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Red coloration varies with dietary carotenoid access and

nutritional condition in kittiwakes

Sarah Leclaire’*, Vincent Bourret?, Maxime Pineaux’, Pierrick Blanchard?, Etienne Danchin® and Scott A. Hatch®

ABSTRACT

Carotenoid-based ornaments are common signaling features in
animals. Although the mechanisms that link color-based signals to
individual condition is key to understanding the evolution and function
of these ornaments, they are most often poorly known. Several
hypotheses have been posited. They include: (i) the role of foraging
abilities on carotenoid acquisition and thereby carotenoid-based
ornaments, and (ii) the role of internal processes linked to individual
quality on the allocation and conversion of carotenoids in
integuments. Here, we tested the influence of dietary carotenoid
access versus internal process on gape coloration in black-legged
kittiwakes (Rissa tridactyla). This seabird displays a vibrant red gape,
whose coloration varies with individual quality in males and is due
to the deposition of red ketocarotenoids, such as astaxanthin.
We decreased hydroxycarotenoid and ketocarotenoid levels in
plasma, but increased efficiency in internal processes linked to
nutritional condition, by supplementing breeding males with capelin, a
natural energy-rich fish prey. We found that, despite having lower
carotenoid levels in plasma, supplemented birds developed redder
coloration than control birds, but only in the year when dietary
levels of astaxanthin in the natural diet were low. In contrast, in the
astaxanthin-rich year, supplemented males had a less-red gape than
unsupplemented birds. These results suggest that inter-individual
differences in internal processes may be sufficient to maintain the
honesty of gape coloration under conditions of low dietary astaxanthin
levels. Nonetheless, when inter-individual variations in dietary
astaxanthin levels are elevated (such as in the crustacean-rich year),
carotenoid access seems a more limiting factor to the expression of
gape coloration than internal processes. Therefore, our study revealed
a complex mechanism of gape color production in kittiwakes, and
suggests that the main factor maintaining the condition dependency
of this ornaments may vary with environmental conditions and
diet composition.

KEY WORDS: Ketocarotenoid, Astaxanthin, Zeaxanthin, Bare part,
Gull

INTRODUCTION

The yellow, orange or red coloration of numerous bird species
results from the deposition of carotenoid pigments into integuments
(McGraw, 2006). These colorations are textbook examples of sexual
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selection and have repeatedly been shown to depend on condition
and health, and thus to play pivotal roles as honest signals of
individual quality (Hill, 2006b; McGraw, 2006; Moller et al., 2000;
Pérez-Rodriguez et al., 2013; Svensson and Wong, 2011). However,
although special interest has been paid to elucidate the proximal
sources of their variability (Garcia-de Blas et al., 2016; Hill, 2006a;
Simons et al., 2012), the mechanisms maintaining their honesty are
not fully understood (Koch and Hill, 2018; Svensson and Wong,
2011; Weaver et al., 2017).

The earliest hypothesis explaining how carotenoid-based
coloration relates to individual quality posits that the expression
of full color is limited by dietary carotenoid access (‘the foraging
hypothesis’; Endler, 1980; Hill, 1992). Birds cannot synthesize
carotenoids de novo, and thus must acquire carotenoids in their diet.
According to this hypothesis, only individuals with good foraging
ability would be able to obtain sufficient carotenoids to develop full
coloration. Accordingly, in siskins (Carduelis spinus), blue tits
(Cyanistes caeruleus) and brown boobies (Sula leucogaster
brewsteri), carotenoid-based coloration seems related to foraging
skills (Garcia-Navas et al., 2012; Michael et al., 2018; Senar and
Escobar, 2002). In addition, experimental provisioning of
carotenoids consistently produces changes in coloration (Hill,
2006a; Koch et al., 2016; Simons et al., 2012), indicating that
dietary carotenoid availability can limit color expression.
Nonetheless, previous studies have also shown that inter-
individual variations in carotenoid-based coloration persist under
uniform diet (Karu et al., 2007; McGraw and Hill, 2001), suggesting
that dietary factors may not be the only determinants maintaining
the honesty of carotenoid-based coloration. Therefore, although the
importance of dietary carotenoid access in maintaining the honesty
of carotenoid-based coloration in wild birds has been debated for
decades, it remains largely unresolved (Koch and Hill, 2018).

