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Abstract In the context of sexual selection and parent-
offspring communication, carotenoid-based coloration
operates as a dynamic condition-dependent signal, as
pigments stored in the skin and in the bill can be
reallocated to other tissues in accordance with physi-
ological needs. We studied the proximate factors
affecting the carotenoid-dependent coloration of the
Eurasian kestrel (Falco tinnunculus). Kestrel nestlings
show carotenoid-based coloration at the integument
level. Adult males and females share similar charac-
teristics, but to a different extent. By cross-fostering
nestlings, we evaluated the importance of the ‘‘nest of
rearing’’ and the ‘‘nest of origin’’ to determine varia-
tion in skin color and blood carotenoids. The nest of
rearing accounted for most of the observed variance in
skin color, as well as serum carotenoids, while the nest
of origin was not causal to the variability of carote-
noids in young kestrels. The study indirectly shows
that carotenoid-based color expressed by young kes-
trels is not affected by pre-laying conditions. Fur-
thermore, we found that carotenoid coloration and
blood carotenoid concentration were correlated at
phenotypic and environmental levels, while the
hereditary component of the carotenoid traits was too
low to estimate their correlation at the genetic level.
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Introduction

The cost associated with the expression of carotenoid-
based colorations has recently been hypothesized to
increase the honesty of the signal in sexual selection
(Hill 1999; Duckworth et al. 2004; reviewed by Olson
and Owens 1998) or parent–offspring communication
(Götmark and Ahlström 1997; Saino et al. 2000).
Indeed, carotenoid-based coloration is costly because
carotenoids are limited within the kestrel diet and the
animals are unable to synthesize them de novo (e.g.,
Brush 1990). They are also used for several physiological
functions, such as immune stimulation (Blount et al.
2003; Faivre et al. 2003; McGraw and Ardia 2003; Saino
et al. 2003). Since carotenoids are used to meet
physiological demands they are no longer available for
the production of color, thus, only healthy individuals
can allocate all the absorbed pigments for the produc-
tion of a signal (Faivre et al. 2003).

Since carotenoids are absorbed only through the diet,
carotenoid-based coloration may vary as a consequence
of their availability (Linville and Breitwusch 1997;
Bortolotti et al. 2000), as well as the individual’s forag-
ing capability (Casagrande et al. 2006; see Møller et al.
2000 for a review). When looking among vertebrates at
intra-specific level, diet accounts for most of the varia-
tion in the body concentration of carotenoids. Examples
include the guppy Poecilia reticulata (Grether et al.
1999) and the Galápagos land iguana Conolophus sub-
cristatus (Costantini et al. 2005b). Carotenoid intake can
also explain the variation in plumage color in birds, for
example in the American goldfinch Carduelis tristis
(McGraw et al. 2002), or in the house finch Carpodacus
mexicanus (Hill et al. 2002). However, carotenoid-based
coloration is not always primarily explained by
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carotenoid intake, as suggested by the color differences
recorded in American kestrels Falco sparverius kept
under the same diet (Negro et al. 2001). On the other
hand, a recent survey on carotenoid expression at inter-
specific level revealed in birds that the diet explains most
of the variance in plumage color but not in the pig-
mentation of the bare parts, such as legs, lores, cere,
combs, bill, or bill-knob (Olson and Owens 2005). The
lack of association between diet and carotenoid-based
coloration in the bare parts of birds suggests that the
skin carotenoid-based coloration might harbor some
genetic variance.

Most studies conducted thus far have attempted to
explain the causal factors of color variations in carot-
enoid-based plumage (e.g., Figuerola et al. 1999; Hill
1999; Brawner III et al. 2000; Inouye 2001; Fitze et al.
2003; McGraw et al. 2003; Navara and Hill 2003; Pryke
and Andersson 2003; Hill and McGraw 2004; Hõrak
et al. 2004; Mays 2004). Less attention has been directed
at the sources of color variation in the shield (Fenoglio
et al. 2004), bill (Blount et al. 2003; Faivre et al. 2003;
McGraw et al. 2003; Alonso-Alvarez et al. 2004; Bright
et al. 2004) or skin (Negro et al. 2000; Bortolotti et al.
2003; Casagrande et al. 2006), in spite of the evidence
showing that carotenoid pigmentations are more com-
mon in the bare parts than in the plumage, especially in
non-passerine birds (Prum and Torres 2003).

