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The evolution of multiple signals can be explained because they enhance the perception
of a general message by recipients. Plumage coloration frequently acts as a condition-
dependent signal, so that species displaying different colour patches have the potential to
transmit information on condition through a multiple signalling system. The Great Tit
Parus major exhibits plumage colour patches generated by the main types of colour pro-
duction, some of which, particularly those based on melanins and carotenoids, are known
to be related to body condition. However, the colour expressions of all of the different
colour types have never been investigated simultaneously to determine whether they
function as multiple signals of condition. In addition, visual perception models have
never been applied to a multiple signalling system in a wild population of birds. Here I
present information that links body condition with the colour expression of almost all of
the different plumage patches of male Great Tits captured during the winter. Birds in
better condition had greater reflectance values at short wavelengths in all plumage
patches, and this was especially so in the white (i.e. structural) colour of the cheeks.
Plumage colour characteristics were calculated by means of avian visual models, suggest-
ing that Great Tits have the capacity to perceive information contained in the plumage
coloration of conspecifics. These results show that short-wavelength reflectance has great
potential to transmit biologically significant information on the body condition of birds,
even in achromatic plumage patches.

Keywords: communication, multiple signals, visual perception.

Animal communication is commonly based on the
use of multiple traits to transfer information to
other species or to conspecifics (Johnstone 1996).
These traits can belong to the same morphological
or behavioural unit (like different plumage patches
or colour components; Grether et al. 2004, Senar
& Quesada 2006), or comprise different units (e.g.
plumage and song; Andersson et al. 2002, Badyaev
et al. 2002). In these multiple signalling systems,
individual traits can all transmit the same type of
information (redundant traits), or can signal multi-
ple messages (Møller & Pomiankowski 1993, John-
stone 1996).

The evolution of redundant signalling traits is
hypothesized to ensure that recipients of the sig-
nals or cues better perceive a general message.
However, the function of a redundant signalling
system can only be revealed through consideration
of all traits simultaneously while also considering
the perceptual abilities of the recipients (Rowe
1999). Because of methodological difficulties, the
study of the adaptive functions of animal commu-
nication can often be performed by considering
only single traits, often without information on the
perceptual ability of the animals involved. How-
ever, a more realistic model should consider the
ability of receivers to integrate information from
multiple signals (Scheuber et al. 2004). In this
sense, birds offer unique opportunities to study
multiple visual signals because information is avail-
able on the visual perception system for some
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avian models (Cuthill 2006), and the mechanics of
all known colour types have been explored in this
group (Hill & McGraw 2006).

The Great Tit Parus major is a small passerine
bird that uses three of the most common plumage
colourants (structural colour, carotenoid and mela-
nin pigments) to colour its feathers. Great Tits
have yellow (carotenoid-based) and black (mela-
nin-based) breast patches, olive green (carotenoid-
and melanin-based) back patches, iridescent black
(structural and melanin-based) crown patch, and
white (structural) patches on their cheeks (Figue-
rola & Senar 2005, Hegyi et al. 2007, Galván &
Sanz 2008). In addition, Great Tits present blue
(structural) coloration in some wing feathers (Jenni
& Winkler 1994). This diversity in plumage colora-
tion makes the Great Tit a good model for the
study of multiple colour signals. Because the
degree of expression of all colour types (i.e. mela-
nin-based, carotenoid-based, structural and achro-
matic) has been associated with body condition
and mate choice in different species of birds (Hill
2006b, Hegyi et al. 2007), the different plumage
colour patches of Great Tits are potentially redun-
dant signals to confer information about the condi-
tion of individuals. Indeed, when considered
separately, the colour intensity of the yellow breast
and the black crown have been associated with
body condition and mating success in this species
(Senar & Quesada 2006, Hegyi et al. 2007, 2008,
Dauwe & Eens 2008, Senar et al. 2008). Similarly,
consideration of these traits together seems also to
represent a condition-dependent signal (Hegyi
et al. 2008). In Great Tits, however, associations
between colour intensity and body condition have
not been explored in relation to all colour traits
(i.e. iridescent and non-iridescent black, yellow,
green and white) simultaneously. In addition, the
intensity of the non-iridescent black, green and
white colours has never been measured and ⁄ or
associated with body condition. Moreover, no stud-
ies have incorporated models of the avian visual
perception system in assessment of the relation-
ships between these colour traits and body condi-
tion considering their overall biological significance
in the context of intraspecific signalling.