Other studies have suggested that carotenoid-based colors are
limited by internal processes, rather than by dietary carotenoid
access (Hudon, 1994; Lozano, 1994). First, the trade-off hypothesis
suggests that because carotenoids may act as immunostimulants and
antioxidants (Blount et al., 2003; Chew, 1993; Mcgraw and Ardia,
2003; Young and Lowe, 2001), only individuals with a strong
immune system and effective antioxidant functions can allocate
sufficient carotenoids away from these critical physiological
functions to achieve full coloration (Lozano, 1994; Moller et al.,
2000). However, the role of carotenoids in physiological functions
is still highly contentious (Koch and Hill, 2018), and meta-analyses
have revealed poor associations between carotenoid-based
coloration and immune function or oxidative stress in birds
(Costantini and Mgller, 2008; Simons et al., 2012; Weaver et al.,
2018b). Second, a more recent hypothesis suggests that the honesty
of carotenoid-based coloration is maintained through its reliance on
vital cellular processes (the ‘shared pathway hypothesis’) (Hill,
2011). This hypothesis notably applies to animals that use
carotenoids that they biochemically convert before deposition into
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integuments (Weaver et al., 2018b). For instance, most species that
display carotenoid-based red coloration have to bioconvert yellow
carotenoids (e.g. zeaxanthin, lutein, B-cryptoxanthin) present in
the diet into red carotenoids (e.g. astaxanthin, canthaxanthin)
(Hill, 1996; Weaver et al., 2018a). This metabolic conversion of
carotenoids requires efficient cellular respiration (Hill, 2014;
Johnson and Hill, 2013; Mundy et al., 2016), a core process with
major impacts on the organism’s performance (Hill, 2014; Salin
et al., 2015, 2012). According to this hypothesis, carotenoid-based
ornamentations are honest cues of individual quality because of their
fundamental dependence on the physiological state of the individual.

The debate on the proximate mechanisms maintaining the
honesty of carotenoid-based signals continues, and there is still no
consensus. In natural conditions, the foraging hypothesis is difficult
to tease apart from hypotheses based on internal processes
(the trade-off and shared pathway hypotheses) (Linville and
Breitwisch, 1997), because for most species, dietary carotenoid
availability is usually confounded with food availability and thereby
physiological state (Arnold et al., 2010; Ilyina et al., 2013). In this
study, we therefore supplemented black-legged kittiwakes (Rissa
tridactyla) with an energy-rich but carotenoid-poor diet to
determine whether supplemented birds develop more intense
coloration that unsupplemented birds. This could be consistent
under either hypothesis invoking internal processes, but not under
the foraging hypothesis. The black-legged kittiwake is a seabird that
displays vibrant bare parts. Male gape coloration has repeatedly
been shown to be positively associated with several traits related to
individual condition (Blévin et al., 2014; Doutrelant et al., 2013;
Leclaire et al., 2011a,b, 2013), suggesting that gape coloration
might be an honest signal of individual quality used in inter- or
intra-sexual selection, such as mate choice, reproductive investment
or competition for nesting sites. Black-legged kittiwakes feed
primarily on small schooling fish [e.g. Pacific sandlance
(Ammodytes hexapterus), capelin (Mallotus villosus) and Pacific
herring (Clupea pallasii)] and secondarily on ketocarotenoid-rich
crustaceans such as krill and copepods (Hatch, 2013). As their
integument coloration is due to red ketocarotenoids (Leclaire et al.,
2015), kittiwakes seem to develop redder integuments when feeding
mostly on crustaceans (S.L., personal observation). This observation
suggests that, unlike most other red-colored birds that have to convert
yellow carotenoids into red carotenoids (Hill, 1996), kittiwakes can
directly deposit dietary red ketocarotenoids into integuments.

To determine whether internal processes associated with
nutritional condition are the main factors maintaining the honesty
of gape coloration in males, we used data from an ongoing and long-
term capelin supplementation experiment. Preliminary analyses
showed that, compared with a natural diet, capelin supplementation
leads to lower hydroxycarotenoid and ketocarotenoid plasma levels
in kittiwakes (see Results). However, capelin (Mallotus vilosus) are
lipid-rich fish prey, and their availability in the ocean is strongly
correlated with kittiwake reproductive success (Hatch, 2013).
Consequently, dietary supplementation with capelin has positive
effects on body mass and energy expenditure rate (Jodice et al.,
2002; Schultner et al., 2013; Welcker et al., 2015), and on several
traits related to reproductive performance, including fledging
success and chick growth (Gill and Hatch, 2002; Gill et al., 2002;
Merkling et al., 2012; White et al., 2010). In addition, although the
effects of capelin supplementation on adult physiological traits have
not yet been determined, increased immunity and antioxidant levels
have been observed in supplemented chicks (Gasparini et al., 2006;
Young et al.,, 2017). We can therefore speculate that capelin-
supplemented adults are in better condition overall and less

