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Abstract Carotenoids are pigments synthesised by
autotrophic organisms. For nestlings of raptorial spe-
cies, which obtain carotenoids from the consumption
of other heterotrophic species, the access to these pig-
ments can be crucial. Carotenoids, indeed, have funda-
mental health maintenance functions, especially
important in developing individuals as nestling kes-
trels. The aim of this study was to investigate how body
carotenoid levels and skin pigmentation vary in kestrel
nestlings (Falco tinnunculus) in relation to nesting
parameters. Furthermore, we experimentally altered
carotenoid availability (short- medium- and long-term)
for nestlings and investigated skin and serum variance.
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The skin colour variance of 151 nestlings was explained
by nest of origin, age and by the body condition (body
mass corrected by age), older nestlings with higher
body condition being redder. No difference in skin col-
our was detected between sexes. Differences in hue
(skin “redness”) between treatments did not emerge
during the first week, but did occur 15 days after
administration between long-term supplemented and
control chicks. In contrast, the serum carotenoid con-
centration showed a treatment-dependent increase
after 5 days from the first carotenoid administration
and at least after two supplemented feedings. In gen-
eral, hue but not serum carotenoids, was correlated
with the body condition of nestlings. Based on the
increased skin pigmentation of nestling kestrels in the
long-term experimental group, we suggest carotenoid
availability to be limited for colour expression. The
small increase of serum carotenoids due to supplemen-
tation is consistent with the hypothesis that there is a
physiological constraint on these pigments, as well as
an environmental limitation. The presented results are
useful for the understanding of carotenoid uptake and
accumulation by a wild raptorial species, located at the
top of the food web, highlighting that carotenoids are a
limited resource for kestrel nestlings.

Introduction

The brilliant yellowish-red colouration produced by
carotenoids in the skin and feathers of birds is the
result of a trade-off between the storage of these pig-
ments and their utilization. In fact, carotenoids are
used to deal with negative physiological conditions,
such as immune system activation (Blount et al. 2003;
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Faivre et al. 2003; Kilpimaa et al. 2004), bad nutritional
status (Hill 2000), endoparasites (Brawner et al. 2000;
Horak et al. 2001), and bacterial infection (Fenoglio
et al. 2004).

Nestlings, particularly, need carotenoids because
they have an undeveloped immune system and they
can experience undernourishment due to hatching
asynchrony or low-quality parental care (Horak et al.
2000; Fitze et al. 2003). During development nestlings
face up to high rates of body growth and cell prolifera-
tion with a consequent exposition to free radicals
action (Surai et al. 2001), although in kestrel nestlings
serum carotenoid concentration has not shown any
relationship with pro-oxidants, antioxidants or degree
of oxidative stress (Costantini et al. 2006; Costantini
and Dell’Omo 2006).

Birds, like all vertebrates (e.g. Costantini et al.
2005a), acquire carotenoids exclusively from the diet
because they are unable to synthesise them de novo
(Brush 1990). However, the environmental availability
of these pigments is thought to be limited and only
skilled foragers can be conspicuously coloured (carot-
enoid-limitation hypothesis, Endler 1983; Hill 1992;
Blount et al. 2004). Consequently, the expression of
carotenoid-based colouration is also limited by the die-
tary intake, especially for birds at the top of the food
web, such as exclusive carnivores like raptors (Tella
et al. 2004). Most studies analysing the administration
and accumulation of carotenoids and the effects on col-
our expression in birds have been conducted in captiv-
ity (Hill 1992, 2000; McGraw et al. 2003; Navara and
Hill 2003; Alonso-Alvarez et al. 2004). The few studies
carried out in the field did not manipulate the access to
carotenoid sources (Hill et al. 2002), except three cases
in which the variation of plumage colour in the great tit
Parus major (Fitze et al. 2003; Tschirren et al. 2003)
and blue tit P. caeruleus (Biard et al. 2005) were con-
sidered. Moreover, no study has used an experimental
approach to evaluate the variation of skin colouration
in the wild.