The aim of this study was to evaluate the corre-
lations between multiple plumage colour traits dis-
played by Great Tits and body condition, which is
generally a good predictor of survival probability
(Møller & Szep 2001, Naef-Daenzer et al. 2001),
in winter when food resources are limited (Orell

1989). Body condition values at moult (i.e. end of
summer) and in winter are correlated in Great Tits
(Gosler & Harper 2000), so any relationship
between plumage coloration and body condition in
winter may well reflect the strength of the rela-
tionship during the period in which the feathers
grew, although this study does not consider body
condition during moult. I use current models of
avian colour vision (Vorobyev et al. 1998, Endler
& Mielke 2005) to estimate plumage colour com-
ponents that are perceived by birds and thus have
the potential to be significant in signalling. Because
previous studies have found the intensity of all
colour types and body condition to be correlated
(Hill 2006a), I predicted that all colour patches of
Great Tits have the potential to transfer perceptu-
ally significant information on the body condition
of birds and thus constitute redundant signals of
quality. Therefore, the expectation was that the
colour properties of all plumage patches should be
related to some degree to body condition.

METHODS

The study was carried out in January–March 2006
in a deciduous forest of Pyrennean Oak Quercus
pyrenaica in Miraflores de la Sierra, central Spain
(40�49¢N, 03�46¢W). Feeders baited with husked
peanuts were installed at different locations within
the study area. A total of 44 Great Tits (36 males
and eight females, representing 33 adults, 10 year-
lings and one individual of unknown age) were
captured at the feeders with funnel-traps (Senar
et al. 1997), and classified as yearlings or older
according to plumage (Jenni & Winkler 1994).
However, seven Great Tits (five males and two
females) escaped before colour measurements
could be taken, and another three birds (two males
and one female) escaped before morphometrics
were taken. Individuals were uniquely marked
with colour rings, weighed with a portable elec-
tronic balance and their tarsus length measured
with a digital calliper. As approximately half the
birds were captured more than once in the same
funnel-traps during the course of the study
(Galván & Sanz 2009, unpublished data), the birds
caught appeared to be a representative sample of
the wintering population of Great Tits at this site.
The small number of females captured may be due
to the low affinity of female Great Tits for artificial
feeders or to an exclusion of females by dominant
males at these sites (Senar et al. 1999). Therefore,
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only males were included in all subsequent
analyses.

Reflectance spectrometry

Plumage reflectance measurements were taken
from five different patches: the yellow breast, the
black breast stripe, the green back, the black crown
and the white cheeks. Data were collected in the
field using an Ocean Optics USB2000 spectropho-
tometer (range 250–800 nm) with ultraviolet (deu-
terium) and visible (tungsten-halogen) lamps and a
bifurcated 400-lm fibre-optic probe (Ocean
Optics, Dunedin, FL, USA). The fibre-optic probe
both provided illumination and obtained light
reflected from the sample, and had a reading area of
c. 1 mm2. The measurements were taken at a 90�

angle to the sample. The spectrometer measured
reflectance in 0.36-nm increments. All measure-
ments were relative to a white Spectralon� tablet
(WS-1-SS; Ocean Optics), and the system was
frequently calibrated. The spectral curves were gen-
erated using OOIBASE software. Three readings
were obtained at different points of each plumage
patch, moving the probe by at least 5 mm before
taking each new reading, but always following the
same order (from upper to lower patch) and taking
each reading from approximately the same location
in all birds. However, in the case of crown and
cheek, because of the small size of the patches the
three measures were recorded at the same point
but removing the probe after each measure. The
results of reflectance measurements for the five
plumage patches are shown in Figure 1.
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Figure 1. Reflectance spectra for the five plumage patches of male Great Tits considered in this study: (a) yellow
breast, (b) black breast stripe, (c) black crown, (d) white cheek, (e) green back. Bars represent the standard error of
the mean.

ª 2010 The Author

Journal compilation ª 2010 British Ornithologists’ Union

Condition-dependent colour perception 361



Visual modelling

Colour vision in diurnal birds is dependent upon
four types of retinal cone cells which are sensitive
to either very short (VS, ultraviolet (UV)), short
(SWS, blue), medium (MWS, green) or long
(LWS, red) wavelengths (Maier & Bowmaker 1993,
Cuthill 2006). Spectral data were reduced into
four quantal cone catches (Vorobyev et al. 1998)
that quantify the amount of light captured by each
of the single cones. By using the SPEC package
(Hadfield & Owens 2006) implemented in R
(R Development Core Team 2004), the four quan-
tum cone catches (Qi) were calculated by multi-
plying cone sensitivities by the reflectance
spectrum, the irradiance spectrum and the trans-
mission spectrum of the ocular media, as expressed
by the formula:

Qi ¼

R

k

RiðkÞSðkÞIðkÞOðkÞdðkÞ
R

k

RiðkÞ
;

where k indicates wavelength (nm), RiðkÞ is the
sensitivity (nm) of cone type i, SðkÞ is the percen-
tage of light reflected from a patch compared with
a white standard, IðkÞ is the irradiance spectrum
(lmol ⁄ (m2 ⁄ s ⁄ nm)) and OðkÞ is the transmittance
spectrum of the ocular media.

