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Abstract Most seabirds are monochromatic in plumage,
yet many of them show multiple colored integuments,
typically modulated by sex steroids such as testosterone,
which can reflect individual quality and may be under
mutual sexual selection. In the Masked Booby Sula
dactylatra, both sexes exhibit multiple color traits that vary
in their expression either in color (feet ranging from olive
to orange, yellowish bill and black mask) or size (mask).
Here, we report sexual differences in skin color traits and
evaluate whether their expression is related to individual
body condition and plasma testosterone, whether different
color traits co-vary, and whether Masked Boobies mate
assortatively by color. Our results show that Masked
Boobies are sexually dichromatic in foot color and
monochromatic in bill and mask color. After controlling for
body size and testosterone levels, mask size was larger in
females than in males. We found a positive relationship
between body condition and plasma testosterone in males
and females, suggesting a condition-dependence of plasma
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androgen levels. Interestingly, foot color covaries posi-
tively with testosterone levels in individuals with good
body condition and negatively in individuals with poor
body condition, whereas mask size was positively related
with body condition. Taken together, these results suggest
that only individuals in good condition could produce more
conspicuous traits. Also, we found a negative relationship
between mask color and condition, probably due to the fact
that melanin-based traits can pleiotropically vary with
other functions, including food intake patterns. Finally,
within-individual foot color and mask size were positively
correlated and pairs mated assortatively with respect to foot
color and mask color and size. We suggest that such a
mating pattern may result from a scenario where both sexes
choose mates based on traits that convey reliable infor-
mation of individual quality.

Keywords Condition-dependent traits - Multiple
ornaments - Mutual choice

Zusammenfassung

Assortative Paarung fiir unterschiedliche Hautfarben
bei Seeviogeln mit nicht eindeutigem Geschlechtsdi-
morphismus

Die meisten Seevogel haben einfarbiges Gefieder, viele
von ihnen aber Haut in unterschiedlichen Firbungen, die in
der Regel durch Geschlechtshormone wie z.B. Testosteron
bestimmt werden. Diese Firbungen konnten Hinweise auf
individuelle Qualitdt geben und stiinden dann vermutlich
unter Selektionsdruck. Beim Maskentolpel (Sula dactyla-
tra) entwickeln beide Geschlechter Firbungen, die in
GroBle (Maske) oder Farbton variieren konnen (die Farbe
der Fiile reicht von oliv bis orange, bei gelben Schnibeln
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und schwarzen Masken). Wir berichten hier iiber
Geschlechtsunterschiede in der Hautfirbung und untersu-
chen, ob deren Auspriagung mit der physischen Verfassung
der einzelnen Individuen und ihrem Plasma-Testosteron
zusammenhingt, ob unterschiedliche Firbungen kovariie-
ren, und ob sich die Maskentolpel bei den Farben assortativ
verpaaren. Unsere Ergebnisse zeigen, dass bei Mas-
kentolpel die Fiie geschlechtsabhingig in zwei Farben
und die Schnidbel und Masken nur in einer Farbe vor-
kommen. Nach Feststellen des Geschlechts anhand von
Korpergrofle und Testosteron-Spiegel, zeigte es sich, dass
die Weibchen groflere Masken als die Minnchen hatten.
Wir fanden fiir beide Geschlechter eine positive Korrela-
tion zwischen physischer Verfassung und Plasma-Testos-
teron, was auf eine Abhingigkeit der Verfassung vom
Androgen-Spiegel hinweist. Interessanterweise kovariiert
die FuB-Farbung bei Individuen in guter physischer Ver-
fassung positiv mit dem Testosteron-Spiegel, aber negativ
bei Individuen in schlechter Verfassung, wohingegen die
GroBle der Maske stets positiv mit der physischen Verfas-
sung korrelierte. Aus diesen Ergebnissen kann geschlossen
werden, dass moglicherweise nur Individuen in guter
Verfassung stirker auffallende Merkmale zeigen. Wir
fanden auflerdem eine negative Korrelation zwischen
Masken-Féarbung und physischer Verfassung, was wahr-
scheinlich daran liegt, dass auf Melanin basierende Merk-
male pleiotropisch mit anderen Funktionen wie z.
B. Mustern in der Nahrungsaufnahme zusammenhingen
konnen. Bei Einzelindividuen waren FuB-Féarbung und
Masken-GroBe positiv korreliert, und in Hinblick auf Fuf3-
und Masken-Féarbung und Masken-Gro3e verlief die Paar-
bildung assortativ. Wir denken, dass solch ein Paarbil-
dungs-Muster auf ein Szenario zuriickgefiihrt werden kann,
in dem beide Geschlechter ihre Partner anhand von
Merkmalen auswihlen, die verlidssliche Information iiber
die individuelle Qualitédt geben.

Introduction

In many animals, individuals display extravagant traits and
conspicuous colorations that honestly reflect their genetic
quality or condition, and enhance their mating success
through mate choice (hereafter ornaments; Andersson
1994). This communication system of ornaments and
associated preferences is based on the benefits that orna-
mentation confers to both displayers and choosers. The
benefits to the displayer lie in a net reproductive advantage
through higher mating success, in spite of the costs of
producing the signal (Darwin 1871; Zahavi 1975; Maynard
Smith and Harper 2003). Benefits to choosers derive from
obtaining reliable information on the quality of potential
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mates, which is important since mating with a high-quality
partner may confer direct benefits in the form of parental
care and territorial resources (Kirkpatrick and Ryan 1991),
or indirect benefits such as the inheritance of good genes
for attractiveness (Fisher 1930) and viability (Zahavi
1975).

