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Abstract

Carotenoids are important as pigments for bright coloration of animals, and as
physiologically active compounds with a wide array of health-related benefits.
However, the causes of variation in carotenoid acquisition and physiology
among species are poorly known. We measured the concentration of
carotenoids in the blood of 80 wild bird species differing in diet, body size
and the extent of carotenoid-based traits. Preliminary analyses showed that
diet significantly explains interspecific variability in plasma carotenoids.
However, dietary influences were apparently overridden by phylogenetic
relationships among species, which explained most (65%) of this variability.
This phylogenetic effect could be due partly to its covariation with diet, but
may also be caused by interspecific differences in carotenoid absorption from
food to the blood stream, mediated, for example by endothelial carriers or gut
parasites. Carotenoid concentrations also decreased with body size (which may
be explained by the allometric relationship between ingestion rate and body
mass), and correlated positively with the extent of carotenoid-dependent
coloration of plumage and bare parts. Therefore, the acquisition of carotenoids
from the diet and their use for both health and display functions seem to be
constrained by ecological and physiological aspects linked to the phylogeny
and size of the species.

coloration are preferred as mates (Burley & Coopersmith,

Introduction

Carotenoids have recently attracted much attention
among evolutionary ecologists (Olson & Owens, 1998).
Carotenoids are responsible for the brightest animal
coloration - red, orange, yellow and green hues (Britton,
1995) — and in addition to their pigmentary properties,
they may also provide health benefits because of their
antioxidant and immunostimulating properties (Britton,
1995; Surai et al., 2001). Birds have been extensively used
as models for studying the function of carotenoids in
vertebrates. Several studies have demonstrated that indi-
viduals with the brightest carotenoid-dependent
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1987; Hill, 1991; Johnson et al., 1993; Sundberg, 1995),
suggesting that carotenoids play an important role in
sexual selection (Shykoff & Widmer, 1996; Negro et al.,
1998; Olson & Owens, 1998). Other studies have shown a
function of carotenoid-derived traits for offspring signal-
ling to parents (Lyon et al, 1994; Saino et al., 2000).
Additionally, the brightness of carotenoid-based traits and
the concentration of carotenoids in plasma are correlated
with several measures of health and immunocompetence
of the individuals (Hill & Montgomerie, 1994; Dufva &
Allander, 1995; Bortolotti et al., 1996, 2000; Figuerola
et al., 1999; Saino et al.,, 1999). These findings suggest a
trade-off between ornamentation and health needs for
carotenoids (Lozano, 1994; Shykoff & Widmer, 1996;
Negro et al., 1998; von Schantz et al., 1999), which is the
focus of current research and intense debate (Hill, 1999;
Moller et al., 2000; Lozano, 2001; Surai et al., 2001).
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For carotenoid-based signals to be honest indicators of
quality they have to be costly to produce. The traditional
explanation for costliness of carotenoids is that they are
difficult to obtain (Olson & Owens, 1998; Negro et al.,
2002). As carotenoids are produced only by bacteria,
algae, fungi and plants, birds have to acquire carotenoids
from their food, incorporate them into the blood stream,
and allocate them to integument pigmentation or health
functions (Olson & Owens, 1998). Recent work has
shown that diet influences intraspecific variability
in plasma carotenoid concentration of individuals
(Bortolotti et al., 2000; Negro et al., 2000, 2002), and
that such variability is reflected in their expression of
colour in plumage and bare parts (Hill et al, 1994;
Bortolotti ef al.,, 1996; Saino et al., 1999; Negro et al.,
2000; see also Grether et al., 1999 for fish). However, the
ability to use the carotenoids present in the food may be
limited by the physiology (Hudon, 1994; Bortolotti ef al.,
1996, 2000; Negro etal, 1998; Saino etal, 1999),
nutrition (Hill, 2000), and genotype of the individual
(Olson & Owens, 1998, but see Bortolotti et al., 2000), as
well as by environmental agents such as intestinal
parasites interfering with the absorption of carotenoids
in the intestine (Ruff et al, 1974; Augustine & Ruff,
1983; Allen, 1987; McGraw & Hill, 2000).

While intraspecific studies of birds are proliferating,
interspecific variability in acquisition of carotenoids from
food, their transport and allocation are much less well
studied (Britton et al., 1995; Olson & Owens, 1998; Surai
et al., 2001). Diet is considered to play a major role in
interspecific variability in carotenoid acquisition because
food varies much more between than within species.
Herbivores are expected to obtain more carotenoids than
insectivores, and the latter more than vertebrate-eating
species, with omnivores falling somewhere in between
(Gray, 1996; Olson & Owens, 1998). To our knowledge,
however, information on the relationship between diet
and carotenoids in blood is restricted to a study on 14 bird
species artificially fed in captivity (Slifka et al., 1999). On
the other hand, other studies suggest that those species
acquiring more carotenoids are able to better express
external carotenoid-based coloration. Trams (1969)
found higher levels of plasma carotenoids in the red-
plumaged scarlet ibis (Eudocimus ruber) than in the
related white ibis (E. albus). Likewise, Hill (1995a)
reported that bird species with carotenoid-based plumage
showed redder plasma hues (indicators of carotenoid
concentration) than species without. These results sug-
gest a link between concentration of plasma carotenoids
and integumentary coloration. However, the results of
interspecific studies dealing with the role of diet on the
absorption of carotenoids (Slitka ef al, 1999) and its
expression on plumage (Hill, 1995a) were limited by the
reduced number of species considered and the lack of
control for phylogeny-derived effects. Data from closely
related species are not independent because they may
share traits inherited from a common ancestor (Harvey &
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Pagel, 1991). Thus, both the acquisition of carotenoids
from the diet and their incorporation in integuments may
be phylogenetically influenced.