As cone catches change with varying illumina-
tion, IðkÞ, and this is discounted by animals
through colour constancy, the von Kreis algorithm
was used to normalize Qi by the quantum cone
catch for the irradiance spectrum. The irradiance
spectral data used were obtained from a standard
forest shade illumination provided by the SPEC
package (Hadfield & Owens 2006), as this irradi-
ance spectrum is the most appropriate for the pre-
sent case (see habitat description above), and an
achromatic adapting background (Hadfield &
Owens 2006). I used the ocular media transmit-
tance of a species closely related to the Great Tit
(i.e. the Blue Tit Cyanistes caeruleus; Hart et al.
2000). Each cone catch was then standardized by
dividing them by the sum of the four cone catches,
and three of the standardized cone catches were
divided by a fourth (that corresponding to LWS in
this case) and their natural logarithm was then cal-
culated. Thus, three log-contrasts were calculated
to break the unit-sum of the four standardized
cone catches (Hadfield & Owens 2006). In addi-
tion, these log-contrasts permit consideration of an

opponency model of colour vision where the exact
opponency mechanisms are unspecified, as percep-
tion of chromatic variation occurs through a physi-
ological mechanism that contrasts the relative
outputs of the different cone types (Endler &
Mielke 2005, Hadfield & Owens 2006).

Following Hadfield and Owens (2006), a princi-
pal components analysis (PCA) was performed on
the three log-contrast colour variables to treat them
as a multivariate response in a multivariate ‘animal
model’. In all plumage patches, the eigendecompo-
sition showed a first axis that explained 69–90% of
phenotypic variation; the other two axes explained
8–30% and 0.5–1% of variance, respectively
(Table 1). Factor loadings for the first axis (PC1)
were high and negative in all patches (except in the
case of the crown patch, where they were high and
positive), indicating that it is determined by the
three first cone catches vs. LWS (Table 1). Thus,
high PC1 scores indicate relatively more reflectance
(or less reflectance in the case of the crown patch)
at long wavelengths as compared with short ⁄ me-
dium wavelengths. The second axis (PC2) was
always determined by MWS vs. LWS cone catches
(Table 1), and thus high PC2 scores indicate rela-
tively more reflection at long wavelengths than at
medium wavelengths, except in the case of the
cheek patch, where PC2 was determined by VS vs.
MWS cone catches. The variance explained by the
third axis was too low to be biologically significant,
and PC3 was thus not considered in the analyses.

As achromatic variation in birds is thought to be
perceived not through the four single cones, but by
double cones (Campenhausen & Kirschfeld 1998,
Osorio et al. 1999), I calculated the double cone
quantum catches from data on double cone spec-
tral sensitivity of Blue Tits following the same pro-
cedure for the four single cones. The double cone
quantum catch was used as a ‘brightness index’.

Statistical analyses

As the aim of the study was to assess whether body
condition influences some patterning of response
on the plumage colour variables, I used multivariate
analyses of covariance (MANCOVAs) in which
PC1 scores, PC2 scores or brightness index values
for each plumage patch were the dependent vari-
ables, and body condition (calculated as body
mass divided by the cube of tarsus length) was
introduced as a covariate. Although the use of
this ratio presents some concerns like any other
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non-destructive measure of body condition (Green
2001), perhaps the most serious of them are related
to the facts that the effect of the denominator may
not be completely removed and that the distribu-
tion of ratios computed from normally distributed
variables may be skewed and no longer normal
(Blem 1984). However, in the present study there
are no differences between localities and ages that
could be affected by the first problem, and inspec-

tions of residuals from the models confirmed that
the normality assumptions were fulfilled, thus
avoiding problems related to the second concern.
Furthermore, this measure of condition has success-
fully predicted several fitness-related variables in
recent studies (e.g. Kleven et al. 2006, Morales
et al. 2006), and was therefore used here.

