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Summary

Carotenoid-based plumage coloration has been shown to be dependent both on pigment
content and feather structure. Against this background, we predict a relationship between
feather pigment content and plumage hue. Furthermore, given the susceptibility of chroma
to developmental perturbation of feather structure, we predict body condition to be related
to chroma. We tested these predictions in the great tit, Parus major. Carotenoid content in
yellow breast feathers was analysed by high-performance liquid chromatography (HPLC).
Lutein was the main carotenoid contained in great tit feathers, followed by zeaxanthin. The
hue of the feathers was accurately predicted from their lutein concentration, and chroma was
predicted from the body condition value. Our data suggest that plumage coloration in the
great tit could independently provide information on the ability of the signaller to collect
carotenoids (via hue) and body condition (via chroma). Published results both from the great
tit and other species support this view.
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Introduction

The study of animal signals is central to our understanding of animal be-
haviour (Espmark et al., 2000; Maynard Smith & Harper, 2003). Plumage
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coloration conveys information on individual quality and sexual attraction,
and in recent years it has become one of the most studied model systems
(Senar, 2004; Hill & McGraw, 2006a). The advantage of this system is that
we can concurrently investigate both the physiological mechanisms and the
function of the signals (Hill & McGraw, 2006a,b). A key assumption in these
studies is that plumage coloration relates to pigment type and concentration.

The assumption of a relationship between plumage pigment content and
plumage coloration is especially relevant within the context that relates
plumage coloration to resource acquisition abilities (Olson & Owens, 1998).
Furthermore, it is key to our understanding to what extent birds are really
‘what they eat’ (Hill, 1994) and to what extent there is a relationship between
pigment acquisition and deposition, and plumage coloration (Hill, 2002). To
date, this prediction has been tested in few species (Hill et al., 2002; Saks et
al., 2003; McGraw & Gregory, 2004; McGraw et al., 2005). In all the previ-
ous studied species (Hill et al., 2002; Saks et al., 2003), carotenoid dietary
precursors were metabolized, adding further complications to the relation-
ships (e.g., energy demands, health status, etc.) (Stradi et al., 1996; Stradi,
1998; McGraw et al., 2006). Intuitively, a first and more simple step to this
understanding would however be the study of species where the main feather
carotenoid is directly deposited into the feather, with no metabolic transfor-
mation (Saks et al., 2003).

In the great tit Parus major, the yellow of the breast feathers is mainly due
to direct deposits of lutein and zeaxanthin, with no metabolic transforma-
tion occurring (Partali et al., 1987; Stradi, 1998). In this species, caterpillars
are the main source of these carotenoids, especially lutein, which is prefer-
entially absorbed from the leaves on which they feed (Partali et al., 1987;
Grayson & Edmunds, 1989; Grayson et al., 1991). The ratio of lutein to
zeaxanthin should, therefore, be higher in the plumage of birds with greater
access to caterpillars (Partali et al., 1987; Ferns & Hinsley, 2008). Since
lutein has peak absorbances at shorter wavelengths than zeaxanthin, a higher
ratio of lutein to zeaxanthin should result in slightly shorter absorbed wave-
lengths. This, in turn, would decrease the dominant reflected wavelength,
shifting it slightly towards the yellow–green as opposed to yellow–orange if
zeaxanthin was dominant, thereby increasing plumage hue (Ferns & Hinsley,
2008).

In addition to a difference in carotenoid metabolism, the relative low fit
between carotenoid-based plumage coloration and feather carotenoid con-
tent found to date (e.g., greenfinch (Carduelis chloris): 32–51% (Saks et al.,
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2003); American goldfinch (Carduelis tristis): 62% (McGraw & Gregory,
2004)), suggests that some variation in plumage colour might be ascribed
to other factors (Saks et al., 2003). Recent work has shown that carotenoid-
based coloration is also dependent on the structure of the feather (Shawkey
& Hill, 2005), which in turn depends on developmental stability and body
condition (Fitzpatrick, 1998). Given that chroma is more susceptible to de-
velopmental perturbation of feather structure than is hue (Shawkey et al.,
2003; Andersson & Prager, 2006; Prum, 2006), we could predict body con-
dition to be related to chroma rather than to hue, which as predicted ear-
lier, should be more dependent on pigment presence, specially in saturated
colours (Andersson & Prager, 2006).

