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In many birds, carotenoids have dual functions as irreversible plumage pigments and as physiologically essential
vitamins and antioxidants. They must be obtained through the diet and may therefore be a limiting resource, a
constraint that is likely to vary with factors such as sex, habitat, and time of year. In the present study, we
investigated signs of carotenoid limitation in great tits, Parus major, in relation to sex, season, year, and within
an urban versus a rural habitat. The two main carotenoids, lutein and zeaxanthin, were analysed by high-
performance liquid chromatography in the plasma and in the yellow carotenoid-based breast feathers. We found
that plasma carotenoid concentrations were significantly influenced by sex, season, and year, but not by urban
versus rural habitat. At moult, plasma concentration was positively correlated with feather pigmentation,
independent of body condition and sex. During the breeding season, however, circulating carotenoid concentrations
were negatively related to the feather pigmentation (i.e. from previous autumn moult). We suggest that great tits
are carotenoid deprived before leaf emergence, and that carotenoid utilization and limitations are sex-specific, but
that there are neither any obvious honesty-maintaining costs of pigmentation, nor any fitness consequences of the
colour variation. © 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 92,
521–527.
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INTRODUCTION

Carotenoid-based colour variation in birds has
received considerable attention in evolutionary
ecology and sexual selection (Andersson, 1994;
Bennett & Owens, 2002; Hill & McGraw, 2006). A
major reason for this is the potential trade-off
between health and (irreversible) plumage pigmenta-
tion (Lozano, 1994; Olson & Owens, 1998; von
Schantz et al., 1999), arising from the internal func-
tions of carotenoids as antioxidants, protectors of cell
membranes, DNA and lipids from oxidative damage
(Sujak et al., 1999; Bianchini et al., 2000). Conse-
quently, as the predictions go, the more carotenoids
needed for such functions, the less carotenoids avail-
able for ornamentation (Olson & Owens, 1998).

The possible trade-off ultimately arises from the
fact that birds and other animals can not synthesize

carotenoids de novo (‘from scratch’) and are therefore
dependent on the carotenoid content in their diet
(Goodwin, 1984; Partali et al., 1987). Like other
nutritional constraints, carotenoid availability may
vary with spatial and seasonal habitat changes and
associated variation in food quality and quantity
(Slagsvold & Lifjeld, 1985; Hill, 1992; Hill, 1995a, b;
Eeva, Lehikoinen & Sunell, 1997; Bortolotti et al.,
2000; Negro et al., 2001). Carotenoid intake is,
however, not the only determinant of which and how
much carotenoids eventually become available for, for
example, plumage pigmentation (but see Hill, Inouye
& Montgomerie, 2002). Several physiological factors
can also be additional or even main constraints,
namely through variation in uptake efficiency in the
gut or amount of lipoproteins for transportation
(Brush, 1990; McGraw & Hill, 2001; Tella et al., 2004;
McGraw, 2006).

The main carotenoids utilized by birds are xantho-
phylls (oxygenated carotenoids), such as lutein and
zeaxanthin, which are ubiquitous in yellow bird*Corresponding author. E-mail: staffan.andersson@zool.gu.se
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plumage (Stradi, 1998; McGraw, 2006). To a lesser
extent, birds also assimilate carotenes (pure hydro-
carbons), such as b-carotene. Despite the substantial
literature on sexual and natural selection on
carotenoid-based coloration, however, there is surpris-
ingly little empirical data available with respect to
the central ecological and physiological factors influ-
encing the acquisition and utilization of carotenoids
(McGraw, 2006). In the present study of the great tit,
Parus major, a small palearctic passerine with yellow,
carotenoid-pigmented ventral plumage, we use high-
performance liquid chromatography (HPLC) analysis
of blood plasma to investigate sexual and environ-
mental (i.e. season, year and urban versus rural
habitat) variation in circulating carotenoid levels. We
also investigate if and how plasma levels during
moult (September) reflect incorporation of carotenoids
into the ventral plumage, and its relationship with
condition and sex.