Age was added as a fixed factor, but because it
did not significantly explain variance in any of the
dependent variables considered in either univariate
or multivariate analyses, it was removed from the
final models. In addition, plumage colour variables
presented high intercorrelation values (PC1:
)0.55 < r < 0.48; PC2: )0.19 < r < 0.29; bright-
ness index: )0.12 < r < 0.49), which requires the
calculation of a single, overall statistical test on
these sets of variables instead of performing multi-
ple individual tests that would inflate the chance
of a Type I error and ignore the correlation among
the multiple variables. MANCOVA is thus the best
approach for testing this hypothesis. Nonetheless,
univariate analysis of variance (ANOVA) was also
used to identify responses that contributed to a sig-
nificant multivariate response. The presence of
outliers was determined on the basis of Cook’s dis-
tances >2 and leverages >2p ⁄ n, where p is the
number of parameters in the model and n is the
sample size (Crawley 1993).

RESULTS

The MANCOVA for PC1 scores explained a high
proportion of variance in the colour of the yellow
breast (R2 = 0.15, F1,27 = 4.91, P = 0.035), the
black breast stripe (R2 = 0.15, F1,27 = 4.96, P =
0.034) and the white cheek (R2 = 0.21, F1,27 =
7.05, P = 0.013). In addition, the proportion of
variance explained in the colour of the black crown
and green back patches was close to significance
(R2 = 0.11, F1,27 = 3.27, P = 0.082; R2 = 0.12,
F1,27 = 3.62, P = 0.068, respectively). Body condi-
tion was significantly related to colour PC1 in all
plumage patches (Wilks = 0.48, F5,23 = 4.92,
P = 0.003), indicating that, although the magni-
tude of the correlation between body condition
and PC1 scores differed between plumage patches
(see below), overall plumage coloration covaried
with body condition.

Univariate analyses showed that the correlation
between body condition and PC1 scores was signif-
icant for the yellow breast patch (F1,27 = 4.91,
P = 0.035; Fig. 2a), for the black breast stripe

Table 1. Factor loadings obtained from the principal
components analysis (PCA) performed on the different
log-contrasts (UVS, SWS and MWS) of five plumage
patches in Great Tits.

PC1 PC2

Yellow breast

Colour UV ⁄ blue ⁄ green vs. red Green vs. red

Eigenvalue 2.73 0.25

% variance 90.88 8.30

UVS log-contrast )0.97 0.21

SWS log-contrast )0.98 0.18

MWS log-contrast )0.91 )0.42

Black breast stripe

Colour UV ⁄ blue ⁄ green vs. red Green vs. red

Eigenvalue 2.69 0.28

% variance 89.76 9.23

UVS log-contrast )0.94 0.31

SWS log-contrast )0.98 0.08

MWS log-contrast )0.91 )0.41

Black crown

Colour UV ⁄ blue ⁄ green vs. red Green vs. red

Eigenvalue 2.07 0.90

% variance 68.95 30.02

UVS log-contrast 0.86 0.50

SWS log-contrast 0.99 0.04

MWS log-contrast 0.59 )0.80

White cheek

Colour UV ⁄ blue ⁄ green vs. red UV vs. green

Eigenvalue 2.16 0.82

% variance 71.92 27.46

UVS log-contrast )0.72 0.69

SWS log-contrast )0.99 )0.02

MWS log-contrast )0.81 )0.58

Green back

Colour UV ⁄ blue ⁄ green vs. red Green vs. red

Eigenvalue 2.72 0.26

% variance 90.72 8.77

UVS log-contrast )0.99 0.10

SWS log-contrast )0.95 0.28

MWS log-contrast )0.91 )0.41
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(F1,27 = 4.96, P = 0.034; Fig. 2b) and for the white
cheek patch (F1,27 = 7.05, P = 0.013; Fig. 2d). A
non-significant trend was observed for the black
crown and green back patches (black crown:
F1,27 = 3.27, P = 0.082, Fig. 2c; green back:
F1,27 = 3.62, P = 0.068, Fig. 2e). In all cases
except the black crown, the correlation between
body condition and PC1 was negative (b ± SE;
yellow breast: )0.39 ± 0.18, black breast stripe:
)0.39 ± 0.18, black crown: 0.33 ± 0.18, white
cheek: )0.45 ± 0.17, green back: )0.34 ± 0.18),
indicating that birds in better condition displayed
shorter relative reflectance in all plumage patches.

By contrast, neither age nor body condition
explained a significant proportion of variance in

PC2 scores or brightness index values for any
plumage patch (results not shown). Thus, the only
plumage characteristic that presents the potential
to be perceived by birds as associated with body
condition is the contrast between long and short
wavelengths in plumage reflectance spectra.