Sexual displays are often complex exhibitions involving
the simultaneous expression of multiple cues rather than a
single trait. Multiple ornaments may be arbitrary by-
products of runaway sexual selection (“unreliable signal
hypothesis”; Mgller and Pomiankowski 1993); alterna-
tively, they may function as honest indicators of quality
(reviewed in Candolin 2003; Lozano 2009). Among the
different hypotheses proposed to explain the adaptiveness
of multiple ornaments (reviewed in Candolin 2003; Lozano
2009), the “redundancy hypothesis” and the “multiple-
messages hypothesis” have received growing interest
(Mgller and Pomiankowski 1993; Candolin 2003). While
the former posits that each ornament conveys similar
information about a single aspect of quality, the latter states
that each ornament conveys complementary information
about different attributes of quality. For colorful orna-
ments, both hypotheses might explain the expression of
multiple color traits. The two most prevalent pigments in
animal coloration are carotenoids (responsible for the
production of most of the red, orange and yellow colors)
and melanins (responsible for the production of black and
brown colors). Carotenoids must be acquired through diet
and, beyond their role as pigments, they have diverse
biological functions due to their immunostimulant and
antioxidant properties (Chew and Park 2004; Simons et al.
2012). Therefore, carotenoid-based traits may function as
reliable indicators of quality because they are limited
resources that are traded-off against other important
physiological functions. In contrast, melanins can be syn-
thesized de novo from the amino acid tyrosine. Impor-
tantly, genes responsible for the expression of melanin-
based traits can have pleiotropic effects on immune func-
tion, metabolism, glucocorticoid stress responses, or
aggressiveness (Ducrest et al. 2008), thus linking melanin-
based traits to individual variation in condition and hor-
monal profiles. So, based on the biochemical differences
between melanin and carotenoids, together with their dif-
ferent physiological roles, the display of different color
traits may convey multiple messages of quality with car-
otenoid-dependent traits reflecting foraging ability, nutri-
tional condition and immunological state (Hill and
Montgomerie 1994; Linville and Breitwisch 1997;
McGraw and Hill 2000; reviewed in Hill 2006), and mel-
anin-dependent traits reflecting hormonal profiles, social
status and nutritional condition (Jawor and Breitwisch
2003; Bokony et al. 2008; Alonso-Alvarez and Velando
2001; Evans et al. 2000; Fargallo et al. 2007; D’ Alba et al.
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2014). On the other hand, the allocation of both pigments
to ornaments may be under genetic control (Mundy 2006;
Evans and Sheldon 2012; Vergara et al. 2015), and mod-
ulated by sex steroids such as estrogen and testosterone
(Kimball 2006). Given that maintaining high testosterone
levels may impose costs in terms of immune function
(Folstad and Karter 1992; Roberts et al. 2004), metabolic
rate (Wikelski et al. 1999; Buchanan et al. 2001), and
oxidative stress (Alonso-Alvarez et al. 2007), multiple
ornaments based on different pigments could also convey
similar information about physiological condition (e.g.,
Griffith et al. 2006; Vergara and Fargallo 2011). Thus,
either through multiple messages or redundancy, the
expression of multiple colored ornaments mediated by
testosterone may function as handicaps that, when con-
sidered together, allow individuals a more reliable evalu-
ation of mate quality than by considering a single trait
(Mgller and Pomiankowski 1993).

Frequently, ornaments are present in both sexes (mutual
ornamentation; Kraaijeveld et al. 2007; Clutton-Brock
2009). Mutual signaling of quality via ornaments is
expected when reproductive rates of males and females are
similar, and when the benefits of choice are likely to be
large for both sexes and strongly related to mate quality
(Trivers 1972; Johnstone et al. 1996). For instance, selec-
tion should promote mutual ornamentation and mutual
mate choice when mating is highly costly to males, when
female quality is highly variable, or when males provide a
substantial amount of parental care (e.g., Jones and Hunter
1993; Romero-Pujante et al. 2002; Kraaijeveld et al. 2004).
Under any of these scenarios, positive assortative mating
may arise. Assortative mating, defined as a particular pat-
tern of mate choice in which individuals of similar phe-
notype or quality mate together more often than is expected
by chance (Burley 1983), can result from selection acting
directly or indirectly on mate choice, or when fitness of the
offspring depends on the similarity of mate partners (Jiang
et al. 2013). Alternatively, assortative mating may be non-
adaptive and may arise as a consequence of other aspects of
the mating system; for instance, when assortment results
from age-specific access to reproduction and there is strong
mate fidelity, or when color traits are associated with
timing of breeding or territory acquisition (Cézilly 2004).
In birds, assortative mating in relation to body measure-
ments, body condition, age and visual signals has been
reported (review in Jiang et al. 2013).

Seabirds are a particularly interesting group for research
on mutual signaling because (1) they are long-lived species
that vary substantially in individual quality, (2) their
reproduction takes place in dense colonies that promotes
exercising mate choice, and (3) they exhibit obligate bi-
parental care. Studies of sexual selection in relation to
color traits in this group are few compared to terrestrial

birds, possibly due to the fact that most seabirds appear
monochromatic to humans and display simple plumage
coloration which is mainly black and/or white (Bretagnolle
1993). Interestingly, in many seabird species, individuals
show colored integuments. The information expressed in
integuments differs from plumage colors since pigments
present in integuments can be mobilized facultatively
(Lozano 1994), may reflect more recent physiological
events, and hence have the potential to serve as dynamic
signals of current condition (Lozano 1994; Negro et al.
1998; Faivre et al. 2003; Torres and Velando 2003;
Velando et al. 2006; Martinez-Padilla et al. 2007; Pérez-
Rodriguez 2008; Pérez-Rodriguez and Viduela 2008;
Gladbach et al. 2010; Doutrelant et al. 2013), thus allowing
individuals to continuously evaluate their mate. Indeed,
several studies have shown that colored integuments reflect
individual quality and may be under current sexual selec-
tion (Massaro et al. 2003; Torres and Velando 2003, 2005;
Kristiansen et al. 2006; Velando et al. 2006, 2014; Cuervo
et al. 2009; Nolan et al. 2010; Ismar et al. 2010; Leclaire
et al. 2011; Doutrelant et al. 2013; Montoya and Torres
2015).