If this were the case, it would support the recently suggested view that
the different components of feather coloration may convey different units
of information (Fitzpatrick, 1998; Johnsen et al., 2003; Shawkey & Hill,
2005; Ferns & Hinsley, 2008). Against this background, a single feather
patch could potentially contain multiple ornaments (Candolin, 2003).

The aim of this paper was to test for a relationship between plumage col-
oration and feather pigment content and body condition in the great tit (Parus
major L.). The main carotenoids in feathers are deposited directly in this
species, and as there is no metabolic transformation, the study of the relative
contribution of both factors is simplified. We predicted that feathers with a
higher lutein content would show a more yellow-green plumage coloration
and hence a larger value of hue, and that body condition should be related to
plumage chroma. We additionally introduced variables (sex, age and local-
ity) that could affect both lutein accessibility and body condition (Carrascal
et al., 1998; Senar et al., 2003; Hegyi et al., 2007; Ferns & Hinsley, 2008) so
to standardize for their effect.

Material and methods

Great tits were trapped in baited funnel traps (Senar et al., 1997) in two con-
trasted habitats: Sarria, a suburban area of orchards and small mixed forest
consisting of Holm oak (Quercus ilex) and Aleppo pines (Pinus halepensis),
on the outskirts of Barcelona city, and Can Catà (Cerdanyola), a mixed for-
est close to Barcelona city consisting mainly of pure oak (Quercus ilex and
Quercus cerrioides) at the bottom of the valleys and pure Aleppo pine forest
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in the hills. Age and sex of birds were determined according to Svensson
(1992) and Jenni & Winkler (1994). Body condition was computed from the
residuals of the regression of body mass on tarsus length (Brown, 1996). As
body condition of the great tit has been shown to be consistent throughout the
year (Gosler, 1991), condition at capture may well reflect condition during
moult.

The relationship between plumage colour and feather carotene content
and individual body condition is based on a sample of birds trapped from
September to November 2002 (N : Sarrià = 7, Can Catà = 29). Both plumage
colour and carotene content in this sample were measured from collected
feathers. The relationship between plumage colour and body condition was
additionally analysed in a sample of 1141 great tits trapped during the years
2000 to 2006 (N : Sarrià = 168, Can Catà = 973). No feathers were collected
from these birds.

Plumage colour measurement

Plumage colour in the 2002 sample was measured on collected feathers
which were later analysed for carotene content. We collected a mean of 11.9
(S.E. 0.61) yellow feathers from each bird from the upper left side of the
flank, standardising in this way the position for feather collection. In the lab-
oratory, several layers of feathers from each individual were superimposed
on a dark velvet surface (absolute reflectance 0%), in an attempt to repli-
cate the plumage of the bird (Bennett et al., 1997; Quesada & Senar, 2006).
A portable colorimeter Minolta CR200 (Minolta, 1994) was then used to
measure colour in standard conditions (Figuerola et al., 1999). This method
has previously been shown to be accurate when the number of feathers mea-
sured is included as a covariate in analyses (Quesada & Senar, 2006). We
also included variables (sex, age and locality) to standardize for possible
effects. Hue corresponds to the wavelength of the colour and is expressed
in degrees of a circle starting with red, continuing through yellow, green
and blue and back to red. In the case of great tits, hue values increase from
an orange-yellow to a greenish yellow. Lightness corresponds to the phys-
ical light intensity on a scale from 0 (black) to 100 (white). Chroma (also
called saturation or intensity) is positively correlated with colour purity on a
scale of 0 for white to 100 for pure colour (Minolta, 1994; Fairchild, 2005).
Measuring colour with a colorimeter provided highly repeatable measures
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of yellow coloration: lightness, ri = 0.85, p < 0.001; chroma, ri = 0.87,
p < 0.001; hue, ri = 0.92, p < 0.001; N = 12 (Figuerola et al., 1999) (re-
peatability measured as the intraclass correlation between two independent
measurements from the same bird, with feathers being arranged anew before
taking the repeat measurement (Lessells & Boag, 1987; Harper, 1994)). Our
colorimeter measures colour in the visible range (400–700 nm), but does not
collect the UV range (320–400 nm). However, both empirical results (Senar
& Quesada, 2006) and theoretical simulations (Andersson & Prager, 2006,
Fig. 2.11, p. 81) show that the reflectance of the UV peak (300–400 nm) of
great tit breast feathers is highly correlated with the peak of the yellow–red
spectrum (500–700 nm), so that collecting only the visible part of the spec-
trum in the great tit does not suppose any bias in our results (although this
may be different in other species (Mays et al., 2004)).