DISCUSSION

The three main mechanisms leading to the produc-
tion of colour traits in birds (i.e. melanin-based,
carotenoid-based and structural) have all been
associated with intraspecific condition-dependent
(i.e. honest) and sexually selected signals (Hill
2006a, Hegyi et al. 2007). Several species, such as
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Figure 2. Relationship between body condition and PC1 plumage colour scores for the yellow breast (a), black breast
stripe (b), black crown (c), white cheek (d) and green back (e) plumage patches of male Great Tits. PC1 scores indi-
cate the relative contribution of short ⁄ medium vs. long wavelength reflectance as might be perceived by birds. Note
that the sign of PC1 scores in the case of the black crown patch is reversed as compared with the other plumage
patches. The lines are regression lines. Examination of Cook’s distances and leverage values confirmed that no out-
liers were present.
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the Great Tit, display many different colour traits,
but the majority of studies that have explored the
signalling function of colour traits have considered
them individually because of obvious methodologi-
cal difficulties (but see Senar & Quesada 2006,
Hegyi et al. 2007). However, it is known that, in a
mate-choice environment, females should integrate
the information conferred by all traits displayed by
males (Scheuber et al. 2004), which makes multi-
coloured species candidates to display multiple
reinforcing signals utilizing different coloured body
parts.

This seems to be the case in the Great Tit, as
the present study shows that body condition pre-
dicts the intensity of coloration when virtually all
plumage patches are considered together. Although
Great Tits obtain information about the quality of
conspecifics from traits independent of colour (e.g.
song repertoire or size of black breast stripe;
McGregor et al. 1981, Senar & Quesada 2006),
these results suggest that all colour traits with a
potential to transmit information on quality in
male Great Tits act as a multiple signalling system.
In particular, it is the relative contribution of short
vs. long wavelengths of the plumage reflectance
spectra that is related to body condition in male
Great Tits, with birds in better condition display-
ing colour patches that are more reflective at short
wavelengths. As plumage colour variables were cal-
culated on the basis of avian vision models with
information on the visual system of a species
closely related to the Great Tit (i.e. the Blue Tit),
these results indicate that male Great Tits have the
potential to perceive plumage colour as a whole
trait related to body condition and thus could use
this information in intraspecific communication.
This appears to be the first time that the condi-
tion-dependence of all plumage patches in a multi-
coloured species has been analysed by means of
visual perception models. However, a proper
demonstration that Great Tits actually perceive
information on body condition through plumage
colour should be provided by future behavioural
studies.

Although there was an overall effect of body
condition on the colour of plumage patches, the
relationship was especially marked in the case of
the white cheek patch. In Great Tits, uniform
cheek patches (i.e. without black gaps due to
feather loss) are indicative of a low number of
aggressive acts from conspecifics and are thus asso-
ciated with dominance (Galván & Sanz 2009),

which is translated into a higher mating success for
high-quality birds that present large cheeks and
thus amplify their dominance status (Galván &
Sanz 2008). Differences in patch uniformity are
generated by variations in the frequency of black
gaps caused by conspecifics, so that irregularities in
plumage might be associated with variation in the
total reflectance of the cheeks and thus with the
colour variable that has been measured in the pres-
ent study. Stressful conditions seem to determine
the brightness or the extension of white plumage
in some species, which are in turn associated with
individual quality (Qvarnström 1999, Hanssen
et al. 2006, Ferree 2007, McGlothlin et al. 2007).
Thus, it has been suggested that stressful condi-
tions associated with diets of poor quality increase
corticosterone levels and subsequently limit the
capacity to synthesize proteins such as keratin
needed for feather growth (McGlothlin et al.
2007). A protein-rich diet is thus necessary to
develop both large and bright white plumage orna-
ments, as shown by McGlothlin et al. (2007) in
Dark-eyed Juncos Junco hyemalis. Therefore, only
high-quality individuals may have access to high-
quality resources and thus a greater capacity to
develop bright white ornaments. This is a likely
explanation for the condition-dependence of the
colour of white cheeks in male Great Tits, as
dominant birds make more intense use of food
resources during winter and thereby obtain and
maintain better body condition than subordinates
(Carrascal et al. 1998).

The relative short-wavelength reflectance of the
other plumage patches also contributed to the
overall effect of body condition on plumage colora-
tion. The result obtained for the black crown has
been previously reported by Hegyi et al. (2007),
who found that the relative contribution of short
wavelengths to the entire reflectance spectra of the
melanin-based crown patch was positively related
to an index of body condition during moult (i.e.
end of summer; Jenni & Winkler 1994). It is
noticeable, however, that the colour of another
melanin-based trait (i.e. the black breast) greatly
contributed to the condition-dependence observed
in the plumage of male Great Tits, because the size
of this trait is positively related to dominance and
condition (Senar 2006 and references therein,
Galván & Alonso-Alvarez 2008), but its colour
characteristics have never previously been mea-
sured. The present study shows that short-
wavelength reflectance may be important for the
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signalling function of melanin-based traits even if
total reflectance at those spectral regions is low.

