Total lutein Zeaxanthin Total astaxanthin β-Crytptoxanthin Vitamin A Vitamin E

Treatment Fdf 10.021,34.1 1.021,35.3 1.301,32.6 2.481,36.7 2.191,34.1 3.521,43
P 0.0032 0.32 0.26 0.12 0.15 0.067

Sex Fdf 3.081,42.3 0.901,44.1 1.921,44.2 2.941,44.7 0.131,25.2 1.721,43
P 0.087 0.35 0.17 0.093 0.72 0.20

Rank Fdf 0.371,26.8 0.011,22.4 0.001,19.6 0.121,26.1 8.571,12.2 0.161,13.5
P 0.55 0.92 0.96 0.74 0.01 0.70

Sex×treatment Fdf 0.831,43 0.171,41.9 0.011,41.7 1.161,42.8 3.461,34.2 0.931,41
P 0.36 0.69 0.91 0.29 0.07 0.34

Sex×rank Fdf 0.361,27.7 0.111,26.3 1.101,34.4 1.271,35.3 6.561,14.1 0.061,41
P 0.55 0.74 0.30 0.27 0.023 0.80

Treatment×rank Fdf 0.481,25 0.031,21.3 0.041,18.2 0.001,25.9 1.711,16.1 1.571,41
P 0.49 0.87 0.84 0.97 0.21 0.22

Plasma color Fdf 2.681,43.2 3.401,35.6 1.641,29.1 1.471,34.6 10.801,17.4 4.141,43
P 0.11 0.074 0.21 0.23 0.004 0.048

Significant effects retained in the final model are highlighted in bold
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2011b). Our results have shown, however, that male colora-
tion, despite being a potential good indicator of total
astaxanthin and vitamin A plasma levels, does not covary
positively with antioxidant or immune capacity following yel-
low xanthophyll supplementation. The mechanism maintain-
ing signal honesty remains, therefore, unknown. In this study,
we supplemented birds with lutein and zeaxanthin. The key
pigments for developing colorful gape and tongue in kitti-
wakes are, however, red ketocarotenoids. It will be valuable
in future studies to manipulate levels of dietary
ketocarotenoids or precursors, as well as adopting a whole
animal approach by investigating changes in antioxidant
levels and redox homeostasis in several tissues.

In kittiwakes, bill, in contrast to fleshy integuments, is mainly
colored by yellow xanthophylls including lutein. Supplemented
birds were therefore expected to have more colorful bill than
control birds. We found that bill carotenoid chroma showed a
weak tendency (P=0.09) to be higher in supplemented males
and females than controls and that bill brightness was lower in
supplemented females than control females. The bill is a
keratinized structure, and the turnover of carotenoids within it
may be relatively slow compared to fleshy integuments. It may
be possible that stronger effects on bill color would have been
observed if the treatment would have been longer.

Chicks whose parents were supplemented with lutein had
higher lutein levels than controls. In kittiwakes, young chicks
are fed from food regurgitate, and the high lutein levels in
chicks from supplemented parents is likely due to regurgitate
made of lutein-supplemented fish. In contrast to supplemented
adults, chicks from supplemented adults did not have lower
total astaxanthin and vitamin A levels than controls.
Carotenoid levels being much lower in chicks than in adults,
astaxanthin and vitamin A precursors may not be in competi-
tion with yellow xanthophylls for their absorption in chick
blood. Chicks from lutein-supplemented parents did not have
higher antioxidant capacity or lower oxidative damages than
control chicks. Similarly, lutein did not affect plasma antiox-
idant capacity in kestrel nestlings (Costantini et al. 2007b),
great tit (Parus major) nestlings (Marri and Richner 2014)
and yellow-legged gull chicks (Saino et al. 2011), corroborat-
ing the claim that carotenoids are not major antioxidant in
birds (Hartley and Kennedy 2004; Costantini and Møller
2008). In contrast to adults, we did not detect any differences
between male and female chicks, suggesting that sex-specific
strategy in carotenoid allocation appears only once caroten-
oids are allocated to color signals. Kittiwake chicks from sup-
plemented parents had, however, higher innate immune re-
sponse as measured by the PHA skin swelling test.
Similarly, lutein-supplemented yellow-legged gull chicks
show similar antioxidant capacity and oxidative damages,
but higher PHA response than control chicks (Lucas et al.
2014). Our results, therefore, indicate that lutein stimulates
the innate immune system in chicks as in adult kittiwakes.

Altogether, we have uncovered intriguing sex-dependent
effects of yellow xanthophyll supplementation on integument
coloration and oxidative damages in a monochromatic sea-
bird. Supplemented females seemed to prioritize coloration
while males seemed to prioritize maintenance of redox ho-
meostasis. This sex-specific difference poses the question of
why benefits would be dissimilar for the two sexes. It is un-
likely that during the chick-rearing period, integument color is
under stronger selection in females than males, since during
this period, males and females share parental care almost
equally (Leclaire et al. 2010), and coloration seems to be an
honest indicator of reproductive success only in males
(Leclaire et al. 2011b). Further investigations including exper-
imental manipulations of coloration and behavioral observa-
tions should be carried out on the functions of integument
coloration in kittiwake females and males.
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