From September (i.e. during moult) to April, great
tits are omnivores, eating various insects, spiders,
and seeds (Cramp & Perrins, 1993), most of which
generally are poor in carotenoids (Latscha, 1990).
After leaf emergence and during breeding (May to
June), however, the main food sources are different
Lepidoptera caterpillars, which are rich in caro-
tenoids (Partali et al., 1987). Thus, we predict that
seasonal constraints on carotenoid availability could
result in carotenoid limitation (e.g. during the
September moult and before leaf emergence).

Previously, we have shown that great tits living in
urban habitats have an increase in antioxidant usage,
as indicated by the glutathione antioxidant system
(Isaksson et al., 2005), a pattern that was accompa-
nied by paler carotenoid-based plumages in urban
areas (Eeva, Lehikoinen & Ronka, 1998; Hõrak et al.,
2000; Isaksson et al., 2005). Thus, the carotenoid limi-
tation may be most pronounced in the urban habitat,
which may be revealed by lower plasma levels of
carotenoids in urban birds. On the other hand, if
carotenoid access is not severely limited, urban and
supposedly more stressed birds may respond to the
environmental stress by increased intake, uptake or
transport of carotenoids, which thus (at least when
carotenoid availability allows) may result in higher
plasma concentration in urban birds.

Moreover, if we assume that carotenoids are limit-
ing during all seasons, we expect sexual differences in
plasma carotenoids to be most pronounced at breed-
ing or more precisely after egg laying, during which
the females has allocated large amounts to the egg
yolks, where carotenoids provide protection for the
embryo, but also to the hatchling (Blount, Houston &
Møller, 2000; Surai, 2002; Karadas et al., 2005). Thus,
during breeding, this may be reflected in lower con-
centrations in female plasma compared to males.

MATERIAL AND METHODS
STUDY SPECIES AND FIELD SITE

The great tit, Parus major, is a common passerine
throughout Europe and Asia. Both males and females
have yellow carotenoid-based ventral plumage,
mainly from the dietary xanthophylls, lutein and
zeaxanthin (Partali et al., 1987; Stradi, 1998).
Together with b-carotene, these appear to be the main
carotenoids in great tit diet (Partali et al., 1987).

The urban and rural great tit populations investi-
gated in the present study breed in nest boxes in
similar deciduous forests in the south-west of
Sweden. Areas designated as urban (Änggården,
Slottsskogen, and Gunnebo) (i.e. with high exposure
to air pollution; Kindbom et al., 2001) are located
within Göteborg city limits. The rural areas (Högås,
Hamra, Gräppås, and Råön) are located in the coun-
tryside, 40–50 km south of Göteborg along the coast,
where a nearby permanent air analysis station has
documented substantially lower levels of especially
nitric oxides, sulphur dioxide, and soot, compared to
the urban measurements (Kindbom et al., 2001).

Birds were trapped in the nest boxes during ‘pre-
breeding’ (March to April) and ‘breeding’ (May to
June), whereas ‘postbreeding’ birds (September to
October) were caught in mist nets. The birds were
sexed according to plumage characteristics (Svensson,
1992), weighed (±0.1 g) with a Pesola spring balance
and tarsus length was measured (±0.1 mm) with a
sliding caliper. A heparinized syringe was used to
draw 150–200 mL blood from the neck vein. The blood
was kept on ice in the field (1–4 h) until further
handling in the laboratory. Samples and measure-
ments were collected over 3 years: 2002, 2003, and
2004 (for sample sizes, see Table 1).

EXTRACTION OF CAROTENOIDS FROM PLASMA

AND FEATHERS

The blood samples were centrifuged at 260 g for
10 min, whereafter the separated plasma (60–130 mL)
was stored at -80 °C until analysed. The day before
the analysis, 20 mL of plasma was mixed with 380 mL
of acetone and then frozen overnight at -80 °C. In
total, plasma samples from 241 individuals were
analysed, distributed as shown in Table 1.

The samples were centrifuged at 14 000 g for
approximately 5 s. The liquid phase was filtered
through a 0.2 mm syringe filter (GHP Acrodisc 13 mm;
Pall Gelman Sciences Inc.), and subsequently evapo-
rated in a vacuum centrifuge (Savant DNA 120).
The samples were not allowed to dry completely
to minimize the exposure to air. Following resus-
pension in 100 mL of the mobile phase (70 : 30
acetonitrile : methanol, v/v), samples were immedi-
ately analysed by HPLC.