We assessed the relative contribution of diet and the
extent of carotenoid-dependent coloration on interspe-
cific variability in blood carotenoid concentration in birds
while controlling for phylogenetic relationships among
them. Given that information on carotenoid concentra-
tion in other bird tissues is only available for a few
species, we selected plasma concentration of total
carotenoids as a measure of recent carotenoid acquisition
(Surai ef al., 2001). In humans, one of the best-studied
vertebrate species, the pattern and concentration of
carotenoids in plasma reflect those measured in most
tissues (Parker, 1989). We obtained data on plasma
carotenoid concentrations from free-living birds belong-
ing to 80 species in eight different orders, which differed
widely in diet and the extent of carotenoid-based traits.
We also considered the potential influence of body size
because of its major implications in vertebrate ecology
and physiology (Peters, 1983).

Methods

Study areas and sampling

Fieldwork was carried out in Baja California Sur
(México) in November-December 1996, and in Spain
between December 1996 and February 1997. We meas-
ured winter plasma carotenoids because species with
carotenoid-based traits may show different maxima in
plasma concentrations depending on whether carote-
noids are displayed in the plumage (peak observed at the
time of moult, at the end of the breeding period, Hill,
1995b), or in bare parts such as the bill or legs (peak
observed at the start of the breeding season, Negro et al.,
1998, 2001). Thus, when comparing species with carot-
enoids in the feathers with those with carotenoids in the
skin or with no external carotenoids, winter is the only
time when basal levels of circulating carotenoids are
expected for all of them. Another reason to choose winter
for sampling was that no species were breeding at that
time. Laying females, for example deposit large amounts
of carotenoids in eggs (Surai et al, 2001), and their
plasma carotenoid levels decrease concurrently (Negro
et al., 1998). Therefore, we expect gender and age
variations within species (Hill et al.,, 1994; Figuerola &
Gutiérrez, 1998; Negro et al., 1998, 2001) to be reduced in
winter compared with other times of the year (see below).

Field and laboratory procedures

Passerines were mist-netted, whereas larger species were
trapped using a variety of devices, such as bal-chatri traps,
rocket nets, clap nets and Wain Wright traps. All birds
were released at the site of capture immediately after
blood collection. Blood (=30 uL) was extracted from the
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brachial or jugular veins in syringes or microcapillary
tubes and then transferred to vials. Blood samples were
transported in a cooler to our laboratories within a day of
collection. Upon arrival, samples were centrifuged at
3000 r.p.m. for 10 min, to separate plasma from cells. The
plasma was frozen at —20 °C until analysis. The concen-
tration of total plasma carotenoids was measured spectro-
photometrically (e.g. Allen, 1987; Tella et al., 1998). The
plasma was mixed with pure acetone (1 : 9) and centri-
fuged at 10 000 r.p.m. for 10 min. In the resulting
supernatant, we determined the absorbance of the caro-
tenoid peak at 476 nm using a Beckman Du-70 (La Paz,
Mexico) or a Pharmacia Ultrospec 2000 (Sevilla, Spain)
spectrophotometer. We calibrated carotenoid concentra-
tions (ug mL™') using standard curves of lutein (alpha-
carotene-3,3’-diol, Sigma, Madrid, Spain) obtained
independently for the two spectrophotometers used, thus
allowing the comparison of results (Wellburn, 1994).

Morphological and dietary variables

Relative importance of carotenoids in the pigmentation
of plumage and bare parts (i.e. the presence of yellow,
orange, red and noniridescent bright green colours, see
Gray, 1996) was scored blindly by the same person (JIN)
in seven body regions following Yezerinac & Weather-
head (1995), thus weighting each one according to the
proportion of the body surface area covered, and using
colour plates from field guides (Peterson & Chalif, 1973;
Peterson et al.,, 1987). The chestnut- or rufous-coloured
feathers in some passerines that we studied, including the
breast in the robin (Erithacus rubecula), and the stonechat
(Saxicola torquata), the breast and tail in the bluethroat
(Luscinia svecica), as well as the tail in black redstart
(Phoenicurus ochruros) were scored as having zero carot-
enoids (see Appendix) because the pigments responsible
for those colours are phaeomelanins (Brush, 1978, and
authors” unpublished data based on high-performance
liquid chromatography determinations).

For dichromatic species, we scored the coloration of
the male, which was always the most colourful sex.
Winter diet was assigned to one of six categories ranked
from lower to higher potential concentrations of carot-
enoids in food: (i) species strictly feeding on vertebrates,
(ii) feeding on both vertebrates and invertebrates,
(iii) feeding only on invertebrates, (iv) omnivorous,
(v) feeding on invertebrates and plants, and (vi) feeding
exclusively on plants. Dietary information and mean
body mass of each species were obtained from several
sources (Cramp, 1985-1992; Cramp & Perrins, 1993—
1994; Rodriguez-Estrella, 1997).