Plumage coloration from the extended (2000–2006) sample of great tits
was measured from the birds in the field using the same portable colorimeter
(Minolta CR200), and taking the measurement from the upper left portion
of the yellow breast (Figuerola et al., 1999). Given the extended sampling
period of this sample, analyses of variation in plumage coloration was carried
out introducing the number of days from 1 September (date) as a covariant,
to standardize for seasonal effects on plumage coloration (Figuerola & Senar,
2005), and biological year as a factor, to standardize for inter-year variation
in plumage colour (Senar & Quesada, 2006).

Extraction of feather pigments

Extraction of carotenoids from feathers was carried out by J. Garrido at the
Instituto de la Grasa Laboratory, following Blanco et al. (2005): a 0.005–
0.0012 g sample of breast feathers (ca. 12 feathers) was placed in a folded
filter paper and introduced into a 10 ml test tube for subsequent extraction.
N,N-dimethylformamide (10 ml) was added and the tube was placed at 60◦C
for 60 min, followed by sonication for 5 min every 30 min. All fractions
were pooled in a decanting funnel and treated with 50 ml diethyl ether to
collect the pigments. 10% NaCl was added to facilitate separation of the
phases. The ether phase was filtrated through anhydrous sodium sulphate,
evaporated in a rotary evaporator until sample dryness, and resuspended in
0.2 ml of acetone. The resulting extracts were stored at −20◦C until analysis
by high-performance liquid chromatography (HPLC).
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Quantitative determination of carotenoids

HPLC was carried out at the Molecular Ecology Laboratory of Doñana Bio-
logical Station using a Jasco PU-2089 Plus instrument equipped with a qua-
ternary pump (Jasco Analítica Spain). Carotenoid analyses were carried out
by using a reverse phase C18 column (Phenomenex Synergi 4 μ) and a pre-
column of the same material with a particle size of 5 μm. Samples were
pre-filtered using OEM filter Nylon 0.45 μm 4 mm and later injected with
a Rheodyne 7725i valve equipped with a 20 μl loop (Rheodyne, Rohnent
Park, CA, USA). The eluent system was a gradient described in Mínguez-
Mosquera & Hornero-Méndez (1993), except that the flow rate was 1 ml
min−1. Data were acquired between 195 nm and 650 nm with a multiwave-
length detector MD-2010 Plus (Jasco Analítica Spain).

Carotenoids were quantified using reference lutein obtained from fresh
green plants by means of thin layer chromatography (Mínguez-Mosquera,
1997). Known dilutions of lutein were injected in the HPLC instrument
to build a calibration curve at 450 nm. The concentration of individual
carotenoids was calculated from HPLC areas recorded at 450 nm.

Results

The main carotenoid contained in great tit feathers was lutein (Table 1). Birds
also contained variable quantities of zeaxanthin. Cryptoxanthin was found in
only one bird (17.2 μg/g). We additionally found a suite of other carotenoids
in trace amounts that we were unable to identify. Hue was not correlated to
chroma (r = 0.04, p = 0.82) or lightness (r = 0.08, p = 0.65), but chroma
was correlated to lightness (r = 0.45, p < 0.01, N = 36).

Hue of the feathers was accurately predicted from their lutein content (Ta-
ble 2, Figure 1). Zeaxanthin content was not a good predictor of apparent

Table 1. Content (μg/g) of different carotenoids in the breast feathers of
great tits N = 36.

Mean S.E. Minimum Maximum

Lutein 52.7 6.1 0.0 144.4
Zeaxanthin 2.0 0.5 0.0 9.2
Non-identified 8.9 1.5 0.0 27.0
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Table 2. Summary of the multiple regression for the relationship between
hue of feathers and locality (Sarriá vs. Can Catà), sex, age (Yearlings vs.
Adults), number of feathers used in measurement, body condition (residual
of regression between body mass and tarsus length), lutein (μg/g) and zeax-

anthin (μg/g) content of the feathers (N = 36 great tits).