522 C. ISAKSSON ET AL.

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 92, 521–527



Following a protocol modified from Stradi et al.
(1995), feathers were washed with hexane and
weighed to the nearest 0.1 mg (Mettler Toledo AB54-
S). Thereafter, approximately 1 mg of coloured barbs
were trimmed off with surgical scissors and homog-
enized in 3 mL of methanol in a Retsch MM2000
micronizer with ZrO containers, at 27 Hz for 15 min.
The white keratin residue was filtered off with a
0.2 mm syringe filter (GHP Acrodisc 13 mm). After
evaporating the methanol, the residue was resus-
pended in 150–200 mL of acetone, placed at -80 °C
overnight, and filtered (as described above) for a
second time, followed by evaporation of the acetone.
The carotenoid residue was finally dissolved in 100 mL
of the mobile phase (70 : 30 acetonitrile : methanol,
v/v) and immediately analysed using HPLC.

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

(HPLC)

Depending on the sample colour (an approximate
estimate of carotenoid concentration), 20–40 mL of the
sample was injected with isocratic mobile phase (see
above), through a 100 mL loop into a RP-18 column
(ODS-AL, 50 ¥ 4.0 mm i.d., YMC Europe GmbH),
fitted on a ThermoFinnigan HPLC system with
a PS4000 ternary pump, AS3000 auto sampler,
and UV6000 diode-array UV/VIS detector. The
column temperature was maintained at 30 °C with
a flow rate of 0.6 mL min-1. The run time was set
to 15 min. Two-dimensional (at 450 nm) and three-
dimensional (300–600 nm) chromatograms were ob-
tained and analysed with ChromQuest 4.0 software
(ThermoFinnigan). Major pigment fractions were
identified and quantified by comparison with internal
standards and calibration curves, respectively, of
lutein (b,e-carotene-3,3′-diol) and zeaxanthin (b,b-
carotene-3,3′-diol), provided by Roche Vitamines Inc.
All other chemicals (methanol, n-hexane, acetonitrile,
and acetone) were obtained from VWR International.

STATISTICAL ANALYSIS

Data and residuals were checked for normal dis-
tribution and the best Box Cox transformation
([(carotenoid concentration0.2) - 1]/0.01765) was used
for the plasma carotenoid concentration. A general
linear model with backward elimination (P > 0.25;
Quinn & Keough, 2002) was run with plasma caro-
tenoid concentration as the dependent variable with
independent variables sex, season (pre-, during,
and postbreeding), year, habitat (urban and rural),
and condition [calculated as ln mass/(3 ¥ ln tars)]. To
minimize the model, we decided not to include age. In
the second model, we used feather carotenoid concen-
tration as the dependent variable with independent
factors sex, habitat (urban/rural), and condition.
First-order interaction terms were initially included
but removed if clearly nonsignificant (P > 0.25). All
data are means ± SE. All analyses were performed in
JMP, version 5.1 (SAS Institute Inc.).

RESULTS
CIRCULATING CAROTENOIDS

Plasma carotenoid concentration was highly variable
among samples, with significant effects of sex, season,
and year, but not of body condition or urban versus
rural habitat (Table 2). In early spring, before leaf
emergence, great tits exhibited lower levels of
circulating plasma carotenoids than later during
chick feeding and during the subsequent early fall
(least square mean, LSM; prebreeding: 18.18 mg
mL-1, during breeding: 38.53 mg mL-1, postbreeding:
45.78 mg mL-1; Table 2). Females had significantly
lower overall levels than males (LSM; female:
7.65 mg mL-1, male: 28.72 mg mL-1). As evident by the
significant interaction terms (Table 2), the sexes dif-
fered in the pattern of seasonal change; whereas
females started with the lowest prebreeding levels
and increased steeply to a postbreeding maximum,

Table 1. Number of plasma samples analysed by high-performance liquid chromatography and their distribution among
different habitats (urban/rural), seasons (pre/during/post breeding) and years

Year

Urban Rural

Pre During Post Pre During Post

F M F M F M F M F M F M

2002 – – 18 (8) 24 (9) – 3 – – – 10 (4) – –
2003 5 5 16 17 – – 14 11 17 26 – –
2004 – 1 – – 4 (4) 5 (4) – 19 31 7 5 (5) 3 (3)

The numbers in parentheses are the feather samples analysed.
M, males; F, females.
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males varied less over the year with peak concentra-
tions during breeding (Fig. 1). Males and females
showed the same overall yearly differences, with sig-
nificantly higher plasma concentrations in 2003 than
in the two other years.