The Masked Booby (Sula dactylatra) is a socially
monogamous seabird with an extended period of pair
courtship (around 3—-6 weeks) and obligate bi-parental care
(Nelson 1978). Both parents incubate a modal clutch size
of two eggs for around 6 weeks, and feed the chicks during
a period of 23-26 weeks (Nelson 1978, 2005). Although
apparently monomorphic in plumage (white except black
primaries, secondaries, humerals, and tail), Masked Boo-
bies are dimorphic in size (females are roughly 14 %
heavier), and both sexes display multiple skin color traits
(Nelson 1978). The extent of size dimorphism in boobies
and their relatives is well documented (Nelson 2005), yet
their dichromatism has so far rarely been investigated,
particularly in the apparently more monomorphic taxa (but
see Childress and Bennun 2002; Torres and Velando 2003,
2005, Velando et al. 2006, 2014; Ismar et al. 2014). Male
and female Masked Boobies show variably colored feet
ranging from olive to orange, yellowish bills (both of these
traits presumably pigmented by carotenoids), and a mask of
bare dark skin (presumably pigmented by melanins) that
comprises the orbital ring eyelids, the facial skin running
onto the bill and the gular skin (Fig. 1). The feet, bill and
mask are exhibited prominently during mutual courtship
displays (Nelson 1978), yet little is known on the extent of
sexual dichromatism on these traits, and its possible sig-
naling function has not been investigated. Here, we report
sexual differences in skin color traits and evaluate whether
their expression is related to circulating testosterone and
reflects individual quality in terms of body condition, and
whether within individuals different color traits covary.
Finally, we assessed whether Masked Boobies mate
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Fig. 1 a Multiple ornaments of adult Masked Boobies (Sula dacty-
latra) during courtship. b Mask size was measured from digital
photographs. Reflectance spectra of ¢ foot color, d bill color, and

assortatively by skin color traits. If multiple skin color
traits represent dynamic signals of quality in this species,
we expect them to be inter-correlated and to convey reli-
able information of individual quality. If there is mutual
sexual selection by color traits, we expect assortative
mating by skin color.

Materials and methods

The study was carried out in August 2011 during the
reproductive season of the Masked Booby colony at Isla
Muertos, located at the National Park Arrecife Alacranes
(Gulf of Mexico, 22°25'11"N, 89°42'56”"W). During the
courtship period, both members of 40 pairs were captured
at night by directing a light into the bird’s eyes and
catching hold of the bird. Pairs were identified as birds that
were standing 20 cm or less from each other during capture
and were observed performing sexual displays during the
subsequent days. Immediately after capture, a blood sam-
ple was taken for testosterone determination. Each bird was
marked at the breast with a non-toxic marker, and body
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e mask color of males (black lines) and females (gray lines). For foot
and bill color, sample reflectance spectra from intense (solid line) and
drab (dotted line) coloration are shown

mass (%5 g), ulna, wing chord and culmen lengths
(1 mm) were measured. Feet, bill, and mask color were
measured using a spectrophotometer (see below). Bill
coloration was only measured in 30 pairs. Also, to estimate
the area of the mask (hereafter mask size), digital pho-
tographs were taken (see below).

Color measurements

The color of the feet, bill and mask was measured using a
portable spectrophotometer (Minolta CM-2600d; Minolta,
Osaka, Japan) which measures the reflectance from 360 to
740 nm in intervals of 10 nm. Data was truncated at
700 nm since this is the upper limit of the avian visible
spectrum (Montgomerie 2006). Reflectance spectra were
automatically produced as the mean of three sequential
measurements of each individual by changing its position
with respect to the apparatus. From the reflectance spectra
of feet and bill, lightness (the sum of reflectances from 360
to 700 nm) and chroma saturation were calculated (Mont-
gomerie 2006). Since feet and bill of Masked Boobies
reflect light maximally in the ultraviolet (UV) and yellow—
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red (YR) regions of the spectrum (Fig. 1), UV and YR
chroma saturations were calculated (UV: R360-400/
R360-700; and YR: R560-700/R360-700). Although there
are no available data for Masked Boobies, in the Aus-
tralasian gannet (Morus serratur), another member of the
sulid family, it has been found to be violet sensitive but not
ultraviolet sensitive (Machovsky Capuska et al. 2011;
Hastad et al. 2005; Ismar et al. 2014). From the reflectance
spectra of the mask (Fig. 1), only lightness (the sum of
reflectances from 360 to 700 nm) was calculated.

To estimate mask size, digital photographs were taken
from the right side of each bird while they were held with
an angle of 90° between the objective of the camera
(camera Canon Rebel EOS xsi, objective: 18-55 mm) and
the surface of the head. Lighting was provided by two
manual lamps in order to avoid flashguns. Mask size was
estimated using the Adobe Photoshop program (Fig. 1).
Before measurements, a metric scale was set in all pictures
by equaling a pixel distance to the measurement unit (cm?).
All measurements were performed at real scale. The dark
mask is easily distinguishable from the yellow background
of the bill; hence, the mask was outlined using the “lasso
tool”, its area was determined as the number of pixels
occupied, and finally the number of pixels was translated to
cm?® To estimate repeatability, the mask size of 15 indi-
viduals selected at random was measured by ILR three
times with an interval of 8 days between measurements.
Repeatability of mask size was high (r= 0.85,
F144 = 18.09, P < 0.0001; Lessells and Boag 1987).

