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Abstract

Greater flamingos use cosmetic coloration by spreading uropygial secretions pig-
mented with carotenoids over their feathers, which makes the plumage redder.
Because flamingos inhabit open environments that receive direct solar radiation dur-
ing daytime, and carotenoids bleach when exposed to solar radiation, we expected
that the plumage color would fade if there is no maintenance for cosmetic purposes.
Here, we show that the concentrations of pigments inside feathers and on the sur-
face of feathers were correlated, as well as that there was a correlation between the
concentrations of pigments in the uropygial secretions and on the surface of feath-
ers. There was fading in color (becoming less red) in feathers that received direct
solar radiation when there was no plumage maintenance, but not so in others main-
tained in darkness. When we controlled for the initial color of feathers, the feathers
of those individuals with higher concentration of pigments on the feather surfaces
were those that lost less coloration after experimental exposure of feathers to sunny
conditions. These results indicate that exposure to sunlight is correlated with the fad-
ing of feather color, which suggests that individuals need to regularly apply makeup
to be more colorful. These results also reinforce the view that these birds use cos-
metic coloration as a signal amplifier of plumage color. This may be important in spe-
cies using highly variable habitats, such as wetlands, since the conditions experienced
when molting may differ from those when the signal should be functional, usually

months after molting.
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1 | INTRODUCTION

The color of feathers is due to pigmentation or structural coloration
(Gill, 1990). Because feathers are inert tissue and pigments are de-
posited into feathers during molt (Gill, 1990), it has for long been as-
sumed that feather coloration was a relatively static trait. But there
are an increasing number of evidences showing that feather coloration
may change between molting periods, even during short-term ones.
This may be due to accidental staining with organic or inorganic sub-
stances (Ficken & Ficken, 1962; Kennard, 1918; Shawkey et al., 2011;
Surmacki, 2011; Surmacki & Nowakowski, 2007), abrasion (Fig uerola
& Senar, 2004; Surmacki et al., 2011; Veiga, 1996; Willoughby
et al., 2002), saprophytic fungal growth (Clubb & Herron, 1998), dena-
turation of pigments (Blanco et al., 2005), or to the deliberate applica-
tion of some substances over the feathers by the birds themselves (i.e.,
cosmetic coloration; Delhey et al., 2007; Montgomerie, 2006; Negro
et al., 1999; van Overheld et al., 2017; Pérez-Rodriguez et al., 2011).
Both male and female greater flamingos Phoenicopterus roseus apply
over their plumage, as makeup, uropygial secretions pigmented with
carotenoids that make their feathers redder (Amat et al., 2011, 2018).
In this species, the redder individuals breed earlier and are preferred
as mates (Amat et al., 2011; Freeman et al., 2016), and it has been sug-
gested that plumage color would act as a dynamic signal of parental
quality (Amat et al., 2018; Amat & Rendén, 2017).

Up to six types of carotenoids are present in the plumage and other
tissues of flamingos (Amat & Renddn, 2017). Of such pigments, can-
thaxanthin is the main carotenoid deposited in greater flamingo feath-
ers (>60% of all carotenoids, Fox et al., 1967; Amat et al., 2011), which
is also accumulated in the uropygial secretions that these birds use as
makeup (Amat et al., 2011). Carotenoid pigments bleach when exposed
to environmental conditions (Christophersen et al., 1991; Mortensen &
Skibsted, 1999; Surmacki et al., 2011; Topfer, 2012). The bleaching of
plumage may be especially acute in birds that use substances pigmented
with carotenoids as makeup and especially if they inhabit open environ-
ments receiving direct solar radiation throughout the day, such as flamin-
gos, because the degradation of the pigments external to the plumage
would be rather rapid. This is expected because UV-visible radiation is
the main contributor to carotenoid degradation (Ornborg et al., 2002) and
would explain why flamingo feathers rapidly lose their coloration once
shed (Kight, 2015). Therefore, a frequent application of cosmetic uropy-
gial secretions over feathers would be necessary to maintain the plumage
colorful. Such a possibility encouraged us to experimentally test whether
the plumage color of greater flamingos fades when no uropygial secre-
tions are applied over feathers with cosmetic purposes and the feathers
remain exposed to sunlight. We predicted that the degree of plumage
fading when there is no plumage maintenance should be related to the

quantity of pigments deposited as makeup over feathers’ surfaces.

2 | MATERIALS AND METHODS

We used for this study 30 adult greater flamingos found recently

dead during a cold spell in the Camargue, southern France, in

FIGURE 1 The red coloration in neck and head feathers

of greater flamingos results from the application by the birds
themselves of uropygial secretions pigmented with carotenoids
(photograph credit: Manuel Diaz Zurita)

February 2012 (Deville et al., 2014). From every bird, we plucked
together 5-10 feathers from the neck, since greater flamingos use
cosmetic coloration on these feathers (Amat et al., 2011, 2018)
(Figure 1). We also excised the uropygial gland from every bird. All
samples were kept at -80°C until pigment analyses and measure-

ment of color.