Urban birds were in poorer condition (i.e. relative
body mass) than rural birds (habitat; F1,229 = 9.59,
P = 0.002), and males were in better condition than
females (sex; F1,229 = 4.77, P = 0.030). Individual
variation in body condition was, however, not related
to plasma carotenoid concentration (Table 2) and
the significantly higher body condition in 2004
(F2,229 = 23.56, P < 0.0001) did not coincide with the
year of exceptionally high plasma carotenoid levels
(2003).

PLUMAGE CAROTENOIDS

Feather carotenoid concentration was unrelated to
sex (mean total carotenoid concentration (mg) per
gram breast feather; female: 33.61 ± 4.73 mg g-1

feather, N = 9; male: 33.95 ± 3.97 mg g-1 feather,
N = 7) and condition, and only a nonsignificant ten-

dency of an environmental (urban/rural) effect was
retained in the model (habitat; F1,14 = 2.92, P = 0.109,
N = 16). Because of unbalanced data among years
with regard to environment (Table 1), only data from
2004 were included in the analysis. In a model
pooling the habitats and years 2002 and 2004, and
using feather carotenoid concentration as the
response variable, we found that feather pigmenta-
tion was significantly and positively related to plasma
carotenoid concentration (F1,31 = 5.01, P = 0.033) as
well as to its interaction with season (F1,31 = 10.49,
P = 0.003). Finally, a correlation between deposited
and circulating carotenoids was also indicated by
a bivariate relationship between feather carotenoid
concentration and plasma concentration during moult
(i.e. ‘postbreeding’) (F1,14 = 8.42, P = 0.012, N = 16). By
contrast, during breeding the corresponding relation-
ship was weakly negative (F1,17 = 4.22, P = 0.056,
N = 19).

DISCUSSION

During early spring, before leaf emergence, great tits
had significantly lower concentrations of plasma
carotenoids than later, at the time for chick feeding,
which coincides with the appearance of foliovorous,
carotenoid-accumulating Lepidopteran caterpillars
(Partali et al., 1987). This indicates that, during
winter and spring (before leaf emergence), caro-
tenoids may be quite scarce in the natural diet,
whereas it is unlikely to be a limiting factor during
breeding, when plasma carotenoid levels are 10–
50 mg mL-1 (Table 3). Using a median of 30 mg mL-1,
this is two to five-fold greater than the concentrations
in most of the 40 passerine species investigated by
Tella et al. (2004), including the congeneric blue tit
Parus caeruleus (3.6 mg mL-1), and superseded only by
the heavily pigmented Northern Cardinal Cardinalis
cardinalis (40 mg mL-1) and European goldfinch
Carduelis carduelis (53 mg mL-1).

With respect to sexual differences, females had
slightly lower carotenoid levels than males, although

Table 2. Results from a general linear model with plasma
carotenoid concentration (mg mL-1) as the dependent
variable

Source d.f. F-ratio P

Sex 1 7.78 0.006
Season 2 27.18 < 0.0001
Year 2 37.59 < 0.0001
Condition 1 1.84 0.176
Sex ¥ season 2 8.20 < 0.001
Sex ¥ year 2 8.63 < 0.001
Condition ¥ year 2 4.19 0.016

Season includes pre-, during, and postbreeding. Environ-
ment (urban/rural) and interactions not shown in the table
were excluded from the model. Error degres of freedom
(d.f.) = 217.