Statistical analyses

We first assessed whether there were sex and/or age
effects on plasma carotenoids during winter in 11 species
from five different orders (Amas clypeata, Carduelis

cannabina, Columbina passerina, Emberiza schoeniclus, Falco
sparverius, Fringilla coelebs, Fulica atra, Passer domesticus,
Passer hispaniolensis, Pyrrhocorax pyrrhocorax and Zonotri-
chia leucophrys) for which age and/or sex were identifiable
in winter and more than 20 individuals were sampled
(range: 23-141 individuals, see Appendix). One- or two-
way aNovas revealed that neither age nor sex explained
variability within species in carotenoid plasma concen-
tration (all P = n.s.). Therefore, potential interspecific
biases in bird sampling related to differences in age and
sex of individuals are unlikely to affect our comparative
analyses. Another potential source of bias is sample size,
i.e. a small number of birds may not adequately represent
the plasma concentration values for a species. Thus we
tested whether variability in plasma carotenoids was
larger among than within species through an analysis of
repeatability (Zar, 1996), using each individual as an
independent measure for a given species. As repeatability
of plasma carotenoid concentrations within species
was high (intra-class correlation coefficient, r; = 0.76,
Feo0780 = 42.82, P < 0.001), we concluded that single
individuals provide repeatable values for the species.
Nonetheless, multivariate analyses were repeated
excluding species for which only one individual was
sampled to ensure our results were not biased by these
species. For species from which more than one individual
was sampled (z = 61), we used the median of plasma
carotenoid concentrations (see values in Appendix) for
further analyses, as the median is less influenced than
the mean by variability in sample sizes (Zar, 1996).
Nonetheless, statistical analyses were repeated using the
mean (also reported in Appendix) and both results (not
shown) and conclusions remained the same.

Statistical analyses exploring the relationships between
plasma carotenoids, diet and morphology included
Spearman correlations and multivariable Generalized
Linear Models (GLM) using GENMOD procedure (SAS,
1997), with a gamma error distribution, a log link
function and the untransformed values of carotenoid
concentration. Additionally, we used two approaches to
deal with the phylogenetic relationships among species.
We first used a nested anova (Bell, 1989; Harvey &
Pagel, 1991) to examine how plasma carotenoid con-
centration varied between and within different taxo-
nomic levels (order, family and genera). We then
included order and families nested within orders in a
GLM to estimate the percentage of variation in plasma
carotenoids explained by phylogeny (estimated from
taxonomic relationships), diet and morphological traits.
Genera were not controlled for in GLMs because most
(86%) were represented by only one species, making it
difficult to obtain accurate regression estimates. Sec-
ondly, a phylogenetic regression (Grafen, 1989) was
calculated with program PHYLO.GLM for GLIM (Craw-
ley, 1993), and used to investigate the relationships
between plasma carotenoid concentration and the diet-
ary and morphological variables in more detail. For this
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Fig. 1 Phylogenetic tree for the 80 bird species sampled for
concentration of total plasma carotenoids.

analysis, a working phylogeny (see Fig. 1) was construc-
ted using Sibley & Ahlquist (1990) and Sibley & Monroe
(1990). Branch lengths were calculated according to
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Grafen’s (1989) method, because no detailed information
on time of divergence was available. Phylogenetic
regression was preferred over the more traditional
Felsenstein’s independent contrast method because of
the limitations of the latter method to deal with most of
the categorical variables used in the present study (see
Harvey & Pagel, 1991). Plasma carotenoid concentration
and body mass were log transformed to fit a normal
distribution. All models were constructed following a
forward stepwise procedure.

Results

A total of 862 birds from 80 species were sampled,
representing eight orders, 25 families and 64 genera. The
median concentration of total plasma carotenoids varied
from 0.38 to 53.63 ug mL™' among species (see Appen-
dix). Univariate analyses showed that concentration of
plasma carotenoids correlated positively with diet
(rs = 0.31, P < 0.01; Fig. 2a) and extent of carotenoid-
based plumage (r; = 0.50, P < 0.001; Fig. 2b) and neg-
atively with body mass (rs = —0.41, P < 0.001; Fig. 2d),
but did not correlate significantly with the extent of
carotenoid-based bare parts (1= 0.16, P = 0.14;
Fig. 2c). However, all four variables were significant
when analysed multivariately through a GLM (see model
1 in Table 1). This model explained 46% of the original
deviance (final deviance 42.70, d.f. = 75). The variable
explaining more deviance was plumage (10.6%), fol-
lowed by bare parts (7.9%), body mass (6.7%) and diet
(5.1%).