challenged by physiological trade-offs than unfed birds. In addition,
capelin-supplemented birds might be able to convert carotenoids
more efficiently than unfed birds, because the metabolic conversion of
carotenoids requires specific enzymes and a series of oxidation steps
that is likely to demand energy (Hill, 1996). Accordingly, a food-
restricted diet seems to reduce the capacity of male house finches
(Carpadocus mexicanus) to metabolically convert carotenoids (Hill,
2000). A diet rich in fish oil has also been shown to improve
mitochondrial functions (Stanley et al., 2012; Yu et al., 2014), which
is a key determinant in the ability to bioconvert carotenoids (Koch
et al.,, 2017). If the condition dependency of gape coloration in
kittiwake males is mainly due to internal processes rather than to
dietary carotenoid access, we thus expect capelin-supplemented
males to be able to display redder gape than unsupplemented males,
despite lower carotenoid levels in plasma. To test this prediction, we
compared body condition, carotenoid levels and gape coloration
between fed and unfed males. In addition, as a prerequisite, we
ensured that, under natural conditions, the honesty of gape coloration
in males was maintained regardless of the dietary conditions. We
studied three different pre-laying seasons that differed markedly in the
proportion of fish versus crustacean in the diet, and expect, within a
year, gape coloration to covary with body condition, despite being on
average redder in years of high-crustacean abundance.

MATERIALS AND METHODS

Study site

The study was conducted in the 2010, 2017 and 2018 breeding
seasons on a population of black-legged kittiwakes [Rissa tridactyla
(Linnaeus 1758)] nesting on an abandoned US Air Force radar tower
on Middleton Island in the Gulf of Alaska (59°26’N, 146°20'W).
Artificial nest sites created on the upper walls of the tower were
observed from inside the building through sliding one-way windows
(Gill and Hatch, 2002). This enabled us to easily capture and monitor
breeders and chicks. All nest sites were checked twice daily to record
events such as laying. Study birds were sexed by molecular methods
(Merkling et al., 2012) or sex-specific behaviors (copulation and
courtship feeding) during the pre-laying period (Jodice et al., 2000).
Experiments were carried out in accordance with US laws and under
permits from the US Fish and Wildlife Service and State of Alaska.

Food supplementation

The amount of food available to breeders was manipulated as part of
a large-scale food supplementation program in kittiwakes (Gill and
Hatch, 2002). Breeding pairs were divided into two groups: fed
pairs were provided with supplemental food whereas unfed pairs
received none. The supplemental food consisted of adult Atlantic
capelin (Mallotus villosus), an energy-rich natural prey of
kittiwakes, bought frozen and thawed to ambient temperature
before feeding. Supplemental feeding started on 3 May 2010, 6 May
2017 and 6 May 2018, approximately 4 weeks before laying (mean
laying dates of A-eggs: 29 May 2010, 3 June 2017, 30 May 2018).
Feeding stopped on 15 August. Feeding occurred three times daily
(at 09:00, 14:00 and 17:00 h). During each feeding session, fish
were provided singly through a plastic tube passing through the wall
at each nest site (see pictures in Gill and Hatch, 2002). Feeding
continued until satiation of the bird(s) present at the nest.

Unfed males (199 in total; »=72 in 2010, 62 in 2017, 65 in 2018)
and fed males (55 in total; n=15 in 2010, 24 in 2017, 16 in 2018) were
caught between 11 and 30 May. Time between the onset of feeding
and capture was (meants.e.m.) 15+1 days (range: 10-21 days) in
2010, 14«1 days (range: 618 days) in 2017 and 9+0 days (range:
7—11 days) in 2018. All males were captured prior to their mate laying
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the pair’s first egg. At capture, birds were weighed to the nearest 5 g
with a Pesola® scale, tarsus length was measured to the nearest
millimeter with a caliper and integument color was measured as
described below. In addition, in 2010 and 2017, blood was collected
from the alar vein with a 1 ml syringe and a 25 gauge needle
(maximum amount of blood collected: 1 ml).