Figure 1. Plasma carotenoid concentration in males and females in different seasons. Presented as least square
means ± standard error from model (Table 2).
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the sample sizes were not large enough for a signifi-
cant sexual difference in any given season (Table 2).
However, the significant interaction showed that
sexes differed in their patterns of seasonal change
(Table 2; Fig. 1), with females being more carotenoid-
deprived than males before leaf emergence and then
showing increasing levels (Fig. 1), whereas males had
less variable levels (Fig. 1). The prebreeding differ-
ence is possibly due to female carotenoid allocation to
egg yolk (Hõrak, Surai & Møller, 2002; Blount et al.,
2004; Biard, Surai & Møller, 2005).

Abiotic environmental factors that influence food
availability (Myers, 1998; Verboven, Tinbergen &
Verhulst, 2001; Jones, Doran & Holmes, 2003) differ
not only between seasons, but also between years,
which are the most likely explanation for the notable
yearly differences in circulating levels of carotenoids.

Previously, we have also shown that urban great
tits exhibit higher levels of oxidative stress during the
breeding season, measured as the ratio between oxi-
dized and reduced form of glutathione (Isaksson et al.,
2005). Under the assumption that carotenoids are
used as limiting sorurce of antioxidants, we expected
the urban birds to have lower plasma concentrations
than rural birds (but see Hartley & Kennedy, 2004).
There was, however, no such differences between the
habitats, which may suggest, as indicated above, that
neither dietary access, nor utilization by the immune
system are actual carotenoid constraints in these
great tit populations.

In accordance with Hill (1995a), we found a positive
relationship between plasma concentration at moult
and plumage carotenoid deposition and, in great tits,
this effect was independent of sex. Furthermore,
plasma carotenoid concentrations during breeding
were weakly negatively correlated with plumage con-
centrations. In house finches, Carpodacus mexicanus,
Hill (1995a) found a similar negative but not quite
significant negative association during breeding. A
possible explanation, at least in the present study, is
that the 2002 season, from which the negative corre-
lation derives, had particularly low plasma carotenoid
levels and that the most depleted individuals were
those that had deposited most plumage carotenoids

during the preceding moult. This could be either
because they were still suffering from the allocation
9 months earlier, or because of a propensity to store
pigments (e.g. in the liver) and mobilize them at the
time of moult. However, we found no relationship
between body condition and plasma carotenoid levels.
Nor did body condition influence the carotenoid depo-
sition in feathers, as presumed by honest signalling
theory (Hill & Montgomerie, 1994; von Schantz et al.,
1999; Senar, Figuerola & Domenech, 2003), but
because great tits are sexually monomorphic in this
respect, the lack of a relationship may not be surpris-
ing. There was, however, a highly significant negative
effect of urban habitat on body condition, which could
be induced by several anthropogenic factors.

In summary, we have shown that plasma carotenoid
concentrations are relatively high in wild great tits,
especially during breeding with access to foliovorous
caterpillars. Concentrations vary substantially
between sex, seasons, and years but no difference
was detected between urban and rural populations,
despite earlier findings that urban great tits are more
oxidatively stressed. The sexual differences before
breeding are probably related primarily to the high
maternal carotenoid deposition in egg yolk. Finally,
there was a weak but positive association between
plumage pigmentation and plasma levels during
moult, suggesting that the yellow coloration may still
function as an honest signal of carotenoid status and
health.
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Table 3. Plasma carotenoid levels in different years, seasons and between different sexes in the great tit

Year

Prebreeding During breeding Postbreeding

Female Male Female Male Female Male

2002 – – 12.85 ± 3.65 19.53 ± 2.09 – 4.23 ± 0.54
2003 14.40 ± 1.88 15.20 ± 1.93 49.37 ± 3.48 50.63 ± 4.87 – –
2004 – 25.83 ± 3.24 20.79 ± 2.69 26.22 ± 4.50 30.00 ± 3.23 29.68 ± 5.47

Mean ± standard error total carotenoid concentration (mg mL-1).

VARIATION IN PLASMA CAROTENOIDS IN GREAT TITS 525

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 92, 521–527



REFERENCES

Andersson M. 1994. Sexual selection. Princeton, NJ: Princ-
eton Univerity Press.

Bennett PM, Owens IPF. 2002. Evolutionary ecology of
birds: life histories, mating systems and extinction. Oxford:
Oxford University Press.