The above results might be biased by phylogenetic
relationships between species, as phylogeny strongly
influenced interspecific variability in plasma carotenoid
concentration: a nested ANOVA (Fgq 15 = 2.71, P < 0.05)
showed that taxonomic levels explained 65% of the
variance. Most taxon-related variation was explained by
order (38% of the variance), followed by family (14%)
and genera (13%). We therefore controlled for taxonomy
in the GLM regression, obtaining a more robust model
which explained 81% of the original deviance for
interspecific variability in plasma carotenoids (model 2
in Table 1). The concentration of plasma carotenoids was
positively correlated with the extent of carotenoid-based
coloration both in bare parts and in plumage, explaining
4.8 and 1.9% ot the original deviance, respectively. Body
mass of the species was negatively related to their levels
of circulating carotenoids (3.3% of the original devi-
ance). Diet, however, resulted only marginally significant
once phylogenetic relationships among species were
controlled for (model 2 in Table 1). These results were
nearly identical when excluding those species from
which only one individual was sampled (order,
P < 0.001; family, P < 0.001; body mass, P < 0.01; bare
parts, P < 0.001; plumage, P < 0.05; diet, P = 0.12).

The more robust phylogenetic regression, using the
working phylogeny shown in Fig. 1, confirmed the
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Fig. 2 Relationships between concentration of plasma carotenoids (ug mL™") in 80 species of birds and their (a) diet, (b) carotenoid-based
plumage coloration, (c) carotenoid-based coloration of teguments (bare parts), and (d) body mass.

Parameter d.f. Estimate SE Pa P
Model 1
Intercept 1 1.0638 0.2533
Body mass 1 —0.0002 0.0001 10.26 0.0014
Bare parts 1 0.1081 0.0317 11.98 0.0005
Plumage 1 0.0154 0.0042 15.77 0.0001
Diet 1 0.1574 0.0546 7.89 0.0050
Model 2
Intercept 1 -0.0767 0.5524
Order 7 0.0000-2.3530 0.0000-0.6490 53.01 0.0001
Family 17 —-1.4768-0.1077 0.0000-0.7380 37.49 0.0029
Body mass 1 —0.0002 0.0001 13.21 0.0003
Bare parts 1 0.1274 0.0291 18.46 0.0001
Plumage 1 0.0101 0.0037 7.96 0.0048
Diet 1 0.1540 0.0820 3.41 0.0648

Table 1 The results of GLMs explaining
variability in the concentration of plasma
carotenoids among 80 species of birds.
Model 1, without controlling for taxonomy;
Model 2, controlling for taxonomy. Different
estimates were obtained for each family
and order included in model 2, and the
reported values correspond to the extremes
of the range of estimates.
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Table 2 The results of a phylogenetic regression explaining
variability in the concentration of plasma carotenoids among
80 species of birds.

Parameter d.f. Estimate F P

Log body mass 1,70 -0.1957 5.27 0.02
Bare parts 1,70 0.0614 17.28 <0.0001
Plumage 1,70 0.0055 9.02 0.004
Diet 1,69 1.77 0.19
positive relationships between plasma carotenoids

and the relative presence of carotenoids in the plumage
and bare parts, a negative relationship with body mass,
and no significant effects of diet when phylogeny was
accurately controlled for Table 2.

Discussion

Diet has traditionally been thought of as a major
constraint for the acquisition of carotenoids by bird
species. Herbivores, feeding on primary producers, would
have more ready access to carotenoids than invertebrate-
eaters, and these would have an advantage over species
preying upon vertebrates (Olson & Owens, 1998).
However, this intuitively appealing hypothesis lacked
empirical support. Given that accurate information on
carotenoid content of food is only available for some
captive species (Surai et al, 2001), we used a broad
categorization of diets covering species from strict
vertebrate-eaters to strict herbivores (Olson & Owens,
1998). Both univariate and multivariate analyses showed
that interspecific variation in circulating carotenoids is
partially explained by variability in potential dietary
access to them. However, the role of diet could be
overridden by a stronger phylogenetic effect, which
accounted for most (65%) of the variance in plasma
carotenoids among species.

Our latter result suggests that phylogeny may strongly
constrain the acquisition of carotenoids in birds. How-
ever, as Sheldon & Whittingham (1997) emphasized,
although a trait may be correlated with phylogeny, such
a correlation is not a demonstration of a phylogenetic
constraint and may merely reflect a concomitant ecolo-
gical constraint. In our case, the most evident ecological
constraint covarying with phylogeny is diet. Obviously,
ecological, morphological and physiological traits shared
by phylogenetically related species mean that, for
example dietary differences within raptors are much
lower than between raptors and passerines, and thus a
substantial amount of the variance explained by phylo-
geny could reflect dietary affinities among related
species. In fact, a nested aANnova shows that all the
variability in diet of our sampled species may be
explained by taxonomic levels (order: 62%, family:
20%, genera: 18%). This is in part due to the fact that
diet was evaluated qualitatively, resulting, for example in
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all species within the same genera being scored equally.
Therefore, it is very difficult to disentangle the roles of
diet and phylogeny, and further comparative analyses
would be desirable when the actual concentration of
carotenoids in the food of a number of bird species is
available. However, the fact that our model 2 including
phylogenetic effects explained much more variance in
plasma carotenoids than model 1 where phylogeny was
not considered (83% vs. 46% of the original deviance),
suggests that in addition to diet, phylogenetic-related
factors may also cause interspecific variability in caro-
tenoid concentration.