2.1 | Carotenoids in feathers

We used a set of feathers (one feather per bird) to obtain carotenoids
on their surface (i.e., external to feathers), following the procedure
described in Amat et al. (2011). Briefly, the feathers were individu-
ally weighed to the nearest 0.1 mg using a Mettler Toledo electronic
balance and introduced in 15-ml Falcon tubes filled with acetone for
pigment extraction. These tubes were shaken during 2 min, using
Vortex, after which they were subject to sonication during 2 min.
Pigment extracts were transferred to a rotatory flask, and the sol-
vent was evaporated until it was dry. The residue was dissolved in
100-300 pl of N,N-dimethylformamide (the quantity varied depend-
ing on the intensity of the apparent color), filtered through a nylon
net (0.45-pm mesh size) into an Eppendorf tube, and stored at -~30°C
until analysis, which was performed within 1 week after extraction.
This procedure did not remove any pigment internal to feathers
(Amat et al., 2011).

Subsequently, we extracted carotenoids internal to feathers from
the same set of feathers, for which we employed a protocol similar
to that of Blanco et al. (2005). The individual neck feathers from
which the external carotenoids had been previously removed were
placed within folded filter paper and introduced into 15-ml Falcon
tubes for subsequent extraction of pigments. Ten milliliters of N, N-
dimethylformamide was added, and the tube was placed at 60°C for
60 min, including sonication for 5 min every 30 min. The extraction
procedure was repeated three times with acetone as extraction sol-

vent. All fractions were pooled in a separator funnel and treated with
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50 ml of diethyl ether to collect the pigments. A sufficient amount
of 10% NaCl was added to allow the separation of the phases. The
ether phase was filtrated through anhydrous sodium sulfate, evap-
orated in a rotary evaporator, and taken up to 0.2 ml with acetone.
Resulting extracts were subsequently centrifuged at 12,000 g for
5 min and the upper layer stored at -30°C until analyzed.

Extraction of carotenoids was done using high-performance lig-
uid chromatography (HPLC). Identification of carotenoids was per-
formed by comparison of the chromatographic behavior of the peaks
(retention time and UV-visible spectra) with that of authentic stan-
dards, while quantification was performed using external calibration
curves from injection of progressive concentrations of the reference
pigment (see full details in Amat et al., 2011). The content of can-
thaxanthin in feathers obtained from each sample was expressed as

mg of canthaxanthin/g of feather.

2.2 | Carotenoids in uropygial secretions

In the laboratory, we collected up to 50 mg of uropygial secretions
per sample from the uropygial glands and transferred them into 2-ml
Eppendorf tubes for subsequent extraction of pigments. We recorded
to the nearest 0.1 mg the mass of secretions of every sample. For ca-
rotenoid extraction, we added 60-150 pl of acetone (the quantity var-
ied depending on the intensity of the apparent color) to each sample
of uropygial secretions. The mixture was shaken for 2 min, and subse-
quently, it was subject to sonication for 2 min. The sample was then
centrifuged at 12,000 g for 5 min and the upper layer stored at -30°C
until analysis using HPLC. The content of canthaxanthin in the uropy-

gial secretions was expressed as mg of canthaxanthin/g of secretion.

2.3 | Color changes in feathers

To study whether the color fades when there is no plumage main-
tenance by the birds, we attached two groups of neck feathers
of individual flamingos (n = 30) by the calamus with transparent
adhesive tape on sheets of black cardboard (Blanco et al., 2005;
Hasegawa et al., 2008; Pearlstein & Keene, 2010). The sheets
were inserted into transparent plastic bags to avoid being covered
by dust. These sets of feathers were different from that in which
carotenoids were measured, and were exposed to ambient out-
door conditions for 40 consecutive days on a flat roof. The treat-
ment group received direct solar radiation. The control group of
feathers did not receive solar radiation, as the side of the sheet on
which the feathers were attached was facing down. We scanned
individual feathers using an Epson Perfection 1250 scanner, just
before exposing them to ambient conditions (day 0), and again
after exposition to ambient conditions (day 40). Scanned images
of feathers were saved as JPEG files, from which coloration was
determined in the Commission International d’Eclairage (CIE)
L*a*b* color space, in which L* represents lightness, a* the red/

green value (redness), and b* the yellow/blue value (yellowness).
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We obtained a* values using Adobe Photoshop CS4 (Adobe, San
José, California, USA), for which the eyedropper was set at 5 x 5
pixels and placed over five points along the feather images (for de-
tails, see Amat et al., 2011). We quantified color in this way instead
of considering the avian color space because we were interested in
estimating changes in redness, and this is appropriate for our pur-
pose, since greater flamingos are able of perceiving changes in the
intensity of red coloration (Amat et al., 2018). The visual system
of the greater flamingo is categorized as violet-sensitive (Odeen &
Hastad, 2003), and we did not consider reflectance in this part of
the spectrum, though it may be important in avian signaling (e.g.,
Eaton & Lanyon, 2003).