Testosterone measurement

Immediately after capture, 1 ml of blood was collected
from the brachial vein with a heparinized syringe to avoid
clotting. Time from capture to bleeding never exceeded
3 min. We were able to bleed 71 individuals (37 males and
34 females). Samples were kept cool for the rest of the
night (maximum 6 h) and subsequently centrifuged at
10,000 rpm for 10 min. The separated fraction of plasma
was stored in microtubes at —80 °C in a liquid nitrogen
tank until analyses in the laboratory. Testosterone was
extracted twice with a volume of 10x diethyl ether from
100-pl plasma samples and resuspended in assay buffer
(Cayman Chemicals, Ann Arbor, MI, USA). We conducted
pilot analyses in order to determine the optimal dilution for
each sex. Since males showed higher testosterone levels
than females, the dried extract of male plasma was resus-
pended in a 1:10 dilution to fit the central part of the
standard curve, while the dried extract of female plasma
was resuspended in a 1:3 dilution. Testosterone concen-
tration for each sample was then determined using the
equation obtained from the standard curve plot and
accounting for the dilution factor of each sample, as is

indicated in the manufacturer’s protocol. Hormone con-
centrations were determined in duplicate using a com-
mercially available enzyme immunoassay (Cayman
Chemicals) following the manufacturer’s protocol, and a
set of identical internal controls was run in each assay. The
assay is 100 % specific for testosterone, 27.4 % for
S5a-dihydro-testosterone  (5a-DHT), and 3.7 % for
androstenedione. The intra-assay coefficient of variation
was 9.23 %, and the inter-assay coefficient of variation was
3.19 %.

Statistical procedures

Foot color variables were combined in a principal com-
ponents analysis (PCA) that resulted in only one main PC
axis showing an eigenvalue >1 and explaining 69 % of the
variance. From this analysis, the PC (hereafter foot color)
represented a gradient of foot color varying from low
lightness, low YR saturation and high UV saturation in the
negative extreme, to high lightness, high YR saturation and
low UV saturation in the positive extreme (factor loadings:
lightness = 0.65, UV = —0.94, YR = 0.88). Similarly,
bill color variables were combined in a PCA that resulted
in only one main PC axis (hereafter bill color) showing an
eigenvalue >1 and explaining 51 % of the variance and
representing a gradient of bill color varying from high
lightness, high UV saturation and low YR in the negative
extreme, to low lightness, low UV saturation and high YR
saturation in the positive extreme (factor loadings: light-
ness = —0.67, UV = —0.87, YR = 0.56). Feet and bill
PC scores, as well as mask size, were normally distributed
(Kolmogorov—Smirnov, all p > 0.20). Mask lightness
(hereafter mask color) was log-transformed to approach
normality (mask lightness after transformation, Kol-
mogorov—Smirnov, p > 0.20).

As an index of body condition, we calculated the scaled
mass index (SMI) following Peig and Green (2009, 2010).
SMI adjusts the mass of all individuals to the mass they
would have if they had the same body size, using the
equation of the linear regression of logl0 body mass on
log10 ulna length, estimated by type-2 (standardized major
axis; SMA) regression. Because females are heavier and
have longer ulnas than males, SMI was calculated sepa-
rately for males and females. The SMI was computed for
each individual as follows: SMI = Mi x (LO/Li)®, where
Mi and Li are, respectively, the body mass and the ulna
length of the individual, LO is the arithmetic mean value of
ulna length for the whole study population (males:
L0 = 20.4 cm; females: LO = 21.1 cm) and b iis the slope
estimate of a standardized major axis (SMA) regression of
log-transformed body mass on log-transformed tarsus
length (males: b = 3.54; females: b = 2.38). Sexual dif-
ferences in size (body mass, ulna length, wing chord length
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and culmen length), color traits (foot, bill and mask) and
testosterone levels were compared using general linear
models (GLMs) that included sex as a fixed factor. In all
analyses of mask size, ulna length was included in the
models as a covariate to control for allometric effects. In
the analysis of testosterone, body condition was included as
a covariate, and the interaction between sex and body
condition was tested.

GLMs with a normal distribution and an identity-link
function were used to evaluate the potential correlations
between ornamental traits, body condition and testosterone
levels in both sexes. Initial models included each ornamental
trait as the response variable, sex as a fixed factor, body
condition and testosterone levels as covariates and the sec-
ond-level interactions between these variables. Before per-
forming all analyses, variance inflation factors (VIF) were
calculated to ensure that our data met independence (foot
color: testosterone VIF = 1.39, body condition VIF = 1.63
and sex VIF = 1.96; bill color: testosterone VIF = 1.27,
body condition VIF = 1.49 and sex VIF = 1.77; mask
color: testosterone VIF = (.72, body condition VIF = 0.61
and sex VIF = 0.51; mask size: testosterone VIF = 0.71,
body condition VIF = 0.44, ulna VIF = 047 and sex
VIF = 0.27), normality of residuals (Kolmogorov—Smirnov,
all p > 0.20) and homogeneity of variances (Levene F, all
p > 0.37) were verified. We also calculated Cooks distance
to identify possible influential points and found that none of
our data showed a Cook’s distance greater than 1, indicating
that there is no reason to believe that we have outliers. We
used Akaikés information criterion corrected for small
sample size (AICc) for model selection following a back-
ward stepwise procedure. The best model was the one with
the lowest AICc value with a difference >2 from the second
best model (Burnham and Anderson 2002). Best final
models were tested against null models to evaluate the
importance of explanatory variables. Finally, Pearson’s
correlations were used to evaluate within sex correlations
between color traits and assortative mating by color traits,
morphometry, body condition and testosterone levels. A
significance level of o < 0.05 was used for all tests. Mean
values £ standard deviations are shown throughout the text.
Analyses were performed in SAS (SAS 1989-297 96 Insti-
tute, Cary, NC, USA) and STATISTICA software.