In this study, we tested the effects of supplemental
carotenoids on both blood carotenoid concentration
and carotenoid-based skin colouration in wild Eurasian
kestrel nestlings (Falco tinnunculus) in the Mediterra-
nean region. It is known from previous studies that
kestrels absorb only two xanthophylls (i.e. oxygenated
carotenoids), lutein (~90% of the total xanthophylls)
and zeaxanthin, which are deposited in the bare parts
(skin of lores, cere and tarsi) without any transforma-
tion (Casagrande et al. 2006) and producing a yellow—
orange colouration. In northern Europe, kestrels feed
mainly on small mammals (Korpiméki 1986), which are
a poor source of xanthophylls (Bortolotti et al. 2000).
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Therefore, the birds are likely to have low levels of car-
otenoids in their body. In the few areas of Italy with
subcontinental climatic conditions, the kestrel’s pre-
ferred prey are still voles and mice (Casagrande, data
unpublished). However, in more typical Mediterra-
nean areas, the diet is much wider and includes lizards,
small birds and many insects, which are a better source
of carotenoids (Olson and Owens 1998; Costantini
et al. 2005b). Therefore, this potentially high availabil-
ity of pigments allows us to investigate the carotenoid-
limitation hypothesis under less constrictive circum-
stances in terms of bioavailability of carotenoids in the
diet. Regardless of whether carotenoid-based skin col-
ouration in nestlings does or does not play a role in
intra-specific communication, the study of carotenoid
variation in young kestrels can lead to a better under-
standing of the carotenoid-based signal expressed by
adults, since the intensity of the colouration can be per-
manently influenced by growth conditions later in life,
as the beak colour of the zebra finch (McGraw et al.
2005).

The aims of this study were (1) to analyse the natu-
ral variation of serum carotenoids and carotenoid-
based skin colouration in kestrel nestlings in relation to
age, sex, body condition, laying date, brood size, and
nest of origin; (2) to carry out a dietary supplementa-
tion study with xanthophylls to determine the effects of
short- versus medium- and long-term administration of
xanthophylls uptake and recovery in serum and skin
during the treatment and after the end of the supple-
mentation. If environmental carotenoid availability is
limited, we expect to find differences in body caroten-
oid levels between treatment groups.

Materials and methods
Study area

The study was carried out near Rome, central Italy, in
an area of about 1,200 km? characterized mainly by cul-
tivated and set-aside fields. The cultivations included
olive plantations, vineyards and cereal fields, whereas
the set-asides were dry pastures interspersed with typi-
cal Mediterranean scrub vegetation. Chicks hatched in
nest-boxes mounted on the utility lines of two local
electric power companies. The study encompassed
three successive breeding seasons and included two
phases: in the first phase (2002), we quantified the nat-
ural variability of serum xanthophylls in relation to
various factors in a large sample of chicks during their
development; in the second phase (2003-2004), we car-
ried out a dose-response study to evaluate the time
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course of the effects of supplemented xanthophylls on
serum carotenoid levels and skin colour.

Natural variation of skin and serum xanthophyll levels

The first study was conducted during the 2002 breed-
ing season. Starting from March, the nest-boxes were
visited every 2 weeks to assess occupation and to col-
lect breeding and reproductive data. When nestlings
were 5-31 days old, a 0.4 ml blood sample was taken
from the brachial vein, kept cool (0-5°C) for a few
hours, centrifuged, and the serum stored at —20°C
until the laboratory analyses. At the time of blood
sampling, measurements of wing length (chord, near-
est 1 mm) and body mass (nearest 1g) were also
taken. Hatching dates were determined by visits to
the nests in the perihatching period and were sup-
ported by growth curves (error: 1 day). The wing
length was used as an indicator of age. For body con-
dition analysis we considered that, since the covaria-
tion between the dependent variable and each single
covariate is corrected for the covariation with all the
others, the covariation with body mass actually mir-
rors that with body condition, that is body mass cor-
rected for age-differences (see Garcia-Berthou 2001).
For graphical representation of the body condition
index we used the residuals of a regression of body
mass on the cube of the wing chord (r=0.71,
F} 158 = 158.31, P < 0.001).

The skin colour of the right tarsus was measured
with a hand-held spectrophotometer operating at
wavelengths of 400-700 nm (Oracolor Corob,
Modena). The colour was quantified by the hue value
(Horak et al. 2001) and since the spectrophotometer
assigns lower hue value to redder skin we consider the
inverse of the original value. We took three consecu-
tive measures per individual and, after checking for
repeatability (hue: r=0.80, P <0.001; Lessels and
Boag 1987), we used the mean value for the data analy-
sis. The data obtained with the spectrophotometer
were analysed with Corob Quality 1.0 software (Corob,
Modena). The skin of the tarsus was cleaned with
water and air-dried before the measurements.