Studies on skin-pigmentation or on the horny surface
of the bill have shown that carotenoids can be assembled
from tissues and re-allocated to enhance the activity of
the immune system (Faivre et al. 2003), or to replace
carotenoids in organs, such as the eyes (Alves-Rodrigues
and Shao 2004). These characteristics give coloration a
dynamic condition-dependent property.

The Eurasian kestrel Falco tinnunculus is a small
falcon with yellow tarsi, lores and cere that absorbs
lutein and zeaxanthin from prey, such as reptiles, insects,
and birds (Costantini et al. 2005a, 2006; Casagrande
et al. 2006). The coloration of males is more intense
(redder) than that of females, despite similar diets and
blood carotenoid concentrations (Casagrande et al.
2006). Nestling kestrels have pale yellow bare parts but
similar blood carotenoid concentrations with respect to
adults (Casagrande et al. 2007). A study investigating
blood carotenoids in the related American kestrel has
shown that the environmental component explains most
of the variation of the blood carotenoid concentration in
nestlings (Bortolotti et al. 2000). However, skin colora-
tion was not considered in that study. Since carotenoids
deposited in a signalling trait are affected by different
metabolic processes than circulating carotenoids (Casa-
grande et al. 2007), estimating the components that
determine such variance is also valuable. In a previous
study, we found that there is significant inter-nest vari-
ation in both skin color and blood carotenoid concen-
tration in kestrel nestlings (Casagrande et al. 2007).
Since siblings of the same nest share both genetic and
environmental characteristics, we investigated the phe-
notypic, genetic and environmental components of the

variation of carotenoid-based coloration and serum
carotenoids in nestlings with a cross-fostering experi-
ment to evaluate (1) whether body carotenoids express a
main environmental component in a species having a
large food niche and consistent individual feeding pref-
erences (Costantini et al. 2005a); (2) whether the skin
color (i.e., a sexually dimorphic trait in this species)
shows heritable genetic variance, so as to better under-
stand the role of a carotenoid-based coloration in an
evolutionary context; (3) the phenotypic, genetic and
environmental correlation between the color and the
circulating carotenoids.

Materials and methods

Study area, field work and experimental procedure

The study was carried out during the 2003–2004 breeding
seasons in a 1,200-km2 area near Rome, where a popu-
lation of kestrels (Falco tinnunculus) breeds in nest boxes
mounted on the utility lines of two local electric power
companies. The habitat was characterized mainly by
cultivated and set-aside fields. The cultivations were
predominantly agricultural and included olive planta-
tions, vineyards, and cereal fields, whereas the set-asides
were dry pastures interspersed with typical Mediterra-
nean scrub vegetation. We carried out a cross-fostering
experiment to evaluate the genetic and environmental
components that indicate the variance of skin color and
serum carotenoid levels. The nests were visited regularly
during the entire breeding season in order to assess
occupation and to record clutch size, hatching date, and
brood size. Hatching dates were determined by visits to
the nests in the pre-hatching period and were supported
by growth curves (error ±1 day). The nestlings were
reciprocally cross-fostered when the oldest chick of the
brood was 7 days old (the age of the other chicks in the
brood ranged from 4 to 7 days). We used the same pro-
cedure for all the nests, which assured us also that all
nests were in a same developmental phase. Nest pairs
were matched according to hatching date and brood size.
Exchanged nestlings were of the same age and of similar
size. The cross-fostering did not change the original
brood sizes. We also manipulated the remaining nestlings
of the brood in a similar way to control for potential
handling stress. We marked the chicks individually, first
with a permanent marker then with aluminum rings, in
order to recognize them during subsequent visits.