Integument color measurements
Gape color was measured with a reflectance spectrometer (Ocean
Optics USB2000), a deuterium—halogen light source (DH2000, Top
Sensor System) and a 200 pum fiber optic reflectance probe held at
45 deg to the integument surface. Reflectance was measured using
SpectraSuite software (Ocean Optics) and in relation to dark and
white (Spectralon®, Labsphere) standards. The spectrometer was re-
calibrated between each bird. We measured gape color at the
intersection between the upper and lower mandibles. In 2010, the
color of each individual was measured once, while in 2017 and
2018, color measurements were taken three times for each
individual, and the three measurements were averaged.
Reflectance spectra of the gape have peaks in both UV and visible
wavelengths (Leclaire et al., 201 1b). From the smoothed reflectance
spectra (span=0.15), we used the R PAVO package (Maia et al., 2013)
to calculate red chroma as the relative contribution of the red spectral
range to the total brightness (Rys05_1700/Ra300—1700, Where R indicates
reflectance), and mean brightness as the mean relative reflectance
between 300 and 700 nm (Montgomerie, 2006). Red chroma and
brightness were correlated (Spearman’s correlation test: rho=—0.52,
P<0.0001). For consistency with previous studies in kittiwakes, we
also calculated carotenoid chroma as (R;700—Ry450)/Ry700 (Andersson
and Prager, 2006; Butler et al., 2011; Maia et al., 2013), which is
associated with fitness-related traits and circulating carotenoid levels
in kittiwakes (Leclaire et al., 2015, 2011b). Gape carotenoid chroma
was positively correlated with gape red chroma (Spearman’s
correlation test: rho=0.83, P<0.0001). Results using carotenoid
chroma were similar to those using red chroma (Figs S1-S3).

Plasma antioxidant levels

We analyzed carotenoid levels in the 2010 and 2017 plasma samples
following the protocol described in McGraw et al. (2008). Briefly, we
thawed and added 15 pul of plasma to 100 ul of ethanol in a
microcentrifuge tube and vortexed for 5s. Afterward, we added
100 ul of methyl fert-butyl ether and vortexed again for 5s. We
then centrifuged tubes for 3 min at 16,000 g. We transferred the
supernatant to a fresh screw cap tube and evaporated to dryness with a
nitrogen evaporator in a hood. Next, we resuspended the supernatant
in 200 pl mobile phase, vortexed for 5 s, and injected 50 pl into a
high-performance liquid chromatograph (HPLC; Waters Alliance®
Instrument, Waters Corporation, Milford, MA, USA). Weuseda 5 um
Waters Carotenoid C-30 column (4.6x250 mm ID) to determine the
types and amounts of carotenoids present. Pigment concentrations
were calculated based on external curves constructed from known
amounts of purified reference carotenoids. We detected eight different
carotenoids in plasma: lutein, iso-lutein, zeaxanthin, f-cryptoxanthin,
astaxanthin, iso-astaxanthin, anhydrolutein and B-carotene. Within
individuals, most carotenoid levels (except B-carotene levels) were
correlated to each other, except in fed males in 2017, where carotenoid
levels were poorly correlated to each other (Fig. S4).

Diet analysis

Diet samples of unfed birds were obtained in May 2010, 2017 and
2018 as regurgitations from birds captured for measurements and
banding at the colony (n=51, 67 and 40 samples, respectively).

Regurgitated food samples consisted of slightly to moderately
digested masses of recently ingested prey. Samples were frozen for
later identification in the laboratory. Ideally, diet composition should
be expressed in terms of percent of biomass at the time of ingestion.
That is not feasible for regurgitated food samples because it is
difficult to separate fleshy material precisely and because of variable
residence times and differential digestion in the gut (Barrett et al.,
2007; Dufty and Jackson, 1986). For each prey type, we therefore
used presence—absence data in each sample and expressed it as the
prey type relative occurrence [as 100x(number of samples containing
prey type)/(total of prey-type identifications in all samples; see
supplement 2 in Hatch, 2013 for a discussion of this measure].

Statistical analyses

Fed birds were captured in a more restricted time window than unfed
birds (#-tests comparing capture date of fed and unfed males in each
of the three years: all P<0.035). To compare fed versus unfed birds,
we therefore excluded all unfed birds that were caught outside this
restricted time window, leading to a sample size of 47 unfed males
in 2010, 57 unfed males in 2017 and 14 unfed males in 2018.
Effects of food supplementation on body condition, levels of each
carotenoid, and gape coloration (chroma and brightness) were

Myctophids
9% Sand lance
May 2010 b i Mussel
2%
Herring Limpet 2%

2%

Capelin
76% « Invertebrates
7% Amphipod
2%
Chiton
2%
May 2017
Other fish
o
Myctophids %
1% .
Polychaetes
23%
Invertebrates Copepods
Sand 72%
lance
3% Herring
18%
Other S},&z d
invertebrates
5%
May 2018
Lingcod Othgu;flsh
Sand lance 6% °
6% I
Copepods
6%
Eulachon /
16%
Invertebrates
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Herring Polychaetes