Bianchini F, Elmstahl S, Martinez-Garcia C, van Kappel
AL, Douki T, Cadet J, Ohshima H, Riboli E, Kaaks R.
2000. Oxidative DNA damage in human lymphocytes:
correlations with plasma levels of alpha-tocopherol and
carotenoids. Carcinogenesis 21: 321–324.

Biard C, Surai PF, Møller AP. 2005. Effects of carotenoid
availability during laying on reproduction in the blue tit.
Oecologia 144: 32–44.

Blount JD, Houston DC, Møller AP. 2000. Why egg yolk is
yellow. Trends in Ecology and Evolution 15: 47–49.

Blount JD, Houston DC, Surai PF, Møller AP. 2004.
Egg-laying capacity is limited by carotenoid pigment avail-
ability in wild gulls Larus fuscus. Proceedings of the Royal
Society of London Series B, Biological Sciences 271: S79–S81.

Bortolotti GR, Tella JL, Forero MG, Dawson RD, Negro
JJ. 2000. Genetics, local environment and health as factors
influencing plasma carotenoids in wild American kestrels
(Falco sparverius). Proceedings of the Royal Society of
London Series B, Biological Sciences 267: 1433–1438.

Brush AH. 1990. Metabolism of carotenoid pigments in birds.
FASEB Journal 4: 2969–2977.

Cramp S, Perrins CM. 1993. The birds of the western
palearctic, Vol. VIII. Oxford: Oxford University Press.

Eeva T, Lehikoinen E, Ronka M. 1998. Air pollution fades
the plumage of the great tit. Functional Ecology 12: 607–
612.

Eeva T, Lehikoinen E, Sunell C. 1997. The quality of pied
flycatcher (Ficedula hypoleuca) and great tit (Parus major)
females in an air pollution gradient. Annales Zoologici
Fennici 34: 61–71.

Goodwin TW. 1984. The biochemistry of carotenoids, Vol. II:
Animals. London: Chapman & Hall.

Hartley RC, Kennedy MW. 2004. Are carotenoids a red
herring in sexual display? Trends in Ecology and Evolution
19: 353–354.

Hill GE. 1992. The proximate basis of inter- and intra-
population variation in female plumage coloration in the
house finch. Canadian Journal of Zoology 71: 619–627.

Hill GE. 1995a. Seasonal variations in circulating carotenoid
pigments in the house finch. Auk 112: 1057–1061.

Hill GE. 1995b. Interspecific variation in plasma hue in
relation to carotenoid plumage pigmentation. Auk 112:
1054–1057.

Hill GE, Inouye CY, Montgomerie R. 2002. Dietary caro-
tenoids predict plumage coloration in wild house finches.
Proceedings of the Royal Society of London Series B, Bio-
logical Sciences 269: 1119–1124.

Hill GE, McGraw KJ. 2006. Bird coloration, Vol. II: Function
and evolution. Cambridge, MA: Harvard University Press.

Hill GE, Montgomerie R. 1994. Plumage colour signals
nutritional condition in the house finch. Proceedings of the

Royal Society of London Series B, Biological Sciences 258:
47–52.

Hõrak P, Surai PF, Møller AP. 2002. Fat-soluble antioxi-
dants in the eggs of great tits Parus major in relation to
breeding habitat and laying sequence. Avian Science 2:
123–131.

Hõrak P, Vellau H, Ots I, Møller AP. 2000. Growth condi-
tions affect carotenoid-based plumage coloration of great tit
nestlings. Naturwissenschaften 87: 460–464.

Isaksson C, Örnborg J, Stephensen E, Andersson SA.
2005. Plasma glutathione and carotenoid coloration as
potential biomarkers of environmental stress in great tits.
EcoHealth 2: 138–146.

Jones J, Doran PJ, Holmes RT. 2003. Climate and food
synchronize regional forest bird abundances. Ecology 84:
3024–3032.

Karadas F, Pappas AC, Surai PF, Speake BK. 2005.
Embryonic development within carotenoid-enriched eggs
influences the post-hatch carotenoid status of the chicken.
Comparative Biochemistry and Physiology B, Biochemistry
& Molecular Biology 141: 244–251.