Previous studies have also found that the body
condition of Great Tits is associated with certain
colour characteristics of the yellow breast patch,
particularly with hue or chroma (a measure related
to the carotenoid content of feathers; Senar &
Quesada 2006, Hegyi et al. 2007, 2008, Dauwe &
Eens 2008, Senar et al. 2008, but see Isaksson et al.
2008). This study confirms those results from an
avian visual perception context. The mechanism
leading to this condition-dependence might be
related to a trade-off between using carotenoids for
either antioxidants and immunological functions or
for signalling tasks, as only high-quality individuals
can use great amounts of these pigments for the
latter function (Alonso-Alvarez et al. 2008).

The colour characteristics of the green back
patch of male Great Tits, which is generated by a
mixture of melanins and carotenoids (Figuerola &
Senar 2005), also showed a tendency to be condi-
tion-dependent. As the use of melanins for the pro-
duction of ornaments can also be limited to high-
quality individuals because it requires a high
antioxidant capacity (Galván & Alonso-Alvarez
2009), the green back patch of Great Tits may pres-
ent higher production costs than other traits exclu-
sively generated by melanins or carotenoids, such as
the yellow or black breast plumage patches. Ideally,
future studies will address the signalling potential
of the green back patch and other plumage colours
generated by mixtures of pigments.

In general, this study indicates that short-wave-
length reflectance has the potential to signal condi-
tion not only with structural colours, but also with
colour traits that are generated achromatically (i.e.
white) or with pigments. Recent studies have
reached the same conclusion (Hegyi et al. 2007,
2008, Penteriani et al. 2007, Galván et al. 2008),
but the present study also indicates that the trait
related to body condition can be actually perceived
by birds. Dominance in winter is associated with
breeding success in the subsequent season (Lamb-
rechts & Dhondt 1986), indicating that displaying
and assessing plumage characteristics that transfer
information on body condition during winter,
when getting access to food sources is especially
important for survival (Orell 1989), is probably of
great relevance for fitness.

I benefited from an FPI grant from the Spanish Ministry
of Science and Innovation (formerly Ministry of Educa-

tion and Science). Financial support was obtained from
the project CGL2007-61395 from the same ministry.
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Andersson, M. 2002. Multiple receivers, multiple orna-

ments, and a trade-off between agonistic and epigamic

signaling in a widowbird. Am. Nat. 160: 683–691.

Badyaev, A.V., Hill, G.E. & Whittingham, L.A. 2002. Species

divergence in sexually selected traits: increase in song

elaboration is related to decrease in plumage ornamenta-

tion in finches. Evolution 56: 412–419.

Blem, C.R. 1984. Ratios in avian physiology. Auk 101: 153–

155.

Campenhausen, M.V. & Kirschfeld, K. 1998. Spectral sensi-

tivity of the accessory optic system of the pigeon. J. Comp.

Physiol. A. 183: 1–6.

Carrascal, L.M., Senar, J.C., Mozetich, I., Uribe, F. &

Domenech, J. 1998. Interaction between environmental

stress, body condition, nutritional status, and dominance in

Great Tits. Auk 115: 727–738.

Crawley, M.J. 1993. GLIM for Ecologists. Oxford: Blackwell

Science.

Cuthill, I.C. 2006. Color perception. In Hill, G.E. & McGraw, K.

(eds) Bird Coloration, Vol I: Mechanisms and Measure-

ments: 3–40, Cambridge, MA: Harvard University Press.

Dauwe, T. & Eens, M. 2008. Melanin- and carotenoid-depen-

dent signals of Great Tits (Parus major) relate differently to

metal pollution. Naturwissenschaften 95: 969–973.

Endler, J.A. & Mielke, P.W. 2005. Comparing entire colour

patterns as birds see them. Biol. J. Linn. Soc. 86: 405–

431.

Ferree, E.D. 2007. White tail plumage and brood sex ratio in

Dark-eyed Juncos (Junco hyemalis thurberi). Behav. Ecol.

Sociobiol. 62: 109–117.

Figuerola, J. & Senar, J.C. 2005. Seasonal changes in carot-

enoid- and melanin-based plumage coloration in the Great

Tit Parus major. Ibis 147: 797–802.