27% 16%
Other
invertebrates

6%

Fig. 1. Composition of the diet of unfed kittiwakes in May 2010, 2017 and
2018. Sample sizes are 51, 67 and 40 food samples, respectively.
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assessed using linear mixed models (LMMs). Food-treatment, year,
date and all two-way interactions were entered as fixed effects. Bird
identity was entered as a random factor. Gape chroma, gape
brightness and carotenoid levels were log transformed or Box—Cox
transformed to meet the normality assumption in the residuals.
Body condition was estimated as the residuals of a linear regression
between body mass and head-bill length performed within each sex.
We used head-bill length, as is known to correlate better with mass
than other structural features (Golet and Irons, 1999; Jodice et al.,
2000). B-cryptoxanthin and B-carotene levels did not meet the
normality assumption despite transformation. We thus tested the
effect of food supplementation and year on these two carotenoid
levels using Wilcoxon rank-sum tests. To determine whether, in a
given year, gape coloration in unfed males was a potential signal of
condition and varied with carotenoid levels, we used LMMs with
date, year and body condition as fixed variables and bird identity as
a random effect. All statistical tests were performed with R (https:/
www.r-project.org/). Effects were tested using maximum likelihood
ratio chi-square tests, and non-significant terms were backward
dropped using a stepwise elimination procedure. For all LMMs,
normality and homogeneity of variance were checked visually.
When heterogeneity of variance was detected, we used a specific
variance structure in the model (varldent option in the ‘lme’
function of the ‘nlme’ package; Zuur et al., 2009).

RESULTS

Diet composition in unfed males

In 2010, capelin and other fish species dominated the diet of unfed
birds (93% of the diet as estimated by relative occurrence; Hatch,
2013), while crustaceans (amphipods) represented only 2% of the
diet (Fig. 1). In contrast, in 2017, crustaceans (copepods and
shrimp) contributed substantially to the diet (39%; Fig. 1), while
capelin was absent and other fish prey were in a low proportion
(29%). In 2018, the diet of unfed birds was intermediate, and
although no capelin was detected, fish represented 63% of the diet.
Crustaceans represented 16% of the diet (Fig. 1).

Effects of food supplementation and year

Body condition varied with the interaction between treatment
and year (x7=11.35, P=0.0034; Fig. 2). In fed males, body condition
did not vary with year (y7=1.38, P=0.50); in unfed males, body
condition was lowest in 2017 and highest in 2010 (x7=32.04,

80

TreatmentXYear: P<0.05

40

Body condition
o

o® o
-40 .
° L]
[ ]
Unfed  Fed Unfed  Fed Unfed  Fed
2010 2010 2017 2017 2018 2018

Fig. 2. Boxplots showing body condition in unfed and fed males in 2010,
2017 and 2018. For each group, points are slightly dispersed on the x-axis to
avoid overlapping. The yellow diamonds correspond to the mean.

P<0.0001; Fig. 2). In 2017, fed males were in higher body condition
than unfed males (F; 74=30.64, P<0.0001), while we detected no
difference in body condition between fed and unfed males in 2010
and 2018 (Fy 5,=2.43, P=0.12 and F, ,3=0.53, P=0.47; Fig. 2).
Levels of astaxanthin and iso-astaxanthin (two ketocarotenoids)
and levels of zeaxanthin, lutein, iso-lutein and anhydrolutein (four
hydroxycarotenoids) in plasma were higher in unfed males
compared with fed males (all P<0.001; Fig. 3 and Fig. S5).
Astaxanthin levels were higher in 2017 than in 2010
(x3=9.28, P=0.0023; Fig. 3A), while zeaxanthin, lutein and
anydrolutein levels in plasma were higher in 2010 than in 2017
(all P<0.01; Fig. 3B and Fig. S5). Iso-lutein and iso-astaxanthin
levels did not vary with years (x3=0.05, P=0.82 and
x3=0.52, P=0.46; Fig. S5). B-cryptoxanthin levels were higher in
2010 than in 2017 (fed: ¥3=12.26, P<0.001; unfed: ¥3=26.35,
P<0.001) and higher in fed than unfed males in 2017 only (2017:
x1=36.12, P=<0.0001; 2010: x3=0.36, P=0.55; Fig. S5). Similarly,
B-carotene levels were higher in fed males than unfed males in 2017
only (2017: x3=4.28, P=0.039; 2010: %x3=0.26, P=0.61; Fig. S5).
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Fig. 3. Boxplots showing plasma levels of astaxanthin and zeaxanthin in
unfed and fed males in May 2010 and May 2017. (A) Astaxanthin;