To our knowledge, the issue of whether phylogeny can
affect the acquisition of carotenoids independently of
their availability in diet has not previously been studied.
We suggest that there are several possible mechanisms
requiring further investigation. First, a carotenoid-rich
diet does not necessarily mean that the animal has access
to those carotenoids. Interspecific differences in plasma
carotenoid concentrations may be related to differences
in the selective absorption processes in the small intestine
(Yang & Tume, 1993). Carotenoids are thought to move
into the enterocyte by passive diffusion (Furr & Clark,
1997). If so, species differences in absorption may arise
due to differences in gut luminal events such as pH, gut
motility and liposome and micelle formation, as well as
variation in the type and amount of dietary fat (Furr &
Clark, 1997). In addition, for a carotenoid to be
incorporated into the bloodstream, the appropriate
lipoproteins must be present in endothelial cells in the
intestine (Rock et al., 1996; Furr & Clark, 1997), and this
physiological aspect could be genetically fixed (Olson &
Owens, 1998). In fact, the low levels of carotenoids
found in the plasma of the white ibis when compared
with its congener the scarlet ibis, despite similar diets,
was attributed to the lack of the appropriate lipoproteins
needed to transport carotenoids from the gut to the blood
stream in the former species (Trams, 1969). Therefore,
the efficiency of carotenoid absorption may vary among
species (Yang & Tume, 1993; Rock et al, 1996; Surai
et al., 1998), and this variability, and other physiological
traits (Garland & Carter, 1994), could be phylogenetically
determined. Nonetheless, phylogenetic constraints may
sometimes be overcome, as suggested by the differential
carotenoid absorption showed by the two closely related
species of ibis (Trams, 1969). Secondly, parasites may also
play a role. It is well known that Coccidia (protozoan gut
parasites) inhibit the absorption of carotenoids from the
gut to the blood both in poultry and some wild species
(Ruff et al.,, 1974; Augustine & Ruff, 1983; Allen, 1987;
Tyczkowski & Hamilton, 1991; McGraw & Hill, 2000).
Moreover, the prevalence of coccidiosis varies among the
groups of birds studied so far, such as cranes, partridges,
ducks, doves and birds of prey (e.g. Kutzer et al., 1982;
Carpenter et al., 1984; Boch & Schneidawind, 1988).
Therefore, the risk of infection by Coccidia could shape
some hosts” behavioural and ecological traits, which in
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turn would be phylogenetically correlated, thereby par-
tially explaining the phylogenetic effect we found.
Unfortunately, the paucity of information available on
prevalence of Coccidia in wild bird species prevented us
from including it in our analyses so as to test this
hypothesis.

Once controlling phylogeny, body mass still signifi-
cantly explained variance in plasma carotenoids among
species, with larger species having lower carotenoid
concentrations. This result could be related to the
allometric relationships between body mass and physi-
ology in vertebrates. Both metabolic and ingestion rates
increase with body mass of a species to the power 0.75.
However, the total volume of blood is directly propor-
tional (slope close to 1) to the body mass of the species
(Peters, 1983). Therefore, large-bodied species ingest
proportionally less food than small ones and may thus
incorporate relatively fewer carotenoids to a proportion-
ally equal volume of blood, resulting in lower concen-
trations of carotenoids.

Until recently almost nothing was known about the
relationship between concentration of plasma carote-
noids and bird colours. Hill (1995a) showed that species
with carotenoid-based plumage had redder plasma than
species lacking carotenoid pigmentation during moult. In
this study, we confirm Hill’s observations with a much
larger set of species from both the Old and the New
World, while controlling for phylogenetic relationships
and measuring the actual concentration of carotenoids in
blood. Moreover, we are the first to find a relationship
between plasma carotenoids and the pigmentation of
bare parts (see also Negro et al, 2002). However, a
fundamental difference between Hill’s and our study is
that we conducted ours in winter. Thus, species with
external display of carotenoids have higher carotenoid
levels in the plasma not only at times of the year when
they are required for external pigmentation. Had we
measured plasma carotenoids at the seasonal peaks for
each species (moulting or mating seasons, Hill, 1995b;
Negro et al., 1998), we would have found ever stronger
relationships. Nonetheless, our results do not demon-
strate the causal basis underlying the evolution of
carotenoid-dependent avian coloration. Although noth-
ing is yet known about the amount of carotenoids
required for health functions in birds (Hill, 1999),
perhaps only species with carotenoid levels exceeding
their specific health necessities are able to divert extra
amounts to coloration (Gray, 1996). This possibility has
also been suggested recently after analysing the relation-
ship between diet and carotenoid pigment expression in a
comparative study of doves (Mahler et al., 2003). Alter-
natively, carotenoid-pigmented species could have
evolved more efficient mechanisms for carotenoid
absorption as a result of sexual selection. Although
Mahler et al. (2003) did not find support for this
hypothesis it is worthy of further examination.

Finally, we admit that the results of our comparative
study, as others where accurate information for the
independent variables is not available, need to be
interpreted cautiously. More than 600 different carote-
noids have been isolated from natural sources, and these
carotenoids differ widely in their functional properties
(Britton, 1995). However, no detailed information is
available on the carotenoid composition of the diet for
most free-living avian species. Moreover, the carotenoids
responsible for bright coloration in birds vary among
species, while few of them have been yet studied (Stradi,
1998), and health-related functions may also vary among
types of carotenoids (Surai ef al., 2001). Nonetheless, we
obtained a model that explained most (83%) of the
interspecific variability in the concentration of total
plasma carotenoids that was corroborated by phylogenet-
ic regression. Although diet seems to play a role, we also
propose the existence of previously overlooked physio-
logical constraints to the acquisition of carotenoids,
linked to phylogeny and body size, which may also limit
their expression in external ornaments. We encourage
researchers to conduct further comparative and experi-
mental work to improve our understanding of the
ecological, physiological and biochemical mechanisms
behind these limiting factors.