2.4 | Statistical analyses

We used STATISTICA (Dell, 2015) to perform statistical tests. We
checked the data for normality and homoscedasticity, and when
these criteria were not met, we used nonparametric statistical tests
instead of parametric ones. For each feather and measurement day,
we averaged the five values of a*. We compared the concentrations
of canthaxanthin inside the feathers and on the surface of feathers
using Spearman rank correlation (r,). This last test was also used to
compare the concentrations of canthaxanthin in the uropygial secre-
tions and on the surface of feathers. We used Pearson’s correlation
(r) to check whether there was a relationship between the initial a*
values (a*,) in both groups of feathers (i.e., those receiving direct
solar radiation vs. those in darkness). We used generalized linear
mixed models (GLMM) to compare initial (day 0) and final (day 40)
a* values each one of the groups of samples, considering individuals
as a random factor, period (initial and final measurements, i.e., day
0 and day 40, respectively) as categorical factor, and a* values as
dependent variable.

We estimated the degree of color change for each feather after
40 days of exposition relative to initial values, as: ([a*, - a*,,1/a*;).
We used the average a* values for the calculation of the relative
changes in color. We compared the concentration of canthaxanthin
external to feathers (i.e., the pigments used as cosmetics) with the
change in feather color after 40 days of exposition to sunny con-
ditions, while controlling for initial color values (a*o), using Kendall
partial rank-order correlation (Siegel & Castellan, 1988). Although
the concentrations of pigments and the changes in coloration were
actually measured in different feathers of the same individuals, for
this partial correlation we assumed that in every individual bird all
neck feathers received very similar amounts of uropygial secretions
over them. Indeed, from each flamingo, we plucked the feathers to-

gether, that is, one feather was in immediate proximity to the others.

3 | RESULTS

The average concentrations of canthaxanthin (+SD) were as fol-
lows: 0.14 + 0.26 mg/g on the surface of feathers, 9.20 + 6.92 mg/g
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inside the feathers, and 0.53 + 0.44 mg/g in the uropygial secretions
(n = 30 in all cases). There was a significant correlation between the
concentrations of canthaxanthin inside the feathers and on the sur-
face of feathers (r, = 0.49, n = 30, p < 0.01). There was also a signifi-
cant correlation between the concentrations of canthaxanthin in the
uropygial secretions and on the surface of feathers (r, =0.40, n = 30,
p < 0.025).

There was a highly significant correlation between the a* val-
ues of feathers that were exposed to sunny conditions and those
of feathers maintained in darkness before exposition of feathers to
environmental conditions (r28 =0.65,p =0.001; Figure 2). The feath-
ers exposed to direct solar radiation were significantly duller after
40 days of exposition, with a fading in redness of 57.8% relative to
initial values (GLMM, Fy .9 = 46.3, p < 0.001; Figure 3). However,
there were slight, marginally not significant, changes in the redness
of feathers after 40 days of exposition to ambient conditions when
the feathers did not receive solar radiation, with a fading in redness
of 11.4% relative to initial values (GLMM, F1,z9 = 3.9, p = 0.058;
Figure 3). When we controlled for the initial color of feathers (a*),
the feathers of those individuals with higher concentration of can-
thaxanthin on their surfaces were those that lost less coloration after
exposition to solar radiation (Kendall partial correlation, T = -0.37,
n =30, p <0.005).

4 | DISCUSSION

Our results show that there was an evident fading in coloration (be-

coming less red) in neck feathers of greater flamingos that received

DARKNESS (redness value)
[ ]
[ ]

T T T T T

2 3 4 5 6 7
SUNNY (redness value)

FIGURE 2 Relationship between the redness of neck feathers
from greater flamingos before the exposure of feathers to sunny
conditions and the maintenance of feathers under conditions of
darkness (n = 30 in each group). The redness values were obtained
from the Commission International d'Eclairage (CIE) L*a*b* color
space

direct solar radiation after 40 days in which there was no plumage
maintenance by the birds. Although we found a slight fading in the
coloration of flamingo feathers maintained in darkness, the change
in coloration was not as apparent as in feathers maintained under
sunny conditions, which may be linked to the fact that UV-visible
radiation is the main factor causing carotenoid degradation (Ornborg
etal., 2002).