(B) zeaxanthin. For each group, points are slightly dispersed on the x-axis to
avoid overlapping. The yellow diamonds correspond to the mean.
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Gape red chroma and gape brightness varied with the interaction
between treatment and year (x7=13.16, P=0.0014 and y7=13.62,
P=0.0011; Fig. 4 and Fig. S6). In 2010, fed males had higher gape
red chroma and lower gape brightness than unfed males (F; 59=6.65,
P=0.012 and F; 59=7.83, P=0.007; Fig. 4 and Fig. S6), while in
2017, they had higher brightness and lower red chroma than unfed
birds (F; 79=9.22, P=0.003 and F; 70=4.60, P=0.035; Fig. 4 and
Fig. S6). No differences in gape red chroma and brightness were
detected between fed and unfed birds in 2018 (F ,5=0.02, P=0.89
and F 55=0.18, P=0.67; Fig. 4 and Fig. S6). Gape red chroma
varied with year in both fed and unfed birds (}3=6.40, P=0.041 and
F1.115=49.58, P<0.0001), being highest in 2017 and lowest in 2010
(Fig. 4 and Fig. S6). In contrast, gape brightness varied with year in
unfed males (x3=41.41, P<0.0001) but not in fed males (}3=0.47,
P=0.79; Fig. 4 and Fig. S6).

Relationships between color, body condition and carotenoid
levels in unfed males

In unfed males, gape red chroma increased with body condition in
the three years studied (y3=4.13, P=0.042; interaction between year
and body condition: y3=1.15, P=0.56; Fig. 5), while gape
brightness did not vary with body condition (x3=2.05, P=0.15). In
addition, gape red chroma increased with circulating lutein
levels (x3=5.37, P=0.021; Fig. 6A), circulating iso-lutein levels
(x7=7.35, P=0.007) and tended to increase with zeaxanthin levels
(x1=3.47, P=0.063). It tended also to vary with the interaction
between astaxanthin level and year (x3=3.64, P=0.056). Gape red
chroma increased with astaxanthin in 2010 (F; ;5=4.63, P=0.048),
while it did not vary with astaxanthin levels in 2017 (F, 3,=0.08,
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P=0.77; Fig. 6B). Gape brightness did not vary with carotenoid
levels (all P>0.05).

DISCUSSION

To shed some light on the main proximate mechanisms maintaining
the honesty of gape coloration, we investigated the factors that shape
this color signal in black-legged kittiwake males. First, in line with
previous studies in this species (Blévin et al., 2014; Doutrelant et al.,
2013; Leclaire et al., 2013, 2011a), we found that within a year,
unsupplemented males in better condition had redder gape than
unsupplemented males in poorer condition, thereby confirming the
honesty of this color signal in male breeders (Fig. 6). Then, using
both correlational and experimental observations, we detected a
complex mechanism shaping gape coloration.

Dietary ketocarotenoids as drivers of gape coloration?

The three study years varied in environmental food composition.
In May 2010, the diet of black-legged kittiwakes was mainly
composed of lipid-rich capelin, while in May 2017 there was no
capelin in the diet, and crustaceans such as shrimp and copepods
represented a high proportion. Crustacean prey of seabirds contain
high levels of astaxanthin (a ketocarotenoid), while different fish
prey contain low or very low astaxanthin levels (Hipfner et al.,
2010). Consequently, unsupplemented males had higher
astaxanthin levels in blood in the 2017 crustacean-rich year than
in the 2010 fish-rich year. This result adds evidence to the
suggestion that, in contrast to terrestrial granivorous birds (Garcia-
de Blas et al., 2016), aquatic birds feeding on fish and crustaceans
have the capacity to assimilate astaxanthin directly from the
diet (Juola et al., 2008; McGraw and Hardy, 2006; Negro and
Garrido-Fernandez, 2000).