Acknowledgments

We thank A. Sanchez-Dobado, J.L. Arroyo, J.M. Sayago
and M. Vazquez for their help in the field, and G.R.
Bortolotti, V. Apanius and an anonymous reviewer for
comments on the manuscript. C. Gortazar provided us
valuable information on coccidiosis. CIBNOR and CNCYT
(project 1749P-N) provided financial support for field
work in México. F. Garcia-Carrefio and R. Civera gave us
access to CIBNOR laboratories. J.L.T. and G.B. received
travel assistance to Mexico from the Spanish MEC, and
J.L.T., G.B. and M.G.F. were supported by post-doc
grants from MEC.

Supplementary material

The following material is available at http://www.black
wellpublishing.com/products/journals/suppmat/JEB/
JEB634/JEB634sm.htm

Supplementary Appendix Al: Mean (SD) and
median concentration of total plasma carotenoids
(ug mL™"), sample size (N), average body mass (in g),
and values of dietary and phenotypic variables (see
Methods) for the 80 species of birds sampled belonging to
different orders (O) and families (F).

References

Allen, P.C. 1987. Physiological responses of chicken gut tissue to
coccidial infection: comparative effects of Eimeria acervulina

J. EVOL. BIOL. 17 (2004) 1566-164 © 2003 BLACKWELL PUBLISHING LTD



and Eimeria mitis on mucosal mass, carotenoid content, and
brush border enzyme activity. Poultry Sci. 66: 1306-1315.

Augustine, P.C. & Ruff, M.D. 1983. Changes in carotenoid and
vitamin A levels in young turkeys infected with Eimeria
meleagrimitis or E. adenoides. Avian Dis. 27: 963-971.

Bell, G. 1989. A comparative method. Am. Nat. 133: 553-571.

Boch, J. & Schneidawind, H. 1988. Krankheiten des jagdbaren
Wildes. Parey, Berlin.

Bortolotti, G.R., Negro, J.J., Tella, J.L., Marchant, T.A. & Bird,
D.M. 1996. Sexual dichromatism in birds independent of diet,
parasites and androgens. Proc. R. Soc. Lond. B 263: 1171-1176.

Bortolotti, G.R., Tella, J.L., Forero, M.G., Dawson, R.D. & Negro,
J.J. 2000. Genetics, local environment and health as factors
influencing plasma carotenoids in wild American kestrels
(Falco sparverius). Proc. R. Soc. Lond. B 267: 1433-1438.

Britton, G. 1995. Structure and properties of carotenoids in
relation to function. FASEB J. 9: 1551-1558.

Britton, G., Liaaen-Jensen, S. & Pfander, H. 1995. Carotenoids
today and challenges for the future. In: Carotenoids: Isolation
and Analysis, Vol. 1A (G. Britton, S. Liaaen-Jensen &
H. Pfander, eds), pp. 13-26. Verlag Basel, Birkhauser.

Brush, A.H. 1978. Avian pigmentation. In: Aves, Chemical Zoology,
Vol. 10 (A. H. Brush, ed.) pp. 141-164. Academic Press, New
York.

Burley, N. & Coopersmith, C.B. 1987. Bill color preferences of
zebra finches. Ethology 76: 133-151.

Carpenter, J.W., Novilla, M.N., Fayer, R. & Iverson, G.C. 1984.
Disseminated visceral coccidiosis in sandhill cranes. J. Am. Vet.
Med. Assoc. 185: 1342-1346.

Cramp, S. 1985-1992. The Birds of the Western Palearctic, Vols 4—6.
Oxford University Press, Oxford.

Cramp, S. & Perrins, C.M. 1993-1994. The Birds of the Western
Palearctic, Vols 7-9. Oxford University Press, Oxford.

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

Dutfva, R. & Allander, K. 1995. Intraspecific variation in plumage
coloration reflects immune response in great tit (Parus major)
males. Funct. Ecol. 9: 785-789.

Figuerola, J. & Gutiérrez, R. 1998. Sexual differences in levels of
blood carotenoids in cirl buntings Emberiza cirlus. Ardea 86:
245-248.

Figuerola, J., Mufoz, E., Gutiérrez, R. & Ferrer, D. 1999. Blood
parasites, leucocytes and plumage brightness in the cirl
bunting, Emberiza cirlus. Funct. Ecol. 13: 594—601.

Furr, H.C. & Clark, R.M. 1997. Intestinal absorption and tissue
distribution of carotenoids. J. Nutr. Biochem. 8: 364-377.

Garland, T. Jr & Carter, P.A. 1994. Evolutionary physiology.
Ann. Rev. Physiol. 56: 579-621.

Grafen, A. 1989. The phylogenetic regression. Phil. Trans. R. Soc.
B 326: 119-157.