Furthermore, feathers with higher amounts of carotenoids on
their surface lost less coloration, which suggests a protective role
of the thickness of the carotenoid layer. Following chick hatching,
the adult greater flamingos use much less frequently the behavior
employed to spread the uropygial secretions over their plumage with
cosmetic purposes than during the months preceding chick hatching,
which together with a decrease in the concentration of carotenoids
in the uropygial secretions results in a fading of plumage coloration
in about a month (Amat et al., 2011, 2018). In these studies, it was
suggested that to maintain the plumage colorful, flamingos would
need to apply frequently makeup over their feathers during the
long displaying period, which in the Mediterranean region spans
October-May (Amat et al., 2011; Johnson & Cézilly, 2007). Here, we
demonstrate that the neck plumage coloration would fade during
such a long period when there is no possibility of plumage mainte-
nance. This result is consistent with the finding that the more color-
ful individuals apply cosmetics over their feathers more frequently
than the less colorful individuals (Amat et al., 2011), which suggests
that colorful individuals need to regularly apply makeup to be more
colorful.

The flamingos used in this study might have died of starva-
tion, and it is possible that in these individuals the assignment of
carotenoids to the uropygial gland for cosmetic purposes was
not as frequent as in healthy individuals, probably because starv-
ing individuals might allocate the carotenoids to another function
(Morehouse, 2014). However, the cold spell happened suddenly,
when flamingos where actively displaying (before starving; Labaude,
Deville, & Béchet, pers. observ.), so that they had presumably al-
ready sprayed uropygial secretions on their feathers. Indeed, our
study shows that neck feathers had pigments over their surface,
presumably deposited with the uropygial secretions, and that the
coloration of feathers fades when exposed to sunlight conditions if
there is no plumage maintenance with cosmetic purposes.

It might be that the changes in color of flamingo feathers were
not only due to bleaching of carotenoids external to feathers,
but also to bleaching of carotenoids internal to feathers, as it has
been shown in the great tit Parus major and the blue-tailed bee-
eater Merops philippinus (Surmacki, 2008; Surmacki, Siefferman,
et al., 2011). However, the plumages of the tit and the bee-eater
are pigmented with xanthophylls, and in these carotenoids, the
oxidative degradation, causing bleaching, is more rapid than that
of canthaxanthin (Woodall et al., 1997). The scarlet ibis Eudocimus
ruber, whose plumage is mainly pigmented with canthaxanthin (as
flamingos) (Fox, 1962), apparently does not use uropygial secre-
tions with cosmetic purposes (Amat et al., unpubl.). However, in

this species there are no colorimetric changes under visible light
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FIGURE 3 Boxplots for redness values of neck feathers

from greater flamingos. The feathers either received direct solar
radiation or were in darkness (n = 30 in each group) during 40 days.
The boxes represent the interquartile ranges (IQR: 25th and

75th percentiles), and the lines within the boxes are the medians.
Whiskers extend 1.5 x IQR from the 75th and 25th percentiles. A
dot denotes an outlier. The redness values were obtained from the
Commission International d’Eclairage (CIE) L*a*b* color space

after short-term (29 days) exposition of feathers to sunny con-
ditions, when there is a lack of plumage maintenance (Pearlstein
et al., 2014). What the results of Pearlstein et al. (2014) suggest is
that when there are no canthaxanthin pigments external to feath-
ers, there are no apparent changes in feather coloration in the vis-
ible part of the spectrum after a few weeks of feathers exposure
to sunny conditions, though there may be changes in the UV part
of the spectrum (Pearlstein et al., 2014). Therefore, the changes in
redness that we found in flamingo feathers would be mainly due
to bleaching of carotenoids external to feathers when there is a
lack of maintenance for cosmetic purposes. In line with this, our
results indicate that the degree of fading of plumage coloration in
the greater flamingo is negatively correlated with the concentra-
tion of pigments over the feathers’ surfaces, which demonstrates
the importance of the use of cosmetics for the maintenance of
colorful plumage.

A previous study found that the intensity of plumage color-
ation in flamingos increased with the quantity of pigments used
as cosmetics and suggested that the use of cosmetics is a signal
amplifier of plumage color (Amat et al., 2011). The results of our
study support this, as there is a relationship between the concen-

trations of canthaxanthin inside the feathers and on the surface
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of feathers. This would make differences in coloration easier to
assess by the receivers of the signal (Hasson, 1991) because the
use of cosmetics would bring out the coloration. This may be espe-
cially important in species inhabiting highly variable environments
and that mate long before breeding, like flamingos. Indeed, in the
Mediterranean this species generally molts at the end of the sum-
mer after the breeding season, while courtship displays extend
from October to May. Hence, the conditions at times when the
signal should be functional may differ from those when the color
of plumage was acquired during molt so that the use of cosmetic
coloration may provide a better image of the individual quality
than the one indicated by the color acquired when molting several
months before (Botero & Rubenstein, 2012; Montgomerie, 2006;
Searcy & Nowicki, 2005).
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