When the nestlings were 22 days old, skin color
measurements and blood sampling were performed. The
wing length was used as an index of age, while the skin
color of the right tarsus (cleaned with water and air-
dried) was measured with a hand-held spectrophotom-
eter operating at wavelengths between 400 and 700 nm
(Oracolor Corob, Modena). The color intensity
was quantified by the hue value according to our pre-
vious studies (Casagrande et al. 2006, 2007; Costantini
et al. 2007). Hue is considered to be an informative
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colorimetric variable to describe carotenoid-based col-
oration (Hõrak et al. 2001; Saks et al. 2003). Corob
spectrophotometers automatically calculate the hue as a
unitless value on a 360� color wheel, where the hue score
decreases with an increase of redness. We took three
consecutive measures per individual and, after checking
for repeatability (hue r = 0.80, P < 0.001; Lessels and
Boag 1987), a mean value was determined to be used in
subsequent analysis. The data obtained with the spec-
trophotometer was analyzed with Corob Quality 1.0
software (Corob, Modena). Although, we did not con-
sider the UV component of the color, we think that our
findings are reliable since carotenoid pigments have a
great subtractive action on the visible part of the spec-
trum, while the reflectance in the UV part is minimal.
The total UV reflectance is usually caused by the pale
background of the integument (Mougeot et al. 2007) and
is not a product of the carotenoid pigmentation. Given
these points, a covariance between some UV component
and VIS components is expected, as shown in Mougeot
et al. (2007), and the measurement error may have rel-
atively little effect on the conclusions from studies using
digital color meters (e.g., Jawor et al. 2004) or scoring
the colored trait by reference to color charts (Eraud
et al. 2007). Moreover, although kestrels can perceive
UV colors (Koivula et al. 1999) and the consideration of
the UV spectra is recommended (Montgomerie 2006),
the study focused on determining which factors explain
carotenoid deposition in the skin and blood and not on
understanding the role of the color in the intra-specific
communication.

To assess serum carotenoid concentration, a sample
of blood (up to 400 ll) was drawn from the brachial
vein. The samples were kept cool (0–5�C) until centri-
fugation, which occurred within a few hours. The serum
was stored at �20�C.

Carotenoid analysis

Carotenoids were quantified with a Beckman DU 7400
spectrophotometer (Beckman Coulter, Inc., Fullerton,
CA, USA) at 476 nm. The serum was diluted with
methanol (1:8) and the flocculent proteins were precip-
itated by centrifugation to obtain the serum. The
carotenoid concentration was estimated as lg mL�1 of
serum using the standard absorbance curve of lutein or
alpha-carotene-3,3¢-diol; Sigma-Aldrich, the predomi-
nant carotenoid in kestrels (Bortolotti et al. 2000;
Casagrande et al. 2006).

Statistical analyses

Since the cross-fostering experiment was conducted
during two subsequent breeding seasons, we evaluated
the effect of the year on skin color and serum carotenoid
concentration (considered in turn as dependent vari-
ables) with general linear models (GLMs). A one-way

ANOVA was computed considering nest as a random
factor and year as a fixed factor.

The variance components of body carotenoids were
estimated using a bivariate restricted maximum likeli-
hood (REML) analysis, as outlined by Kruuk and
Hadfield (2007) for the animal model. The genetic com-
ponent was represented by the nest of origin in the
model, which estimated the genetic transmission variance
in a given trait, including pre-manipulation parental
effects and a quarter of dominance variance. Two explicit
environmental components were represented by the
duplicate (a pair of nests matched for the cross-fostering
of nestlings) and by the nest of rearing. The duplicate
reflected the environmental variation between pairs of
nests (e.g., time of season), while the nest of rearing
reflected the environmental variation within a single nest.
The nest of origin and the nest of rearing were nested
within the duplicate. Nest of origin, rearing, and dupli-
cate were considered as random factors. Error variance
of the model equals all the remaining variation not
considered in the model; the random environmental
variation and the genetic variation not represented by the
nest of origin and three-quarters of dominance variance
(see Merila 1996 for further details). In agreement with
Kruuk and Hadfield (2007), the phenotypic, genetic and
environmental correlation between the color trait and
circulating carotenoids were evaluated using the bivari-
ate REML mixed model analysis, which considered the
random factors previously described (for further details,
see Hadfield et al. (2008)). The analyses were carried out
with STATISTICA 6.0 (StatSoft 2001, Tulsa, USA) and
ASReml 2.0 (Gilmour et al. 2002).