Results

Differences between sexes

Masked Boobies showed sexual differences in body mass,
and ulna and wing length. Females were on average 11 %

heavier, and had ulnas and wing chords 4 and 2 % longer
than males, respectively (Table 1). No differences in
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culmen length of males and females were detected
(Table 1). There was sexual difference for foot color with
foot integuments of males showing higher lightness and
higher reflectance in the yellow—orange chroma (higher PC
values; Table 1). No difference in bill color or in the mask
size and color were found (Table 1).

Circulating testosterone was on average 1.5 times higher
in males (130.75 & 111.75 pg/ml) than in females
(52.58 £ 46.79 pg/ml), and in both sexes it was positively
related to body condition (sex: F. ¢z = 39.56, P < 0.0001,
condition: F;e = 10.75, P = 0.002; sex x condition
Fi167 =022, P = 0.64).

Color traits, testosterone and body condition

The model selection procedure for foot color resulted in
one best model (Table 2) showing that foot color of both
males and females was influenced by the interaction
between plasma levels of testosterone and body condition
(Table 3). Increased levels of plasma testosterone had a
positive effect on foot color of individuals in good body
condition, and a negative effect on foot color of individuals
in poor condition (Fig. 2). Although foot color of males
and females differed (Table 3), the effect of testosterone
and body condition on foot color did not differ between
sexes (both interactions, P > 0.32).

For mask color, the model selection procedure resulted
in two best models with similar AICc values (Table 2). In
both models, mask color was positively related to body
condition (Table 3) with individuals in better body condi-
tion displaying lighter masks (Fig. 3a). Mask color did not
differ between sexes (Table 3) and was unrelated to plasma
testosterone levels (main terms and interactions, all
P > 0.31). The interaction between sex and body condition
was not significant (P = 0.84).

The model selection procedure for mask size also yiel-
ded two best models with similar AICc values (Table 2).
Both models showed that, after controlling for body size
and testosterone levels, mask size was influenced by sex
with females showing larger masks than males (Table 3).
The second final model showed that in both sexes mask
size was positively related to body condition (Table 3;
Fig. 3b). The interaction between sex and body condition
was not significant (Table 3). Mask size was unrelated to
plasma testosterone levels (Table 3; interaction sex x T:
P = 0.25). The interaction between testosterone and con-
dition was not significant (Table 3).

For foot color, mask color and mask size, differences
between best final models and null models were significant
(all P > 0.01). The model selection procedure for bill color
yielded one best model (Table 2) showing that bill color
did not differ between sexes (F; 5, = 0.01, P = 0.92) and
was unrelated to plasma testosterone and marginally
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Table 1 Sexual differences in
color traits and morphology of
adult Masked Boobies (Sula
dactylatra) during courtship

Table 2 Ranking of the most
probable linear models testing
the potential relationships
between color traits, body
condition (BC) and testosterone
levels (7) in both sexes

Females Males Comparison
Mean SD n Mean SD n F P daf
Color traits
Foot color (PC) —0.44 0.14 40 044 0.14 40 19.07 <0.0001 1,78
Bill color (PC) —-0.23 096 30 0.23 1.00 30 3.28 0.07 1,58
Mask color 24 0.09 40 24 0.12 40 0.00 0.95 1,78
Mask size (cm?) 4.22 0.63 40 3.98 0.62 40 0.45 0.50 1,78
Morphology
Body mass (g) 1699 120.74 40 1526 10536 40 46.62 <0.0001 1,78
Ulna length (mm) 211.18 6.28 40 2035 409 40 41.85 <0.0001 1,78
Wing cord length (mm)  426.25 9.13 40 4162 11.07 40 19.61 <0.0001 1,78
Culmen length (mm) 103.65 244 40 102.51 328 39 3.05 0.08 1,78

To control for allometric effects ulna length was included in the analysis of mask size, therefore the F" and
p values for ulna length shown in the table correspond to the interaction of ulna length x sex

Significant differences are shown in bold. The first principal components (PC) from a principal component
analysis of foot and bill color are shown

Dependent variable Terms included in the mode 1 AlCc AAICc

Foot color Sex, T, BC, sex x T, sex x BC, T x BC 194.2 —14.3
Sex, T, BC, sex x T, T x BC 192.6 —15.9
Sex, T, BC, T x BC 190.6 -17.9
Null model 208.5

Bill color Sex, T, BC, sex x T, sex x BC, T x BC 172 8.3
Sex, T, BC, sex x T, T x BC 169.8 6.1
Sex, T, BC, T x BC 167.2 3.5
Sex, T, B 164.8 1.1
T,B C 162.4 -13
BC 171.6 7.9
Null model 163.7

Mask color Sex, T, BC, sex x T, sex x BC, T x BC —126.2 -2.5
Sex, T, BC, sex x T, T x BC —128.7 =5
Sex, T, BC, sex x T —130.1 —6.4
Sex, T, BC —131 -7.3
Se x, BC —-137.4 -13.7
BC —136.8 -13.1
Null model —123.7

Mask size Sex, T, BC, UL, sex x T, sex x BC, T x BC 129.1 0.4
Sex, T, BC, UL, sex x BC, T x BC 126.4 23
Sex, T, BC,UL, T x BC 124.4 —-4.3
Se x, T, B C, UL 124.9 -3.8
Sex, BC, UL 150.4 21.7
BC, UL 151 22.3
Null model 128.7