Galván, I. & Alonso-Alvarez, C. 2008. An intracellular antioxi-

dant determines the expression of a melanin-based signal

in a bird. PLoS ONE 3: e3335.

Galván, I. & Alonso-Alvarez, C. 2009. The expression of

melanin-based plumage is separately modulated by exo-

genous oxidative stress and a melanocortin. Proc. R. Soc.

B 276: 3089–3097.

Galván, I. & Sanz, J.J. 2008. The cheek plumage patch is an

amplifier of dominance in Great Tits. Biol. Lett. 4: 12–15.

Galván, I. & Sanz, J.J. 2009. Cheek plumage uniformity as a

social status signal in Great Tits. Ann. Zool. Fenn. 46: 271–

282.

Galván, I., Amo, L. & Sanz, J.J. 2008. Ultraviolet–blue reflec-

tance of some nestling plumage patches mediates parental

favouritism in Great Tits Parus major. J. Avian Biol. 39:

277–282.

Gosler, A.G. & Harper, D.G.C. 2000. Assessing the heritability

of body condition in birds: a challenge exemplified by the

ª 2010 The Author

Journal compilation ª 2010 British Ornithologists’ Union

366 I. Galván



Great Tit Parus major L. (Aves). Biol. J. Linn. Soc. 71: 103–

117.

Green, A.J. 2001. Mass ⁄ length residuals: measures of body

condition or generators of spurious results? Ecology 82:

1473–1483.

Grether, G.F., Kolluru, G.R. & Nersissian, K. 2004. Individual

color patches as multicomponent signals. Biol. Rev. 79:

583–610.

Hadfield, J.D. & Owens, I.P.F. 2006. Strong environmental

determination of a carotenoid-based plumage trait is not med-

iated by carotenoid availability. J. Evol. Biol. 19: 1104–1114.

Hanssen, S.A., Folstad, I. & Erikstad, K.E. 2006. White

plumage reflects individual quality in female Eiders. Anim.

Behav. 71: 337–343.

Hart, N.S., Partridge, J.C., Cuthill, I.C. & Bennett, A.T.D.

2000. Visual pigments, oil droplets, ocular media and cone

photoreceptor distribution in two species of passerine bird:

the Blue Tit (Parus caeruleus L.) and the Blackbird (Turdus

merula L.). J. Comp. Physiol. A 186: 375–387.

Hegyi, G., Szigeti, B., Török, J. & Eens, M. 2007. Melanin,

carotenoid and structural plumage ornaments: information

content and role in Great Tits Parus major. J. Avian Biol.

38: 698–708.

Hegyi, G., Szigeti, B., Laczi, M., Eens, M. & Török, J. 2008.

Correlated variation in colour between melanin and caroten-

oid pigmented plumage areas in Great Tits. Evol. Ecol.

Res. 10: 559–574.

Hill, G.E. 2006a. Environmental regulation of ornamental color-

ation. In Hill, G.E. & McGraw, K.J. (eds) Bird Coloration,

Vol. I: Mechanisms and Measurements: 507–560. Cam-

bridge, MA: Harvard University Press.

Hill, G.E. 2006b. Female mate choice for ornamental colora-

tion. In Hill, G.E. & McGraw, K.J. (eds) Bird Coloration, Vol.

II: Function and Evolution: 137–200, Cambridge, MA: Har-

vard University Press.

Hill, G.E. & McGraw, K.J. (eds) 2006. Bird Coloration, Volume

I: Mechanisms and Measurements. Cambridge, MA: Har-

vard University Press.

Isaksson, C., Ornborg, J., Prager, M. & Andersson, S.

2008. Sex and age differences in reflectance and biochem-

istry of carotenoid-based colour variation in the Great Tit

Parus major. Biol. J. Linn. Soc. 95: 758–765.

Jenni, L. & Winkler, R. 1994. Moult and Ageing of European

Passerines. London: Academic Press.

Johnstone, R.A. 1996. Multiple displays in animal communica-

tion: ‘Backup signals’ and ‘multiple messages’. Philos.

Trans. R. Soc. Lond. B 351: 329–338.

Kleven, O., Jacobsen, F., Izadnegahdar, R., Robertson, R.J.

& Lifjeld, J.T. 2006. Male tail streamer length predicts fertil-

ization success in the North American Barn Swallow (Hirundo

rustica erythrogaster). Behav. Ecol. Sociobiol. 59: 412–418.

Lambrechts, M. & Dhondt, A.A. 1986. Male quality, reproduc-

tion, and survival in the Great Tit (Parus major). Behav.