Results

The cross-fostering included 26 nests and 129 nestlings.
Since it was not always possible to bleed the nestlings,
two nests were excluded from the analyses of serum
carotenoid concentration. Data gathered during the
2003 and 2004 breeding seasons did not differ in hue
values (F(1,127) = 0.74, P > 0.05; Table 1) or in serum
carotenoid concentration (F(1,110) = 0.27, P > 0.05;
Table 1), thus data from the 2 years were pooled
together. The manipulation produced no effect on either
variable, as these did not differ between non-fostered
and fostered nestlings (hue t = 0.83, P > 0.05; carot-
enoid concentration t = 0.25, P > 0.05).

The experiment showed that the expression of the
carotenoid traits considered are greatly influenced by the
nest of rearing, thus by the environment (Table 2a, b),
while the nest of origin does not explain the variation of
the skin hue, nor the carotenoid circulating in the blood
(Table 2a, b).

From the bivariate analysis, we discovered that the
environmental variance is high, both for the skin hue
and the carotenoid concentration, while the genetic
variance is very low for the carotenoid concentration

275



and not detectable for the skin hue (Table 3). Also, the
concentration is greatly influenced by the environmental
conditions associated with the season and expressed by
the duplicate, while this source of variation is not sig-
nificant in explaining the carotenoid-based coloration.
At the phenotypic level, the variance is very high for the
skin hue and less high for the carotenoid concentration
(Table 3).

Considering the relationship between the two
dependent variables at different levels, we found that the
phenotypic correlation between skin hue and blood
carotenoids is negative (the hue value decreases with the
increasing of carotenoids deposited in the skin), and that
this correlation is greatly strengthened at the environ-
mental level (Table 3). We also found a strong positive
correlation between the two variables at the duplicate
level (Table 3), while the genetic correlation was not
significant because of the low variance explained by the
nest of origin (Table 3).

Discussion

Although the importance of carotenoid-based colora-
tions in social or sexual signalling is well documented in
birds (Kilner and Davies 1998; McGraw and Hill 2000;
Pryke et al. 2001; McGraw et al. 2003; Bright et al.
2004), the proximal factors underlying the expression of
these colorations in free-living birds is still relatively
unknown (Tschirren et al. 2003; reviewed in Olson and
Owens 1998). It has been shown that carotenoid-based

colors are genetically determined only when expressed at
the plumage level (in the house finch Carpodacus mex-
icanus, Hill 1991; in the great tit Parus major, Tschirren
et al. 2003; in the blu tit, Parus caeruleus, Johnsen et al.
2003), while there is little available data for skin color-
ation where the source of variation seems to be deter-
mined by the environment (Bortolotti et al. 2000; Olson
and Owens 2005; Griffith et al. 2006).

The cross-fostering experiment allowed us to parti-
tion brood variance into genetic and environmental ef-
fects. The results show that environmental factors, such
as the quantity and quality of food consumed by nes-
tlings, determine the expression of carotenoid traits, and
that the influence of the genetic component is of limited
importance. The effect of the nest of rearing on skin
color and plasma carotenoid concentration agrees with
results found by Bortolotti et al. (2000) in the American
kestrel for the blood carotenoid content. The results are
also consistent with Hõrak et al. (2000) in the great tit
(Parus major) and Hadfield and Owens (2006) in the blue
tit (Parus caeruleus), both for the carotenoid-based
plumage color. The low heritability of a trait is usually
related to its positive contribution to fitness. Indeed,
strong directional and constant selection is supposed to
decrease the genetic variation, with all remaining vari-
ations being environmentally determined (Mousseau
and Ruff 1987). This is because directional selection
decreases the additive genetic variance of a trait, since
the alleles conferring the highest fitness are expected to
be driven quickly to fixation by natural selection (e.g.,
Kimura 1958). However, fitness traits can also harbor
elevated levels of additive genetic variation, probably as
a consequence of the acquisition of genetic variation and
mutations from the many loci involved in the trait
expression (Merilä 1996; Merilä and Sheldon 1999;
Costantini and Dell’Omo 2006). In fact, it has been
suggested that the genetic component can be masked by