Dose-response study with xanthophylls

The second study was conducted during the 2003-
2004 breeding seasons. The experimental broods var-
ied from four to six chicks as any effect of brood size
on carotenoid-based colouration or on blood carote-
noids concentration was observed during the study
conducted in 2002. In particular, there were seven
clutches of four, three of five and one with six chicks

for a total of 49 chicks. Only four chicks of each brood
were randomly assigned to one of four treatments,
namely controls (0 mg, n =11), short-term (36 mg/
subject, n=11), medium-term (36 mg/subject given
twice on alternate days, n = 11) and long-term (36 mg/
subject given three times every other day, n=11).
Starting when chicks were 1week old (weight
135.12 £ 5.25 g), they were supplemented three times
every other day with 1-day-old dead laboratory mice
containing either 200 mg of corn oil with 20% lutein
and zeaxanthin in a 9:1 ratio (corresponding to a dose
of about 265 mg of carotenoids/kg, Kemin Foods
L.C,, FloraGlo Lutein, Des Moines, Iowa) or corn oil
alone. These doses were selected on the basis of the
available information about animals body xantho-
phylls content (Czeczuga 1978, 1979; Casagrande
et al. 2006). To avoid photo-oxidation of the carote-
noids, we filled the mice with the corn oil in a dark
room and kept them cool in a refrigerated bag until
they were given to the chicks (a few hours after their
preparation).

On day 1, the chicks were bled (0.2 ml), measured
(wing length and body mass) and the skin colour of the
tarsus was measured with the portable spectrophotom-
eter. Then, they were fed with a 1-day-old mouse con-
taining either no xanthophylls (controls) or 36 mg
xanthophylls (all the other treatment groups). On day
3, the chicks underwent the same bleeding and mea-
surement procedures except that short-term supple-
mented chicks, like controls, received no more
xanthophylls in the mice. On day 5, only the long-term
supplemented chicks received xanthophylls whereas all
the other groups received mice with corn oil. All chicks
were bled and measured again on day 7 and 16, without
receiving any xanthophylls.

Laboratory analyses

Carotenoids were quantified with a Beckman DU 7400
spectrophotometer at 476 nm (Kemin Foods L.C., Des
Moines, Iowa). The serum was diluted with methanol
(1:8) and the flocculent proteins were precipitated by
centrifugation to obtain the serum. The xanthophyll
concentration was estimated as pg ml~! of serum using
the standard absorbance curve of lutein (alpha-caro-
tene-3,3’-diol; Sigma-Aldrich), the predominant carot-
enoid in kestrels (Bortolotti et al. 2000; Casagrande
et al. 2006). The sex of the nestlings was determined
by amplification of the CHDW and CHDZ genes
(Fridolfsson and Ellegren 1999).

All procedures performed in this study were con-
sistent with the European directive for the protection
of vertebrate animals used for experimental and
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other scientific purposes (86/609/EEC). The study was
approved by the Istituto Superiore di Sanita
(Approval no.: Fasc. 43 /1994 ISS and subsequent
updates).

Data analysis

The data were analysed with the STATISTICA pack-
age (Version 5.1, StatSoft, 97, Padua, Italy). We used
a mixed model ANCOVA to determine which factors
accounted for the variation in skin hue and serum
carotenoid concentration. We considered brood size
as fixed factor and laying date, body condition and age
as covariates; to avoid pseudoreplication, nest was
included as random factor (Hulbert 1984). To analyse
the effect of xanthophyll provisioning, we used a
mixed model ANOVA for repeated measures, consid-
ering treatment as fixed factor and nest as random fac-
tor. A mixed model ANOVA was used to evaluate the
effect of the year on the dependent variables consid-
ered in the experiment (skin hue, xanthophyll concen-
tration and body condition), with year as fixed factor
and nest as random factor. We used the Mann—Whit-
ney U Test to compare hue (samples of 2002) and
carotenoid concentration (samples of 2003) between
male and female chicks. Normality was checked with
the Kolmogorov-Smirnov test. Values of parametric
results are shown as mean (+se), while non-parametric
results are shown as median with upper and lower
quartiles.