To control for allometric effects ulna length (UL) was included in the analysis of mask size. Models were
selected using Akaikés information criterion corrected for small sample size (AICc). Model selection was
performed through a backward stepwise procedure. The AAICc values of all models with covariates were
calculated using the AICc values of the null models as references. Final models with the lowest AICc value
with a difference >2 from the second best model are highlighted
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Table 3 Color traits in female

and male Masked Boobies in Trait Effect Estimate Lower 95 % CI  Upper 95 % CI  F daf P
relation to plasma testosterone Foot color Sex 11264  0.2875 0.8398 1595 1,66  0.0002
(T) and body condition (BC)
T —0.0340 —0.0604 —0.0075 634 1,66 0.01
BC —0.0016  —0.0038 0.0007 192 1,66 0.17
BC x T 0.0000 0.0000 0.0000 544 1,66 0.02
Bill color T 0.0021 —0.0008 0.0050 194 1,53 0.17
BC —0.0018  —0.0035 —0.0001 412 1,52 0.05
Mask color 1 Sex 0.0438  —2.2445 29.1800 2.7 1,77 0.1
BC 0.0003 0.0407 0.2460 9.59 1,77 0.003
Mask color 2 BC 0.0002 0.0075 0.1805 658 1,78 0.01
Mask size 1 Sex 0.5649 0.0456 0.5218 54 1,65 0.02
T —0.0151 —0.0315 0.0012 328 1,65 0.07
BC 0.0013  —0.0002 0.0029 278 1,65 0.1
BC x T 0.0000 0.0000 0.0000 293 1,65 0.09
Ulna 0.3741 0.1079 0.6437 748 1,65 0.01
Mask size 2 Sex 0.6200 0.0705 0.5521 636 1,66 0.01
T —0.0009  —0.0025 0.0007 127 1,66 0.26
BC 0.0022 0.0009 0.0034 12.08 1,66 0.001
Ulna 0.3938 0.1231 0.6679 8.02 1,66 0.006

Linear models shown are those with the lowest Akaike’s information criterion corrected for small sample
size. For mask color and size the model selection procedure yielded two best models, respectively (with
similar AICc), the table reports both. Estimates, 95 % confidence intervals (95 % CI), F degrees of freedom
(df) and P values are shown. Significant effects are shown in bold
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Fig. 2 Effect of plasma testosterone (pg/ml) on foot color of
individuals in good condition (those whose condition was higher
than the mean condition from their sex; filled circles and solid line),
and in poor condition (those whose condition was lower than the
mean condition from their sex; open circles and dashed line). Foot
color was analyzed as the first principal component (PC) from
principal component analyses: greater positive values indicate a more
yellow—orange coloration. For visual clarity, body condition in the
figure was treated as a two-level factor (good condition individuals
versus poor condition individuals), but note that the analysis was
performed including this variable as a continuous covariate

related to body condition (Table 3; interactions all
P > 0.59). Yet differences between the final model and the
Null model were not significant (P = 0.18).

@ Springer

Relationships between color traits

Mask color was positively correlated with mask size and
foot color in males, and negatively correlated with bill
color in females (Table 4). All other color traits in both
sexes were not correlated (Table 4).

Assortative mating within color traits

Masked Boobies paired assortatively by foot color
(r2 = 0.21, P =0.003, n =40; Fig. 4a), mask color
(r2 = 0.29, P < 0.001, n = 40; Fig. 4b), and mask size
(r2 = 0.11, P = 0.04, n = 40; Fig. 4c). No correlation in
bill color between male and female partners was found
(r2 = 0.02, P =091, n = 30). Masked boobies did not
pair assortatively by condition (P = 0.38), size (P = 0.23),
or T level (P = 0.48).

Discussion

Although apparently monochromatic in their feather col-
oration, Masked Boobies show sexual dichromatism in
their feet with males expressing more yellow—red reflec-
tance than females. Masked Boobies show reversed sexual
size dimorphism; females are larger and heavier than
males, although culmen length did not differ between the
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sexes. Overall, no difference between the sexes in bill color
and mask color and size were found; however, after con-
trolling for testosterone levels and body size, mask size
differed between sexes with females showing larger masks.
Mask color and size were correlated to body condition,
while foot color was influenced by plasma testosterone and
body condition. Interestingly, we found assortative mating
by foot color, mask color, and mask size, but not by bill
color, thus suggesting that the color of the feet and the size

500 Lighter black
450
o0

__ 400 o fe)
o
2 350 ° 8 .OO O
a o}
$ 300 LN . (]
£ o °
£ 250 [
20
x 20 ° o
[}
S 150 ° (¢

100 ®

Darker black

50

1200 1300 1400 1500 1600 1700 1800 1900 2000
(B)°°

6.0 o

55 ®

O
[ J
5.0 [
a» [e]
(3 Y Q%”

4.5

[ ]
4.0 o oo (o)
° ] [ ] ¢

Mask size

3.0 O e

25 )

2.0
1200 1300 1400 1500 1600 1700 1800 1900 2000
Body Condition

Fig. 3 Mask color and size in relation to body condition in males
(solid circles) and females (open circles). Mask color was analyzed as
lightness (sum of reflectances from 360 to 700 nm) and was log-
transformed to approach normality. Body condition was calculated as
the scaled mass index

and color of the mask in the Masked Booby may function
as sexual signals in both sexes.