R2 Partial correlation Slope SE slope F df p level

Hue
Locality 0.12 0.43 2.69 1.07 6.37 1, 28 <0.05
Sex 0.17 0.53 2.02 0.62 10.73 1, 28 <0.01
Age 0.03 0.23 0.82 0.64 1.63 1, 28 0.21
Body condition 0.01 0.13 0.21 0.30 0.51 1, 28 0.48
No. feathers −0.17 −0.51 −0.28 0.09 10.08 1, 28 <0.01
Lutein 0.19 0.54 0.03 0.01 11.33 1, 28 <0.01
Zeaxanthin 0.00 0.05 0.03 0.11 0.07 1, 28 0.80

Final model 0.53 8.80 4, 31 <0.001
Locality 0.12 0.45 2.73 0.98 7.77 1, 31 <0.01
Sex 0.16 0.51 1.96 0.60 10.75 1, 31 <0.01
No. feathers −0.18 −0.52 −0.29 0.08 11.31 1, 31 <0.01
Lutein 0.19 0.53 0.03 0.01 12.26 1, 31 <0.01

The final best model obtained from backwards stepwise regression describing hue of the
feathers is also included.

Figure 1. Relationship between the hue of the collected great tit yellow breast feathers
(standardized by regression for the effect of collateral variables locality, sex and number of

feathers) and lutein content.
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hue. Neither did the ratio of lutein to zeaxanthin allow to predict plumage
hue (partial r = 0.11, p = 0.58). Other variables additionally predicting hue
were the sex and locality of the birds. Body condition was not a good predic-
tor of hue (Table 2). Inclusion of non-identified carotenoids in the models did
not change results. Repeating the analyses for the sex and population with
the largest sample, the males at Can Catà, we obtained the same results: the
hue of the feathers was predicted from their lutein content (partial r = 0.63,
p < 0.01).

Plumage chroma was accurately predicted from the individual body con-
dition values (Figure 2), but carotenoid content did not have any effect on this
parameter of plumage coloration, either as absolute values (Table 3) or as the
ratio of lutein to zeaxanthin (partial r = −0.07, p = 0.73). Repeat analyses
for the sex and population in the largest sample, Can Catà males, showed a
similar effect size, but did not reach significance (chroma vs. body condition:
partial r = 0.32, p = 0.19). However, when we performed a GLIM analysis
using data from both populations from 2000 to 2006, the effect of body con-
dition on chroma was significant (Table 4). In contrast, no relationship was
found between hue and body condition (F1,1083 = 2.31, p = 0.13).

Zeaxanthin content marginally predicted plumage lightness (Table 4). In-
terestingly, lutein content showed a negative relationship to plumage light-
ness (Table 5). The ratio of lutein to zeaxanthin allowed prediction of

Figure 2. Relationship between the chroma of the collected great tit yellow breast feathers
(standardized by regression for the effect of sex) and body condition (as estimated from

residuals of the regression of body mass to tarsus length).
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Table 3. Summary of the multiple regression for the relationship between
chroma of the feathers and locality, sex, age, number of feathers used in
measurement, body condition, lutein (μg/g) and zeaxanthin (μg/g) content

of the feathers (N = 36 great tits).

R2 Partial correlation Slope SE slope F df p level

Chroma
Locality 0.01 0.08 1.51 3.60 0.18 1, 28 0.68
Sex 0.18 0.45 5.60 2.08 7.24 1, 28 <0.05
Age 0.01 0.12 1.43 2.16 0.44 1, 28 0.51
Body condition 0.12 0.36 2.07 1.01 4.20 1, 28 <0.05
No. feathers 0.01 0.12 0.19 0.30 0.41 1, 28 0.53
Lutein 0.07 −0.29 −0.05 0.03 2.52 1, 28 0.12
Zeaxanthin 0.00 0.03 0.05 0.38 0.02 1, 28 0.89

Final model 0.22 5.00 2, 36 0.01
Sex 0.15 0.40 5.15 1.98 6.75 1, 36 <0.05
Body condition 0.09 0.33 1.81 0.88 4.26 1, 36 <0.05

The final best model obtained from backwards stepwise regression describing chroma of the
feathers is also included.

plumage lightness (partial r = −0.31, p = 0.11) that was similar to the
use of absolute zeaxanthin content.

Discussion

Carotenoids cannot be synthesized by animals and must be ingested in the
diet (Fox, 1976). Caterpillars are the main source of carotenoids for tits
(Slagsvold & Lifjeld, 1985), and once ingested, the pigments are deposited
unmodified inside feathers (Partali et al., 1987). A brightly carotenoid-
coloured tit could, therefore, be signalling its ability to find caterpillars
(Ferns & Hinsley, 2008), a main food source for both adults and fledglings
(Gosler, 1993), and hence, it would be of direct female benefit to pair with
a brightly coloured male (Senar et al., 2002). However, if plumage colour
in tits signals their ability to find caterpillars, yellow plumage must relate to
pigment content (Ferns & Hinsley, 2008).