Results

Natural variability of serum xanthophylls
and skin colour

Data were collected for 151 nestlings from 38 broods,
specifically 11 with 3, 17 with 4 and 10 with 5 chicks.
The skin colour variance was explained by the nest of
origin (Table 1), the age and the body condition, older
nestlings and with a higher index being redder

Table 1 Full model with the factors explaining skin hue variation
in nestling kestrels (38 nests, 151 nestlings)

Factors df F P-values
Laying date 1, 33.66 0.16 0.69
Age 1, 37.67 25.95 <0.0001
Body mass 1,43.19 12.83 <0.001
Xanthophyll concentration 1,48.44 0.71 0.41
Brood size 2,34.16 0.32 0.73
Nest (random factor) 35,109 5.14 <0.0001

Statistically significant P-values are shown in bold type
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(Table 1, Fig. 1). The hue did not covary with the
amount of xanthophylls detected in the serum. There
was no sex difference in skin colour (Table 2)
(U=0.64, n=16, p > 0.05). The xanthophyll variation
in serum was explained only by the nest (Table 3).
Again, males and females had similar serum xantho-
phyll concentrations (U= 1,854.5, n =134, P>0.05)
(Table 2).

Experimental study

Data were collected from 44 nestlings from 11 nest-
boxes. In the measurements taken immediately before
treatment, the individuals assigned to different treat-
ments did not show any difference in skin colour (One-
way Anova: F;4 =023, P=0.87), serum carotenoid
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Fig. 1 Relationship between skin colour hue and a body condi-
tion index and b age as expressed by the wing chord. Mean nest
values (n = 38) are presented to avoid pseudoreplication
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Table 2 Tarsal skin hue values in young and adult kestrels

Males Females

Hue

Young 0.65, 0.66, 0.67
Adults? 0.81,0.82, 0.85
Blood xanthophylls (ug ml~!)
Young 14.36, 18.58,22.21
Adults? 25.10,34.78, 46.47

0.65, 0.66, 0.66
0.76, 0.77,0.77

15.38, 20.65, 27.99
21.64,32.51, 40.94

The three values represent, respectively, the lower quartile, me-
dian and upper quartile

# Reported in Casagrande et al. (2006)

Table 3 Full model with the factors explaining serum xantho-
phyll variation in nestling kestrels (38 nests, 151 nestlings)

Variables df F P-values

Laying date 1,32.31 0.14 0.71
Age 1,49.63 1.05 0.31
Body mass 1,62.72 0.23 0.63
Skin hue 1,52.47 0.76 0.39
Brood size 2,33.36 0.13 0.88
Nest (random factor) 35,109 2.68 <0.0001

Statistically significant P-values are shown in bold type

concentration (One-way Anova: F;3, = 0.04, P =0.99)
or body condition (One-way Anova: F;,,=0.02,
P =1.00; Fig. 2a—). Moreover, there was no year effect
on hue (Fj g,9 = 3.56, P = 0.11), xanthophyll concentra-
tion (F;¢,5=0.27, P=0.62) or body condition (F;¢g,
=0.001, P =0.97). Therefore, in the subsequent analy-
ses, we pooled the data collected in 2003 and 2004.

Carotenoid-based colouration

Skin hue significantly increased from day 1 (PRE) to day
16, independently of the treatment (Table 4; Fig. 2a).
The treatment alone did not explain the change in skin
colour of the nestlings, as there was an effect of the sup-
plementation term (Fig. 2a, Table 4). The hue value did
not vary significantly from PRE to day 7 (Fig. 2a), and
no differences between treatment groups emerged in
this period (all P > 0.05, LSD Fisher post hoc test). The
difference among treatments became evident only on
day 16, nine days after the last xanthophyll administra-
tion, with long-term supplemented chicks having a
higher hue than the control (P < 0.05, LSD Fisher post
hoc test) and short-term supplemented chicks (P < 0.05,
LSD Fisher post hoc test) (Fig. 2a).

Serum xanthophyll concentration

In this analysis, two nests were excluded because it was
not possible to bleed the nestlings. In contrast to skin
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Fig. 2 Time course of the variation of skin hue (a), blood caroten-
oid level (b) and body condition index (¢) in kestrel nestlings sup-
plemented with xanthophylls. *P < 0.05; **P < 0.01, LSD Fisher
post hoc test. PRE refers to measures made before treatment

colour, serum carotenoid levels showed the effects of
xanthophyll treatment already during the supplemen-
tation, i.e. on day 5: the long- and medium-term
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Table 4 Sources of variation of the three dependent variables
considered in the dose-response treatment: skin colour, xantho-
phyll concentration and body condition

Dependent Source of variation df F P-values

variable

Skin colour Treatment 3,30 1.41 0.26
Time 4,40 5845 <0.001
Treatment x time 12,120 3.01 <0.001

Xanthophylls Treatment 3,24 516 <0.001
Time 4,32 10.24 <0.001
Treatment x time 12,96 1.74 0.07