Ecol. Sociobiol. 19: 57–63.

Maier, E.J. & Bowmaker, J.K. 1993. Colour vision in the pass-

eriform bird, Leiothrix lutea: correlation of visual pigment

absorbency and oil droplet transmission with spectral sensi-

tivity. J. Comp. Physiol. A 172: 295–301.

McGlothlin, J.W., Duffy, D.L., Henry-Freeman, J.L. & Kett-

erson, E.D. 2007. Diet quality affects an attractive white

plumage pattern in Dark-eyed Juncos (Junco hyemalis).

Behav. Ecol. Sociobiol. 61: 1391–1399.

McGregor, P.K., Krebs, J.R. & Perrins, C.M. 1981. Song rep-

ertoires and lifetime reproductive success in the Great Tit

(Parus major). Am. Nat. 118: 149–159.

Møller, A.P. & Pomiankowski, A. 1993. Why have birds got

multiple sexual ornaments? Behav. Ecol. Sociobiol. 32:

167–176.

Møller, A.P. & Szep, T. 2001. Survival rate of adult Barn Swal-

lows Hirundo rustica in relation to sexual selection and

reproduction. Ecology 83: 2220–2228.

Morales, J., Sanz, J.J. & Moreno, J. 2006. Egg colour reflects

the amount of yolk maternal antibodies and fledging suc-

cess in a songbird. Biol. Lett. 2: 334–336.

Naef-Daenzer, B., Widmer, F. & Nuber, M. 2001. Differential

post-fledging survival of great and coal tits in relation to their

condition and fledging date. J. Anim. Ecol. 70: 730–738.

Orell, M. 1989. Population fluctuations and survival of Great

Tits Parus major dependent on food supplied by man in

winter. Ibis 131: 112–127.

Osorio, D., Miklosi, A. & Gonda, Z. 1999. Visual ecology and

perception of coloration patterns by domestic chicks. Evol.

Ecol. 13: 673–689.

Penteriani, V., Delgado, M.M., Alonso-Alvarez, C. & Sergio,

F. 2007. The importance of visual cues for nocturnal spe-

cies: Eagle Owl fledglings signal with white mouth feathers.

Behav. Ecol. 18: 143–147.

Qvarnström, A. 1999. Genotype-by-environment interactions

in the determination of the size of a secondary sexual char-

acter in the Collared Flycatcher (Ficedula albicollis). Evolu-

tion 53: 1564–1572.

R Development Core Team. 2004. R: a Language and Envi-

ronment for Statistical Computing. R Foundation for Statisti-

cal Computing, Vienna.

Rowe, C. 1999. Receiver psychology and the evolution of

multicomponent signals. Anim. Behav. 58: 921–931.

Scheuber, H., Jacot, A. & Brinkhof, M.W.G. 2004. Female

preference for multiple condition-dependent components of

a sexually selected signal. Proc. R. Soc. Lond. B 271:

2453–2457.

Senar, J.C. 2006. Color displays as intrasexual signals of

aggression and dominance. In Hill, G.E. & McGraw, K.J.

(eds) Bird Coloration, Vol. II: Function and Evolution: 87–

136. Cambridge, MA: Harvard University Press.

Senar, J.C. & Quesada, J. 2006. Absolute and relative sig-

nals: a comparison between melanin- and carotenoid-based

patches. Behaviour 143: 589–595.

Senar, J.C., Domènech, J., Carrascal, L.M. & Moreno, E.

1997. A funnel trap for the capture of tits. Butll. Grup. Cat.

Anell. 14: 17–24.

Senar, J.C., Conroy, M.J., Carrascal, L.M., Domenech, J.,

Mozetich, I. & Uribe, F. 1999. Identifying sources of

heterogeneity in capture probabilities: an example with the

Great Tit (Parus major). Bird Study 46 (Suppl.): S248–S252.

Senar, J.C., Negro, J.J., Quesada, J., Ruiz, I. & Garrido, J.

2008. Two pieces of information in a single trait? The yellow

breast of the Great Tit (Parus major) reflects both pigment

acquisition and body condition. Behaviour 145: 1195–1210.

Vorobyev, M., Osorio, D., Bennett, A.T.D., Marshall, N.J. &

Cuthill, I.C. 1998. Tetrachromacy, oil droplets and bird

plumage colours. J. Comp. Physiol. A 183: 621–633.

Received 17 August 2009;
revision accepted 6 December 2009

ª 2010 The Author

Journal compilation ª 2010 British Ornithologists’ Union

Condition-dependent colour perception 367