Caterpillars obtain carotenoids from the leaves on which they feed
(Grayson & Edmunds, 1989; Grayson et al., 1991). However, they have been
shown to preferentially absorb lutein (Partali et al., 1987). As a consequence,
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Table 4. Summary of the GLIM analysis for the relationship between chroma
of the breast feathers and date in which the bird was measured (days from
1 September), body condition, locality (Sarria vs. Can Catà), year (2000–
2006), sex and age (Yearlings vs. Adults) of the birds (N = 1.141 great

tits).

df F p

Date 1, 1083 10.38 <0.01
Body condition 1, 1083 10.99 <0.001
Locality 1, 1083 34.87 <0.001
Year 6, 1083 14.15 <0.001
Sex 1, 1083 8.27 <0.01
Age 1, 1083 7.24 <0.01
Loc × Year 6, 1083 3.08 <0.01
Loc × Sex 1, 1083 7.01 <0.01
Year × Sex 6, 1083 1.26 0.27
Loc × Age 1, 1083 0.01 0.94
Year × Age 6, 1083 2.21 <0.05
Sex × Age 1, 1083 0.15 0.70
Loc × Year × Sex 6, 1083 2.25 <0.05
Loc × Year × Age 6, 1083 2.15 <0.05
Loc × Sex × Age 1, 1083 0.39 0.53
Year × Sex × Age 6, 1083 1.08 0.37
Loc × Year × Sex × Age 6, 1083 0.49 0.82

Table 5. Summary of the multiple regression for the relationship between
lightness of the feathers and locality, sex, age, number of feathers used in
measurement, body condition, lutein (μg/g) and zeaxanthin (μg/g) content

of the feathers (N = 36 great tits).

R2 Partial correlation Slope SE slope F df p level

Lightness
Locality 0.00 0.04 0.35 1.76 0.04 1, 28 0.84
Sex 0.07 0.28 1.56 1.02 2.35 1, 28 0.14
Age 0.01 0.12 0.69 1.05 0.42 1, 28 0.52
Body condition 0.00 0.06 0.16 0.49 0.11 1, 28 0.74
N◦ feathers 0.00 0.06 0.05 0.15 0.10 1, 28 0.75
Lutein 0.06 −0.25 −0.02 0.01 1.87 1, 28 0.18
Zeaxanthin 0.12 0.34 0.36 0.19 3.74 1, 28 0.06

Backwards stepwise regression did not provide any final model.
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the ratio of lutein to zeaxanthin should be higher in the plumage of birds with
a greater access to caterpillars (Partali et al., 1987; Ferns & Hinsley, 2008)
(note that although Partali et al. (1987) refer to absolute values, their Ta-
ble 2 shows that it is in fact the relative value of lutein to zeaxanthin which
varies). Lutein has also been found to be the main carotenoid in the plasma
of great tits (Hörak et al., 2004). Lutein has peak absorbances at relatively
shorter wavelengths than zeaxanthin. In our HPLC system (see Methods),
peak absorbances for lutein were at 448 nm and 476 nm, whereas those for
zeaxanthin were at 456 nm and 480 nm. Therefore, we should predict that
a higher proportion of lutein to other carotenoids in feathers should result
in slightly shorter absorbed wavelengths. This would, in turn, decrease the
dominant reflected wavelength, shifting it slightly towards the yellow–green,
thus increasing the hue of plumage coloration (Ferns & Hinsley, 2008). Con-
trary to our prediction, it was the absolute concentration of lutein in feathers,
rather than the ratio of lutein to zeaxanthin, which correlated to the hue of
the plumage of great tits. However, this may have been a statistical artifact
caused by the 25 times higher abundance of lutein compared to zeaxanthin
(Table 1). As the zeaxanthin concentration was relatively low, measurements
were likely inaccurate, in which case estimates of the ratio between the two
pigments would also be imprecise. Thus, as a positive correlation between
the (true) absolute and relative lutein concentration was likely, and because
the absolute concentration was measured with much less error, only the first
is significantly correlated with hue. Indeed, as Table 2 shows that feathers
with higher hue contained more lutein, but not more zeaxanthin, the ratio
between lutein and zeaxanthin should be higher in feathers with higher hue.