Body condition Treatment 3,30 0.65 0.59
Time 4,40 7.74 <0.001

Treatment x time 12,120  0.59 0.85

supplemented nestlings became richer in xanthophylls
than the control and short-treatment chicks (controls
vs. long-term supplemented, controls vs. medium-term,
short-term vs. long-term supplemented; all P < 0.05
LSD, Fisher post hoc test) (Fig. 2b, Table 4). On day 7,
the long-term supplemented chicks had a higher carot-
enoid concentration than the control and short-term
supplemented nestlings (P < 0.05, LSD Fisher post hoc
test), while the difference between the medium-term
and control chicks disappeared (P > 0.05, LSD Fisher
post hoc test) (Fig. 2b). On day 16, all differences dis-
appeared, except control vs. long-term supplemented
chicks (P < 0.05, LSD Fisher post hoc test), since the
latter still had high carotenoid levels in the blood
(Fig. 2b). There were no interactions between treat-
ment and the other factors considered, except for a
marginal time-dose interaction (Table 4).

Body condition

We observed a large variation in the body condition
until day 7 and then a decrease on day 16 (Table 4;
Fig. 2¢). This variation was not affected by the xantho-
phyll supplementation nor did it show a time-treatment
interaction (Table 4, Fig. 2c).

Discussion

There is good evidence that the carotenoid-based col-
ouration of nestlings is influenced by their condition,
expressed by body mass (Johnsen et al. 2003; Tschirren
et al. 2003). The field assessment we conducted in 2002
showed that the carotenoid-based redness of the bare
skin was higher in nestlings with better condition,
while there was no relationship between the blood
xanthophyll concentration and body condition. Condi-
tion-dependent physiological constraints may cause
differences in plumage colouration by affecting the
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ability to incorporate carotenoids. Due to carotenoids
positive impact on the immune system and condition,
studies have suggested that it might be costly to incor-
porate them in the plumage (Hill 2000). So far, little
has been done on skin pigmentation, but as our data
suggests also skin pigmentation seem to reveal individ-
ual condition. Thus, a possible trade-off or cost between
skin deposition and usage might be applicable, and also
used as an honest indicator, e.g. of the ability of the
bearer to find the “resource” during foraging, or to
allocate carotenoids to signalling functions instead of
shunting them to health maintaining activity, or to
store the pigment despite their detrimental effects
(review in Olson and Owens 1998 and in Mgller et al.
2000). This, as well as the role played by carotenoids in
the health maintaining process might explain the lack
of relationship between blood carotenoids and carot-
enoid-based colouration.

We found also that nestlings became more coloured
with the increasing of age. We can speculate that this
can be a consequence of maturation of absorption and
deposition processes, or a consequence of longer time
of accumulation. Alternatively, the skin colour of older
nestlings could mirror, again, the condition of the indi-
vidual, as immune system generally improve during
ontogenesis (Hart 1997), but further investigations are
needed.

We did not find any sex difference in skin colour or
serum carotenoids in our nestlings. In general, the skin
of adult males is redder than females (Casagrande
et al. 2006; see also Negro et al. 1998 for the American
kestrel). However, differences in the expression of
carotenoid-based colouration between nestlings and
adults could be due to sexual maturation and to an
involvement of sex hormones in the modulation of
carotenoid tissue deposition (Witschi 1961; Bjerkeng
et al. 1999).

The differences among treatment groups in skin col-
our and blood xanthophylls suggest that we tested an
appropriate range of xanthophyll doses and time peri-
ods. The fixed dose administered during each treat-
ment was about 10-30 times higher than a dose
assumed daily in the wild. We decided to administer a
high dose every other day instead of a lower dose every
day to lower nestlings stress due to manipulation. As
carotenoids absorption depends on many factors as,
e.g. the lipid food content, the physical and physiologi-
cal conditions of the bearer or the degree of carotenoid
esterification, we hypothesised that the percentage of
carotenoid absorption could not be very high. Indeed,
the increase of serum carotenoids in treated birds was
in accordance with a dietary increase of pigments. We
have not even observed detrimental or beneficial
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effects on body condition or vitality of treated birds
compared to controls, which let us to exclude a phar-
macological rather then a dietary effect of the adminis-
tered dose (Klasing 1998; Alves-Rodrigues and Shao
2004).