As the red-orange coloration of kittiwake integuments is mainly
due to red ketocarotenoids (Leclaire et al., 2015), kittiwake gape
were redder in the crustacean-rich year than in the fish-rich year
(i.e. higher red chroma and lower brightness in gape in 2017 than in
2010). Consistently, in 2018, when the kittiwake diet contained an
intermediate percentage of fish and crustaceans compared with 2010
and 2017, birds had intermediate gape coloration. These results
suggest that dietary ketocarotenoids, which are assimilated and
present in plasma, can be deposited in the integument. They further
suggest that large inter-annual variations in dietary availability of
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ketocarotenoids contained in crustaceans can drive inter-annual
variations in gape coloration in this population of kittiwakes. Similar
inter-annual relationship between dietary carotenoids and coloration
in wild species have been shown, for instance, in American redstarts
(Setophaga ruticilla), who develop redder feathers during rainy
molting periods, when insect abundance and dietary carotenoid
availability are higher (Reudink et al., 2015), and in Montagu’s
harrier (Circus pygargus) nestlings, which develop duller bare parts in
years when voles, a carotenoid-poor prey, are abundant (Sternalski
etal., 2010).

Food-supplemented males had lower ketocarotenoid levels in
plasma than unsupplemented males in both 2010 and 2017.
However, they developed redder gape than unsupplemented males
in 2010. Their redder gape — despite lower ketocarotenoid levels in
plasma — in 2010, and the lack of correlation between plasma

astaxanthin levels and gape coloration within individuals observed
in 2017 support the suggestion that dietary astaxanthin levels is not
the main factor limiting the expression of gape coloration.

Dietary hydroxycarotenoids as drivers of gape coloration?
Within a year, males with higher plasma levels of zeaxanthin, lutein
and iso-lutein (three hydroxycarotenoids) displayed a redder gape.
In many taxa including birds, zeaxanthin and lutein are precursors
of red ketocarotenoids deposited in bare parts or plumage (Garcia-
de Blas et al., 2016; LaFountain et al., 2015; McGraw, 2006;
McGraw et al., 2001). These three hydroxycarotenoids were in
lower levels in plasma in 2017 than in 2010, suggesting that they are
more abundant in fish than in crustaceans. Accordingly, lutein and
zeaxanthin are detected in fish prey such as sand lance, capelin and
herring, whereas they are not detected in crustaceans such as krill
and copepods (Hipfner et al., 2010; Slifka et al., 2013). It is possible
that males that develop redder coloration might have better
foraging abilities and thus be able to acquire higher quantities of
hydroxycarotenoid-rich fish. However, a previous study in
kittiwakes showed that an experimental supplementation with
luteintzeaxanthin, causing a decrease in blood astaxanthin levels,
does not increase gape coloration in males (Leclaire et al., 2015).
Thus, variation in dietary levels of luteint+zeaxanthin alone does not
necessarily explain variation in gape coloration.

Although under natural conditions, a fish-based diet seems richer
in hydroxycarotenoids than a crustacean-based diet, capelin-
supplemented males had lower hydroxycarotenoid plasma levels
than unsupplemented males. This difference between natural and
experimental conditions might stem from supplemental capelins
being less rich in carotenoids than other natural fish prey. In addition,
in our study, supplemental capelins came from Iceland and
Newfoundland, and were thus likely to have been caught in winter
(International Council for the Exploration of the Sea, 2017), when
capelin carotenoid contents are low compared with during the bird
breeding period (Bragadottir et al., 2002). Freezing might also have
decreased carotenoid quantity in supplemental capelins. Despite
lower hydroxycarotenoid levels in plasma, capelin-supplemented
males developed redder gape than unsupplemented males in
2010. This result further suggests that dietary acquisition of
hydroxycarotenoids is not the main limiting factor for gape coloration.

Internal processes as drivers of gape coloration?

The redder gape, despite lower carotenoid levels in plasma, of food-
supplemented males compared with unsupplemented males in 2010
suggests that internal factors acting somewhere between the blood
and integuments may also influence gape coloration in black-legged
kittiwakes. Capelin-supplemented birds, which are probably in
better physiological condition (albeit not in higher body condition,
which might be explained by the lean-and-fit hypothesis; Schultner
et al., 2013), may have lower demands for immunity than unfed
males, as shown in fed kittiwake chicks (Gasparini et al., 2006), and
thus they may be able to allocate higher levels of the immuno-
stimulating hydroxycarotenoids (Leclaire et al., 2015) into
ketocarotenoid formation rather than into immunity (trade-off
hypothesis; Blount et al., 2003; Lozano, 1994; Moller et al., 2000).
Another, not mutually exclusive hypothesis is that fed males, being
in better physiological condition overall than unfed males, may have
higher mitochondrial performance, which seems to be required for
efficient carotenoid metabolic conversion (shared pathway
hypothesis) (Hill, 2011; Weaver et al., 2018b). Disentangling
these two hypotheses is challenging, but some avenues have been
suggested, including experimental manipulations of mitochondrial
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functions and the use of radiolabeled carotenoids to track carotenoid
movement through the body (Bhosale et al., 2007; Koch and Hill,
2018; McGraw, 2009; Weaver et al., 2017)