Color traits as indicators of quality

One mechanism to ensure that ornaments honestly reflect
quality is that their development and maintenance must
depend on the phenotypic condition of the bearer (Zahavi
1975; Hill 2011), thus leading to a positive correlation
between trait conspicuousness and indices of condition.
Body condition, which can be viewed as the size of an
individual’s energy reserves relative to its body size
(Schulte-Hostedde et al. 2005), is often regarded as indi-
cator of quality as it is linked to individual fitness by
affecting survival and reproduction in many species,
including seabirds (e.g., Blums et al. 2005; Monticelli and
Ramos 2012). In the Masked Booby, mask color and size
were associated with body condition in both sexes, thus
providing a good indication of individual quality. Fur-
thermore, we found a positive relationship between body
condition and plasma testosterone in males and females,
suggesting that plasma androgen levels may depend on
individuals’ body condition. Interestingly, the interaction
between these two variables influenced foot color: the
influence of testosterone levels on ornament expression
tended to be positive in individuals with good body con-
dition, and negative in individuals with poor body condi-
tion. These results are in agreement with the idea that, in
addition to signal health status (see below), androgen-me-
diated traits could also indicate general nutritional state due
to their condition-dependence (Pérez-Rodriguez et al.
2006). Given that body condition plays an important role in
testosterone production (Wingfield 1987; Duckworth et al.
2001), differences in body condition may influence the
expression of testosterone-dependent ornamental traits
(Pérez-Rodriguez et al. 2006). Hence, our results suggest
that foot color and mask color and size are indicators of the
individual current condition.

In the Masked Booby, the mechanisms controlling foot
color and the size and color of the mask are unknown.

Table 4 Correlations between

. . Bill color Mask color Mask size
color traits of courting Masked (1 = 30 pairs) (n = 40 pairs) (n = 40 pairs)
Boobies -UP -*p TP
Males Females Males Females Males Females
Foot color (PC) 0.27,0.13  0.19,0.32 047, 0.001 0.04, 0.79 0.28,0.07 —0.14, 0.39
Bill color (PC) - 0.07, 0.69 —0.38, 0.04 —0.14, 0.47 0.03, 0.85
Mask color — — — 0.34, 0.03 0.1, 0.54

Values are Pearson correlation coefficients and p values (Pearsons R, p value). Significant correlations
(P < 0.05) are shown in bold. The first principal components (PC) from principal component analyses of
foot and bill color were used for analyses
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Fig. 4 Assortative mating by condition-dependent color traits.
Within-pairs correlations between a foot color, b mask color and
¢ mask size (cm?). Foot color was analyzed as the first principal
component (PC) from principal component analyses: greater positive
values indicate a more yellow—orange coloration. For mask color, the
log-transformed total lightness is shown: greater values indicate a
lighter black color

However, carotenoid pigments are involved in the pro-
duction of the green—turquoise and green—yellow foot color
of two sister species, the Blue footed Booby (Sula
nebouxii; Velando et al. 2006) and the Brown Booby (Sula
leucogaster; Montoya B. and Torres R. unpublished data).
Hence, assuming that the yellow—orange foot color in
Masked Boobies is produced by carotenoid pigments, our
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results agree with other studies in seabirds in which indi-
viduals in better condition display more vivid skin colors
than individuals in poor condition (e.g., Blount et al. 2002;
Kristiansen et al. 2006; Velando et al. 2006; Cuervo et al.
2009; Leclaire et al. 2011; Doutrelant et al. 2013; Blévin
et al. 2014). On the other hand, dark melanic coloration is
generally positively associated with dominance and
aggressiveness via testosterone effects (“T-regulation
hypothesis”; Jawor and Breitwisch 2003; Bdkony et al.
2008), as testosterone favors aggressive behavior (Wing-
field et al. 1990; Alonso-Alvarez and Velando 2001), and
regulates melanin production (Evans et al. 2000; Fargallo
et al. 2007). In the Masked Booby, we found that mask size
and lightness are positively related to body condition (as-
sortative mating occurs for both mask size and color).
Interestingly, in males but not in females, these two traits
are positively correlated, suggesting that individuals may
face a trade-off between allocating melanin pigments to
either size or color, with individuals in better condition
showing larger masks. We found that individuals in poorer
condition show a darker black mask than individuals in
better condition, and both testosterone and body condition
influenced mask size. Although some studies have shown a
positive link between plumage melanin content and body
condition (review in Roulin 2015), others have found the
opposite, including one study in the Masked Booby (e.g.,
Schroeder et al. 2009; Fargallo et al. 2014). Because genes
involved in the expression of melanin-based traits regulate
many physiological and behavioral functions in a complex
way (Ducrest et al. 2008), the benefits of the pleiotropic
effects may differ between species, implying that different
degrees of melanin-based coloration may be indirectly
selected in different species (and therefore different
degrees of melanin-based coloration may convey different
information of condition among different species). Genes
involved in melanogenesis can pleiotropically regulate
other functions, including food intake patterns (Ducrest
et al. 2008). According to this idea, higher levels or activity
of melanocortins promote the darkening of coloration by
binding melanocortin receptors MCR1 in the melanocytes,
hence increasing the production of eumelanin. In addition,
high activity of these melanocortin hormones promotes a
reduction of food intake by binding to MCR3 and MCR4
receptors placed in the central nervous system and adipose
tissue (Ducrest et al. 2008). Our results agree with this
hypothesis, as darker individuals showed poor body con-
dition. Similar results have been reported in a recent study
with juveniles of Masked Boobies in which paler individ-
uals showed higher body condition than darker individuals
(Fargallo et al. 2014).

Bill color was unrelated to testosterone and marginally
related to body condition. Contrary to fleshy integuments,
such as the membrane of feet or the skin of the mask, the
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bill is a keratinized structure and the turnover of car-
otenoids deposited within it may take place more slowly
(Leclaire et al. 2011), and hence will be independent of
current body condition or testosterone levels (but see Pham
et al. 2014; Dey et al. 2015). Although changes in bill color
have been shown to mirror an infection within 7 days
(Faivre et al. 2003), a food restriction experiment (Piault
et al. 2008) did not significantly affect bill coloration, thus
suggesting that such a keratinized trait may not be as
informative as fleshy traits, which can change within a few
hours (Velando et al. 2006). Therefore, bill color may not
indicate current condition in Masked Boobies, while
whether it may reflect individual quality in a longer time-
scale remains to be explored.