Gray, D.A. 1996. Carotenoids and sexual dichromatism in North
American passerine birds. Am. Nat. 148: 453-480.

Grether, G.F.,, Hudon, J. & Millie, D.F. 1999. Carotenoid
limitation of sexual coloration along an environmental
gradient in guppies. Proc. R. Soc. Lond. B 266: 1317-1322.

Harvey, P.H. & Pagel, M.D. 1991. The Comparative Method in
Evolutionary Biology. Oxford University Press, Oxford.

Hill, G.E. 1991. Plumage colouration is a sexually selected
indicator of male quality. Nature 350: 337-339.

Hill, G.E. 1995a. Interspecific variation in plasma hue in relation
to carotenoid plumage pigmentation. Auk 112: 1054-1057.
Hill, G.E. 1995b. Seasonal variation in circulating carotenoid

pigments in the house finch. Auk 112: 1057-1061.

Interspecific variation in plasma carotenoid concentration 163

Hill, G.E. 1999. Is there an immunological cost to carotenoid-
based ornamental coloration?. Am. Nat. 154: 589-595.

Hill, G.E. 2000. Energetic constraints on expression of caroten-
oid-based plumage coloration. J. Avian Biol. 31: 559-566.

Hill, G.E. & Montgomerie, R. 1994. Plumage colour signals
nutritional condition in the house finch. Proc. R. Soc. Lond. B
258: 47-52.

Hill, G.E., Montgomerie, R., Inouye, C.Y. & Dale, J. 1994.
Influence of dietary carotenoids on plasma and plumage
colour in the house finch: intra- and inters-exual variation.
Funct. Ecol. 8: 343-350.

Hudon, J. 1994. Showiness, carotenoids, and captivity: a
comment on Hill (1992). Auk 111: 218-221.

Johnson, K., Dalton, R. & Burley, N. 1993. Preferences of female
American goldfinches (Carduelis tristis) for natural and artificial
male traits. Behav. Ecol. 4: 138-143.

Kutzer, V.E., Frey, H. & Nobauer, H. 1982. Zur parasitenfauna
Osterreichischer Eulenvogel (Strigiformes). Augew Parasitol. 23:
190-197.

Lozano, G.A. 1994. Carotenoids, parasites and sexual selection.
Oikos 70: 309-311.

Lozano, G.A. 2001. Carotenoids, immunity, and sexual selec-
tion: comparing apples with oranges?. Am. Nat. 158: 200-203.

Lyon, B.E., Eadle, J.M. & Hamilton, L.D. 1994. Parental choice
selects for ornamental plumage in American coot chicks.
Nature 371: 240-243.

Moller, A.P., Biard, C., Blount, J.D., Houston, D.C., Ninni, P.,
Saino, N. & Surai, P.F. 2000. Carotenoid-dependent signals:
indicators of foraging efficiency, immunocompetence or
detoxification ability?. Avian Poultry Biol. Rev. 11: 137-159.

McGraw, K.J. & Hill G.E. 2000. Differential effects of
endoparasitism on the expression of carotenoid- and mela-
nin-based ornamental coloration. Proc. R. Soc. Lond. B 267:
1525-1531.

Mahler, B., Araujo, L.S. & Tubaro, P.L. 2003. Dietary and sexual
correlates of carotenoid pigment expression in dove plumage.
Condor 105: 258-267.

Negro, J.J., Bortolotti, G.R., Tella, J.L., Fernie, K.J. & Bird, D.M.
1998. Regulation of integumentary colour and plasma
carotenoids in American kestrels consistent with sexual
selection theory. Funct. Ecol. 12: 307-312.

Negro, J.J., Tella, J.L., Blanco, G., Forero, M.G. & Garrido-
Fernandez, J. 2000. Diet explains interpopulation variation of
plasma carotenoids and skin pigmentation in nestling white
storks. Physiol. Biochem. Zool. 73: 97-101.

Negro, J.J., Tella, J.L., Hiraldo, F., Bortolotti, G.R. & Prieto, P.
2001. Sex and age-related variation in plasma carotenoids
despite a constant diet in the red-legged partridge. Ardea 89:
275-280.

Negro, J.J., Grande, J.M., Tella, J.L., Garrido, J., Hornero, D.,
Donazar, J.A., Sanchez-Zapata, J.A., Benitez, J.R. & Barcell,
M. 2002. Coprophagy: an unusual source of essential
carotenoids. Nature 416: 807-808.

Olson, V.A. & Owens, L.P.F. 1998. Costly sexual signals: are
carotenoids rare, risky or required?. Trends Ecol. Evol. 13: 510-
514.

Parker, R.S. 1989. Carotenoids in blood and human tissue.
J. Nutr. 119: 101-104.

Peters, R.H. 1983. The Ecological Implications of Body Size. Cam-
bridge University Press, Cambridge.

Peterson, R.T. & Chalif, E.L. 1973. A Field Guide to Mexican Birds.
Houghton-Mifflin, Boston, MA.

J. EVOL. BIOL. 17 (2004) 156-164 © 2003 BLACKWELL PUBLISHING LTD



164 J. L. TELLA ET AL.

Peterson, R.T., Mountfort, G. & Hollom, P.A.D. 1987. Guia dels
ocells del Pai'sos Catalans i d’Europa. Edicions Omega, Barcelona.