Our biochemical results hence support that hue in tits could be an indi-
cator of an individual’s ability to locate carotenoid-rich food sources, and
by extension, of an individual’s ability to obtain scarce resources (Ferns &
Hinsley, 2008). It is noteworthy that the hue of the cere and legs in kestrels
(Falco tinnunculus) also relates to their foraging ability (Casagrande et al.,
2006). The fact that it is the hue of plumage coloration which is related to
the width of tail growth bars in tits (a measure of higher foraging efficiency
(Senar et al., 2003)) and to nest provisioning rates and growth rate of the
nestlings (a measure of parental investment via foraging efficiency (Senar et
al., 2002)), additionally supports this view. Thus, we can state that plumage
hue is a good predictor of lutein content in the feathers of great tits and a
consequence of an individual’s ability to find and ingest carotene-rich foods
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such as caterpillars, a high-quality food source for both adults and fledglings
(Gosler, 1993).

As outlined in the introduction, carotenoid-based coloration does not only
depend on pigment content but also on the structure of the feather (Shawkey
& Hill, 2005). Since body condition has an effect on feather structure and
developmental stability, and since chroma is highly susceptible to devel-
opmental perturbation of feather structure, we predicted chroma value of
the feathers to be related to the bird’s body condition (Fitzpatrick, 1998;
Shawkey et al., 2003; Shawkey & Hill, 2005; Prum, 2006). Our findings con-
firmed this prediction. A relationship between yellow breast chroma and con-
dition has also been described for the Blue Tit Parus caeruleus (Johnsen et
al., 2003). This is also consistent with the recent finding that great tit chroma
is related to timing of moult (Ferns & Hinsley, 2008), which in turn is related
to the general body condition of the bird (Jenni & Winkler, 1994).

The relationship found between chroma and body condition assumes that
condition of the bird at capture is correlated with condition during moult.
Earlier data from the great tit supports this notion (Gosler, 1991), strengthen-
ing our present results. Intuitively, we should additionally find a relationship
of chroma to pigment concentration (Shawkey & Hill, 2005; Andersson &
Prager, 2006), but our data do not support this view. This contrasts with data
from other species (greenfinch and American goldfinch), in which chroma
has, in fact, also been related to pigment content (Saks et al., 2003; McGraw
& Gregory, 2004). Theoretical models suggest that when chroma is posi-
tively correlated to lightness (i.e., colour is saturated), as in the case of our
great tits (r = 0.45, p < 0.01), chroma should not relate to pigment concen-
tration (Andersson & Prager, 2006). This could explain our results. However,
more research is needed to fully understand the inter-specific variation in the
relationship between chroma and pigment concentration.

We found, in addition to carotenoid content and body condition, other
independent factors such as locality and sex appear to affect plumage col-
oration. This is not surprising, since it has been found that caterpillar avail-
ability and hence carotenoid content differ between localities (Slagsvold &
Lifjeld, 1985; Eeva et al., 2000; Isaksson et al., 2005) and sexes differ in
dominance status and body condition (Carrascal et al., 1998; Senar et al.,
2003). If females are the choosing sex and if they have preference for brighter
colored males (Hill & McGraw, 2006), sexual dimorphism with respect to
plumage coloration will evolve. This also explains differences in coloration
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between the sexes. Additionally, other aspects of feather structure unrelated
to lutein content or body condition, such as feather abrasion (Figuerola &
Senar, 2005), soil (Surmacki & Nowakowski, 2007) or uropygial gland se-
cretions (Galvan & Sanz, 2006), could affect plumage coloration to different
degrees in relation to habitat or sex. This may explain why we are still unable
to capture most of the variation in plumage coloration

Finally, we want to emphasize that data from great tits clearly show that
plumage coloration in this species could independently provide information
on body condition (via chroma) and on ability to locate carotenoid-rich food
sources (via hue) (see also Ferns & Hinsley, 2008). Although further ex-
perimental work is needed, available data supports the view of the multiple
message hypothesis conveyed by carotenoid-based plumage coloration (Fitz-
patrick, 1998; Johnsen et al., 2003; Badyaev & Young, 2004; Shawkey &
Hill, 2005), so that single feather patches could potentially behave as multi-
ple ornaments (Wedekind et al., 1998; Candolin, 2003)
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