A complex interaction between internal processes and
dietary carotenoid access

In the 2017 crustacean-rich year, supplemented males were not able
to develop redder gape than unsupplemented males, despite being in
much better condition. When ketocarotenoids are abundant in the
environment (such as in crustacean-rich years), higher efficiency in
internal processes by fed birds might thus not compensate for the
direct deposition of unmodified dietary ketocarotenoids into
integuments by unfed males. Therefore, although differences in
internal processes seem sufficient to maintain the honesty of gape
coloration when the diet is poor in astaxanthin, they are not when
large inter-individual variations in dietary astaxanthin levels occur.
Yet, in the 2017 crustacean-rich year, gape coloration was related to
individual condition in unsupplemented males. Further studies
investigating, for instance, how gape coloration depends on
foraging abilities and diet composition are needed to evaluate
whether, under a crustacean-rich diet, the honesty of gape coloration
may be mainly maintained by dietary carotenoid access. Because
crustaceans are richer in ketocarotenoids but poorer in energy than
fish, this mechanism of honesty might have evolved only if the
quantity of food acquired varies among individuals whilst the diet
composition is relatively stable. However, during the pre-laying
period, diet composition of kittiwakes can change drastically within a
few days (Hatch, 2013). For instance, in May 2018, the diet went from
being mainly based on crustaceans to being mainly based on fish, and
we observed males regurgitating fish, and others regurgitating
crustaceans on the same days (S.L., personal observation). If good-
quality individuals were the first to forage on fish, they may have
acquired less dietary astaxanthin, and thereby developed a less-red
gape. Thus the dynamics of red coloration needs to be studied to
determine whether, during this short period of time, when the type of
carotenoid ingested varies greatly among individuals, gape coloration
honestly reveals the condition of the bearer.

Concluding remarks

We found that food supplementation, despite leading to elevated
reproductive success (Gill and Hatch, 2002; Gill et al., 2002), might
disrupt the honesty of integument coloration in kittiwakes. At our
study site, fed birds are surrounded by unfed neighbors, and during
crustacean-rich years, they may display duller gape than their
neighbors despite being in better condition, and thus potentially
good-quality partners. In such circumstances, females might breed
with a suboptimal partner if they use gape coloration to choose their
mate. More generally, while wildlife feeding is a common activity
that provides an energy source to animals, it can cause deficiency in
essential nutrients such as carotenoids (Tauler-Ametllleretal., 2019),
and potentially change selective pressures on phenotypic traits.
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Figure S1: Boxplots showing gape carotenoid-chroma in unfed and fed males in May 2010, 2017 and
2018. For each group, points are slightly dispersed on the x-axis to avoid overlapping. The yellow
diamonds correspond to the mean. Gape carotenoid-chroma varied with the interaction between
treatment and year (x%= 7.26, P = 0.027). In 2010, fed males had higher gape carotenoid-chroma
than unfed males (x%,= 5.32, P = 0.021), while in 2017, they tended to have lower gape carotenoid-
chroma than unfed birds (x>;= 2.48, P = 0.12).
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Figure S2: Gape carotenoid-chroma (boxcox-transformed) in relation to body condition in unfed
males in May 2010, 2017 and 2018. Carotenoid-chroma increased with body condition in the three
years studied (x%,= 4.56, P = 0.033; interaction between year and body condition: x*,= 0.30, P = 0.86).
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Fig. S3: Gape carotenoid-chroma in relation to (a) zeaxanthin and (b) astaxanthin plasma levels in

unfed males in May 2010 and May 2017. Gape carotenoid-chroma increased with circulating
zeaxanthin levels (x?, = 6.95, P = 0.0084), but it did not vary with astaxanthin levels (astaxanthin
levels * year: x?; = 2.19, P = 0.14; splitting by year: in 2010: Fy 14 = 2.84, P = 0.11, in 2017: Fy 3, = 0.02,

P =0.89).
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Figure S4: Plots showing correlation between each of the carotenoid levels in plasma in unfed and
fed males in 2010 and 2017. Color and size of the ellipse represent Spearman's r value. *: P < 0.5, **:
P:<0.01, ***: P <0.001.
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Figure S5: Carotenoid levels in unfed and fed males in 2010 and 2017 (mean * se).
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Figure S6: Mean reflectance spectra of gape in unfed and fed males in May 2010, 2017 and 2018.
Shown are means * SE.
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