Kindbom K, Svensson A, Sjöberg K, Pihl Karlsson G.
2001. Trends in air concentration and deposition at
background monitoring sites in Sweden - major inorganic
compounds, heavy metals and ozone. IVL report B 1429.
Göteborg: Swedish Environmental Research Institute.

Latscha T. 1990. Carotenoids - their nature and significance
in animal feeds. Basel: F. Hoffman-LaRoche Ltd.

Lozano GA. 1994. Carotenoids, parasites, and sexual selec-
tion. Oikos 70: 309–311.

McGraw KJ. 2006. The mechanics of carotenoid coloration.
In: Hill GE, McGraw KJ, eds. Bird coloration. I. Mecha-
nisms and measurements. Cambridge, MA: Harvard Univer-
sity Press, 243–294.

McGraw KJ, Hill GE. 2001. Carotenoid access and intra-
specific variation in plumage pigmentation in male
American Goldfinches (Carduelis tristis) and Northern
Cardinals (Cardinalis cardinalis). Functional Ecology 15:
732–739.

Myers JH. 1998. Synchrony in outbreaks of forest Lepi-
doptera: a possible example of the moran effect. Ecology 79:
1111–1117.

Negro JJ, Tella JL, Hiraldo F, Bortolotti GR, Prieto P.
2001. Sex-and age-related variation in plasma carotenoids
despite a constant diet in the red-legged partridge Alectoris
rufa. Ardea 89: 275–280.

Olson VA, Owens IPF. 1998. Costly sexual signals: are
carotenoids rare, risky or required? Trends in Ecology and
Evolution 13: 510–514.

Partali V, Liaaen-Jensen S, Slagsvold T, Lifjeld JT.
1987. Carotenoids in food-chain studies. 2. The food-chain of
parus Spp. monitored by carotenoid analysis. Comparative
Biochemistry and Physiology B, Biochemistry and Molecular
Biolology 87: 885–888.

Quinn G, Keough M. 2002. Experimental design and data
analysis for biologists. Cambridge: Cambridge University
Press.

von Schantz T, Bensch S, Grahn M, Hasselquist D,

526 C. ISAKSSON ET AL.

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 92, 521–527



Wittzell H. 1999. Good genes, oxidative stress and
condition-dependent sexual signals. Proceedings of the
Royal Society of London Series B, Biological Sciences 266:
1–12.

Senar JC, Figuerola J, Domenech J. 2003. Plumage
coloration and nutritional condition in the great tit
Parus major: the roles of carotenoids and melanins differ.
Naturwissenschaften 90: 234–237.

Slagsvold T, Lifjeld JT. 1985. Variation in plumage colora-
tion of the great tit Parus major in relation to habitat,
season, and food. Journal of Zoology 206A: 321–328.

Stradi R. 1998. The colour of flight. Milan: Gruppo editoriale
informatico.

Stradi R, Celentano G, Rossi E, Rovati G, Pastore M.
1995. Carotenoids in bird plumage - I. The carotenoid
pattern in a series of Palearctic Carduelinae. Comparative
Biochemistry and Physiology, Molecular and Integrative
Physiology 110B: 131–143.

Sujak A, Gabrielska J, Grudzinski W, Borc R, Mazurek
P, Gruszecki WI. 1999. Lutein and zeaxanthin as protec-
tors of lipid membranes against oxidative damage: the
structural aspects. Archives of Biochemistry and Biophysics
371: 301–307.

Surai PF. 2002. Natural antioxidants in avian nutrition and
reproduction. Nottingham: Nottingham University Press.

Svensson L. 1992. Identification guide to European passe-
rines. Stockholm: Märstatryck.

Tella JL, Figuerola J, Negro JJ, Blanco G, Rodriguez-
Estrella R, Forero MG, Blazquez MC, Green AJ,
Hiraldo F. 2004. Ecological, morphological and phyloge-
netic correlates of interspecific variation in plasma caro-
tenoid concentration in birds. Journal of Evolutionary
Biology 17: 156–164.

Verboven N, Tinbergen JM, Verhulst S. 2001. Food, repro-
ductive success and multiple breeding in the great tit Parus
major. Ardea 89: 387–406.

VARIATION IN PLASMA CAROTENOIDS IN GREAT TITS 527

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 92, 521–527