Table 1 Descriptive statistic of the variability of skin hue and of serum carotenoids (lg mL�1) in two different breeding seasons from the
cross-fostering experiments

Variable Year N Mean SE �95% +95%

Hue 2003 90 1.52 0.005 1.51 1.53
2004 39 1.53 0.008 1.52 1.55

Serum xanthophylls 2003 75 23.91 0.99 21.96 25.86
2004 37 22.96 1.53 19.94 25.98

Table 2 Results of the univariate REML analysis to account for
the effects of environment (rearing and duplicate) and nest of origin
on (a) skin hue and (b) carotenoid concentration as expressed in
lg mL�1

Source Asymptotic z Asymptotic p

a
Duplicate 0.17 0.86
Origin (duplicate) 0.85 0.40
Rearing (duplicate) 2.01 0.04
Error 6.83 0.000
b
Duplicate 0.74 0.46
Origin (duplicate) 1.27 0.21
Rearing (duplicate) 1.92 0.05
Error 6.14 0.000

The nest of origin and the nest of rearing were independently
nested in the duplicate (the pair of matched nests in the reciprocal
cross-fostering)

Table 3 Results of the bivariate REML analysis

Source Skin hue Carotenoid
concentration

Correlation

Duplicate 0.05 0.31 0.83**
Origin 0.00 0.09 0.00
Rearing 0.30 0.24 �0.92**
Origin Rearing 0.10 0.0 0.0
Phenotypic 0.55 0.36 �0.23*

Variance components are expressed as the proportion of the total
variation observed. The correlations between hue and concentra-
tion are expressed at different levels (*P < 005; **P < 0001)
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a higher environmental variance (Merilä and Sheldon
1999), leading to inter-year differences in the heritability
estimate.

The expression of carotenoid-based coloration can
also be influenced by a direct transfer of pigments from
the mother to the yolk, and in turn to the nestlings.
Maternal effects were found both in skin (Koutsos et al.
2003) and plumage (Biard et al. 2007) colorations. Our
results are not consistent with those findings since we
have not found any effect of the nest of origin as source
of variation for body carotenoids. This result indirectly
suggests that the potential maternal effect is no longer
appreciable in young kestrels close to fledge.

Finally, as far as we know, this is the first study to
test whether significant differences exist between phe-
notypic, genetic and environmental correlations of
carotenoid traits. Our findings show a correspondence
between the association of the traits observed at phe-
notypic and environmental level, although the associ-
ation was much stronger considering the environmental
variance component correlation. It should be noted
that blood carotenoid concentration can vary quite
rapidly in consequence of many physiological processes
and the overall condition of the bird. A strong asso-
ciation between the expression of the trait, such as the
skin color, and circulating carotenoids is not expected
when the carotenoids acquired with food do not occur
in consistent and abundant quantities, as in the case of
a predator like the kestrel. The correlation between
skin color and blood carotenoid concentration is much
stronger considering the environmental components of
variation because carotenoids are acquired with the
diet. Although kestrel pairs nested in similar environ-
ments, they may show different feeding habits
(Costantini et al. 2005a), which can explain the strong
correlation between hue and concentration observed at
the nest of rearing level. The positive and strong cor-
relation observed at the duplicate level is unexpected
since the duplicate should account for the environ-
mental variation of the pair of nests involved in the
reciprocal cross-fostering. Since nestlings were not
cross-fostered all in the same day, but rather in
accordance with their hatching date, the pairs of nests
shared the environmental condition associated with the
season. At the duplicate level, we have seen high
carotenoid concentration variations and low skin hue
variations, a phenomenon that is very different from
what has been observed at the environmental or
phenotypic level. We can hypothesize that the concen-
tration of serum carotenoids varies with environmental
factors related to seasonal changes. Examples include
variation in food availability and changes in physio-
logical demands throughout the season. Conversely, the
deposition of the pigments in the skin was probably
affected in other ways by environmental factors related
to seasonal changes. This could explain the disentan-
glement of the two variables, although further investi-
gation is needed.
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