The expression of blood xanthophylls and hue
showed a different time course after the treatment.
Xanthophylls are absorbed in the gut and pass rela-
tively rapidly into the blood. An increase in the blood
levels was recorded already 96 h after treatment, prob-
ably as a result of a release of carotenoids stored in the
liver (Surai 2002). Previous dietary supplementation
experiments in wild birds have shown an increase in
plasma carotenoid concentration (Blount et al. 2002;
Bortolotti et al. 2003), while others failed to show such
an increase (Biard etal. 2005, 2006). This may be
explained by the fact that plasma carotenoid level is
regulated by carotenoid release from the liver and
other storage tissues other than blood. By contrast,
changes in hue values emerged only after 2 weeks of
treatment. After the same period, the differences in
blood carotenoids disappeared, indicating a quick
reduction of these pigments after involvement in physi-
ological, storaging or eliminating processes.

The nestlings in the xanthophyll-supplemented
groups generally developed skin colouration in accor-
dance to the term of dietary xanthophyll supply. This
indicates that the natural carotenoid-based colouration
of the nestlings was below that achievable, providing
indirect support for the carotenoid-limitation hypothe-
sis and suggesting that the assimilation of carotenoids
depends on individual foraging skill (Endler 1983; Hill
1992; Blount et al. 2004). However, despite the high
dose of xanthophylls provisioned to the chicks, the
blood carotenoid level did not increase to the same
degree. These findings suggest that there could be a
limitation of the ability to absorb xanthophylls. There-
fore, the concept of “limited resource”, referring to the
availability of these pigments to the animals, could
partly reside in a differential efficiency of their absorp-
tion in the gut. Thus, a resource could be “limited” not
only environmentally but also physiologically (see
McGraw 2005 for a link among dietary carotenoid
assimilation, colour ornamentation and phylogeny). It
is known, for example, that xanthophylls need specific
carriers that must be activated at the gut level before
they can pass from the digestive tract into the circula-
tion (Brush 1990). Differences in the concentrations or
affinities of the molecules that take up carotenoids
from food (e.g. micelles, chylomicrons) or that trans-
port xanthophylls through the circulatory system to
different tissues (e.g. lipoproteins) could also explain
some of the inter-individual variation in blood carotenoids

and colour expression (Allen 1987; Mossab et al. 2001;
McGraw and Parker 2006).

The hue values recorded in the long-term supple-
mented nestlings at the end of the experiments were
lower than those measured in previous studies on wild
adult kestrels (see Table 2; Casagrande et al. 2006),
despite the large amount of xanthophylls ingested dur-
ing the experiment. This suggests that there is still
room for a further increase in the redness that can be
achieved by an individual and also that a longer period
might be needed for the pigments to produce an
intense skin colouration. Unfortunately, we could not
measure the hue after day 16 because the nestlings
fledged a few days after the last sampling. Whether a
maturation process is involved in the final colour
expression is a topic requiring further investigation. It
was recently shown that, above a certain carotenoid
intake, there can be a dissociation between the circu-
lating carotenoid levels and colour, and that both traits
are limited by a physiological threshold (Alonso-Alv-
arez et al. 2004). In our case, even though the quantity
administered was high, it did not allow us to evaluate
the levels at which serum carotenoid concentration and
colour reach their physiological plateau.

Furthermore, the differences between the values of
long-term supplemented nestlings and the values mea-
sured previously in wild adult kestrels are consistent
also with the hypothesis of a physiological limitation on
the amount of carotenoids nestlings can allocate to col-
our their skin. Support for this “intrinsic limitation of
colour expression”, and for the idea that chicks do not
allocate carotenoids to signal production, comes from
the observation that skin colouration probably does
not yet have a communicative significance at this stage
of their life. Hence, carotenoids can be allocated to
other tissues and shunted for other physiological
needs.

The decrease of the body condition observed on day
16 could have been due to the natural loss of weight
that characterises nestlings close to fledging (e.g. Dijk-
stra et al. 1990, unpublished results). In fact, extra car-
otenoids supplied to other bird species did not affect
body condition. However, it cannot be excluded the
possibility that they can have a detrimental effect on
the individual (e.g. EI-Agamey et al. 2004; Costantini
et al., submitted).

In conclusion, our experiment showed that only skin
colour and not serum carotenoid concentration was
correlated with the body condition of nestlings. The
provisioning of nestlings with extra xanthophylls
caused an increase in carotenoid-based colouration
intensity, indicating that the hue value of skin col-
ouration of non-provisioned birds was below the
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maximum achievable and that the carotenoid content
of food can be considered a limited resource for skin
colour production. The limited increase of serum car-
otenoids compared to the amount supplied is consis-
tent with the possibility that there is a physiological
constraint on these pigments, as well as an environ-
mental limitation.
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