Rock, C.L., Fada, R.D., Jacob, R.A. & Bowen, P.E. 1996. Update
on the biological characteristics of the antioxidant micronu-
trients: vitamin C, vitamin E, and the carotenoids. J. Am. Diet.
Assoc. 96: 693-702.

Rodriguez-Estrella, R. 1997. Factores que condicionan la distribucion
y abundancia de las aves terrestres en el desierto xerofilo de Baja
California Sur, Mexico: el efecto de los cambios en el hdbitat por
actividad humana. PhD Dissertation, Universidad Auténoma de
Madrid, Madrid.

Ruff, M.D., Reid, W.M. & Johnson, J.K. 1974. Lowered blood
carotenoid levels in chickens infected with coccidia. Poultry Sci.
53: 1801-1809.

Saino, N., Stradi, R., Ninni, P., Pini, E. & Mogller, A.P. 1999.
Carotenoid plasma concentration, immune profile, and
plumage ornamentation of male barn swallows (Hirundo
rustica). Am. Nat. 154: 441-448.

Saino, N., Calza, S., Martinelli, R., De Bernardi, F., Ninni, P. &
Moller, A.P. 2000. Better red than dead: carotenoid-based
mouth coloration reveals infection in barn swallow nestlings.
Proc. R. Soc. Lond. B 267: 57-61.

SAS 1997. SAS/STAT Software Release 6.12. SAS Institute, Inc.,
Cary, NC.

von Schantz, T., Bensch, S., Grahn, M., Hasselquist, D. &
Wittzell, H. 1999. Good genes, oxidative stress and condition-
dependent sexual signals. Proc. R. Soc. Lond. B 266: 1-12.

Sheldon, F.H. & Whittingham, L.A. 1997. Phylogeny in studies
of bird ecology, behaviour, and morphology. In: Avian
Molecular Evolution and Systematics (D. P. Mindell, ed.), pp.
279-299. Academic Press, London.

Shykoff, J.A. & Widmer, A. 1996. Parasites and sexual bright-
ness: how general should the relationship be? Naturwissench-
aften 83: 113-121.

Sibley, C.G. & Ahlquist, J.E. 1990. Phylogeny and Classification of
Birds. Yale University Press, New Halen, CT.

Sibley, C.G. & Monroe, B.L.J. 1990. Distribution and Taxonomy of
Birds of the World. Yale University Press, New Halen, CT.

Slitka, K.A., Bowen, P.E., Stacewicz-Sapuntzakis, M. & Crissey,
S.D. 1999. A survey of serum and dietary carotenoids in
captive wild animals. J. Nutr. 129: 380-390.

Stradi, R. 1998. The Colour of Flight. Solei Gruppo Editoriale
Informatico, Milano.

Sundberg, J. 1995. Female yellowhammers (Emberiza citrinella)
prefer yelower males: a laboratory experiment. Behav. Ecol.
Sociobiol. 37: 275-282.

Surai, P.F., Ionov, 1., Kuchmistova, E., Noble, R.C. & Speake,
B.K. 1998. The relationship between the levels of tocopherol
and carotenoids in the maternal feed, yolk and neonatal
tissues: comparison between the chicken, turkey, duck and
goose. J. Sci. Food Agri. 76: 593-598.

Surai, P.F., Speake, B.K. & Sparks, N.H.C. 2001. Carotenoids in
avian nutrition and embryonic development. 1. Absorption,
availability and levels in plasma and egg yolk. J. Poultry Sci. 38:
1-27.

Tella, J.L., Negro, J.J., Rodriguez-Estrella, R., Blanco, G., Forero,
M.G., Blazquez, M.C. & Hiraldo, F. 1998. A comparison of
spectrophotometry and color charts for evaluating total
plasma carotenoids in wild birds. Physiol. Zool. 71: 708-711.

Trams, E.G. 1969. Carotenoid transport in the plasma of the
scarlet ibis (Eudocimus ruber). Comp. Biochem. Physiol. 8: 1177-
1184.

Tyczkowski, J.K. & Hamilton, P.B. 1991. Altered metabolism of
carotenoids during pale-bird syndrome in chickens infected
with Eimeria acervulina. Poultry Sci. 70: 2074-2081.

Wellburn, A.R. 1994. The spectral determination of chlorophylls
a and b, as well as total carotenoids, using various solvents
with spectrophotometers of different resolution. J. Plant
Physiol. 144: 307-313.

Yang, A. & Tume, R.K. 1993. A comparison of B-carotene-
splitting activity isolated from intestinal mucosa of pasture-
grazed sheep, goats and cattle. Biochem. Mol. Biol. Int. 30:
209-217.

Yezerinac, S.M. & Weatherhead, P.J. 1995. Plumage coloration,
differential attraction of vectors and haematozoa infections in
birds. J. Anim. Ecol. 64: 528-537.

Zar, J.H. 1996. Biostatistical Analysis. Prentice-Hall, Englewood
Cliffs, NJ.

Received 6 January 2003; revised 3 July 2003; accepted 15 August 2003

J. EVOL. BIOL. 17 (2004) 1566-164 © 2003 BLACKWELL PUBLISHING LTD