In the Masked Booby, the condition-dependence of
plasma androgen levels and its influence in the expression
of color traits highlights the importance of the individual’s
nutritional status in the trade-off between testosterone-de-
pendent trait expression and health. According to the
immunocompetence handicap hypothesis, testosterone-de-
pendent ornaments signal individual quality, since only
high-quality individuals can afford the immunosuppressive
effect of testosterone-dependent ornamentation (Folstad
and Karter 1992). While in males there is considerable
evidence that testosterone levels are under strong direct
selection, and that males with high levels of testosterone
have a selective advantage in terms of increased repro-
ductive success (Mgller et al. 2005), there is less infor-
mation on the costs and benefits of high testosterone levels
in females (Mgller et al. 2005). It has been proposed that
circulating levels of testosterone in females may be an
indirect consequence of selection acting on males (Mgller
et al. 2005). However, our study does not support this idea
since, as in males, female testosterone levels are related to
body condition in Masked Boobies. Moreover, the effects
of testosterone and body condition on the expression of
traits that signal quality might suggest that female traits
mediated by testosterone should function as handicaps in
mate choice processes.

Multiple ornaments and assortative mating

In Masked Boobies, foot and mask skin color might convey
similar messages of quality, both reflecting body condition
and androgen-dependence. Moreover, we found that foot
and mask color were correlated between 34 and 47 %. The
fact that the signaling content of these color traits was
similar in both sexes suggests that color traits in Masked
Boobies may be favored by mutual sexual selection.
Whereas male ornaments have long been ascribed to sexual
selection (Andersson 1994), female ornamentation remains
an enduring challenge to evolutionary biologists (Nordeide
et al. 2013). The original view posits that female ornaments

evolved as the consequence of a genetic correlation with
male ornaments on which selection acts (Darwin 1871;
Lande 1980; Lande and Arnold 1985). Alternatively,
female ornaments are proposed to be themselves under
selection, either through female—female competition, male
choice (Jones and Hunter 1999; Amundsen 2000; Griggio
et al. 2005; Torres and Velando 2005); or through social
competition out of a sexual context (Kraaijeveld et al.
2007; LeBas 2006; Tobias et al. 2011, 2012). In Masked
Boobies, we have shown that foot color and mask color and
size convey information on condition in both sexes. Thus,
our results add to the growing body of evidence that female
ornamentation reflects individual quality (Jones and
Montgomerie 1992; Johnsen et al. 1996; Potti and Merino
1996; Amundsen et al. 1997; Linville et al. 1998; Kraai-
jeveld et al. 2007), and suggest that in Masked Boobies
mask and foot skin color in females might be selected
through a signaling function to attract mates.
Interestingly, Masked Boobies paired assortatively by
foot color and mask size and color, but not by bill color.
Even though the correlations are weak, the observed mat-
ing pattern in Masked Booby may arise as a result of both
sexes choosing mates based on phenotypic characteristics
that convey reliable information on individual condition,
suggesting that foot color and mask color and size may be
favored by mutual sexual selection (e.g., Velando et al.
2001). Alternatively, intrasexual competition for non-sex-
ual or sexual resources, or other aspects of the mating
system independent from sexual selection, may result in
correlations of male and female color traits (Jiang et al.
2013). We have no direct evidence in the Masked Booby
that skin color traits are favored by mutual choice; how-
ever, in the closely related species, the Blue footed Booby,
experimental evidence indicates that mutual mate choice
for foot color influences courtship behavior, the propensity
to copulate, and breeding decisions (Torres and Velando
2003, 2005; Velando et al. 2006). Furthermore, in seabirds,
mutual sexual selection is expected because parental roles
of males and females are similar (Johnstone et al. 1996;
Jones and Hunter 1999). Indeed, mutual ornamentation and
mutual sexual selection has been found in other seabird
species, such as the Crested Auklets (Aethia cristatella),
Yellow-eyed Penguins (Megadyptes antipodes), Great
back-backed Gull (Larus marinus), King Penguins
(Aptenodytes patagonicus), Black-legged Kittiwakes (Rissa
tridactyla), and Atlantic Puffins (Fratercula artica; Jones
and Hunter 1993; Massaro et al. 2003; Kristiansen et al.
2006; Nolan et al. 2010; Doutrelant et al. 2013). In the
Masked Booby, male and female preferences and the fit-
ness consequences of assortative mating by condition-de-
pendent color traits need to be studied in the future.
Nevertheless, given the large parental investment that both
sexes provide (Nelson 1978, 2005), it is likely that mutual
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mate choice might be favoring similar mask and foot col-
orations in males and females.

To conclude, our results show that Masked Boobies are
sexually dichromatic in foot color but monochromatic in
mask and bill. Feet and mask traits honestly reflect quality
in terms of body condition and plasma testosterone. In
addition, our study constitutes one of the few cases pro-
viding a positive relationship between female natural
testosterone levels and body condition. The finding of
assortative mating by multiple condition-dependent orna-
ments suggest that such a mating pattern may result from a
scenario where both sexes choose mates based on traits that
convey reliable information of individual condition, yet an
experimental approach is needed to confirm the findings
reported here. Although the fitness consequences of
assortative mating by condition-dependent color traits need
to be studied in the future, it is likely that mutual mate
choice might be favoring mask and foot colorations in
males and females due to the large parental investment that
both sexes provide.
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