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The evolution and maintenance of conspicuous animal traits and communication signals have long fascinated
biologists. Many yellow–red conspicuous traits are coloured by carotenoid pigments, and in some species they are
displayed at a very young age. In nestling birds, the functions and proximate mechanisms of carotenoid-pigmented
traits are probably different and not as well known as those of adults. Here we investigated how Montagu’s harrier
(Circus pygargus) nestlings within structured families used a limited resource, carotenoid pigments, and whether
they used these for increasing coloration (deposition in integuments) or for mounting a response to a phytohaemag-
glutinin (PHA) challenge, which measures pro-inflammatory potential and aspects of cellular immune responsive-
ness. We manipulated carotenoid availability, using dietary carotenoid supplementations, and show that when
supplemented, nestlings primarily allocated supplemental carotenoids to increase their coloration, irrespective of
their sex, but depending of their position within the brood. Responses to PHA challenge were condition-dependent,
but depending on carotenoid availability. Moreover, how nestlings allocated carotenoids depended on their rank
within the brood, which in turn influenced their level of carotenoid limitation (first-hatched nestlings being less
constrained than later-hatched nestlings). We discuss why nestlings would use supplemental carotenoids for
increasing bare parts coloration rather than for responding to a PHA challenge, and the potential benefits for doing
so in a parent–offspring communication context. © 2011 The Linnean Society of London, Biological Journal of the
Linnean Society, 2012, 105, 13–24.
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INTRODUCTION

Evolutionary biologists have long been interested in
understanding the functions and proximate mecha-
nisms behind the expression of the conspicuous, exag-
gerated or brightly coloured traits that many animals
display (Darwin, 1871; Andersson, 1994; Espmark,
Amundsen & Rosenqvist, 2000; McGraw & Hill,
2006a, b). How these traits evolved and are main-
tained as reliable quality indicators remains a central
issue, which has been extensively studied in adults

and in a sexual selection context, but less so in young,
despite the fact that conspicuous signals are often
displayed at a very young age.

In birds, carotenoid-pigmented traits are amongst
the commonest coloured traits involved in social inter-
actions (McGraw & Hill, 2006a) and have received
particular attention for two main reasons. First, caro-
tenoids are not synthesizable by vertebrates, but
must be ingested and are consequently a diet-limited
resource (Goodwin, 1984; Olson & Owens, 1998), par-
ticularly in species with food sources that are lacking
in carotenoids (e.g. Sternalski et al., 2010). Secondly,
it has been proposed that carotenoids have important
health-related physiological functions (Chew & Park,
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2004) such as immuno-stimulation (Blount et al.,
2003; Faivre et al., 2003), although not all carotenoids
may have similar immuno-enhancing properties (e.g.
Fitze et al., 2007). Individuals may therefore use
available carotenoid pigments for colouring ornamen-
tal traits or for self-maintenance needs, the resulting
allocation trade-off ensuring honest signalling
(McGraw & Ardia, 2003; Mougeot et al., 2007).
Indeed, carotenoid-based traits have often been
shown to be condition-dependent indicators of
‘quality’, providing information about the condition
and/or immune status and health of their bearers
(e.g. Mougeot, 2008; Mougeot et al., 2009; but see also
Gonzalez et al., 1999). To date, carotenoid allocation
has been mostly studied in a sexual selection context
in adult birds (e.g. Andersson, 1994; but see also
Metzger & Bairlein, 2011 for alternative functions).
In young birds, the functions and proximate mecha-
nisms of carotenoid-based traits are probably differ-
ent and less well understood (Kilner, 2006). A function
in parent–offspring communication is possible, with
coloration informing parents about an offspring’s
need (Kilner, 1997), quality, or value (Saino et al.,
2000), allowing parents to adjust their feeding and
caring efforts (Lyon, Eadie & Hamilton, 1994). Alter-
natively, these traits might also already exist in nest-
lings but acquire their signalling functions only later,
at an adult stage and as quality indicators in a
sexually selection contex. To assess how and why
carotenoid-pigmented traits evolved in nestlings, it
is necessary to better understand the proximate
mechanisms behind carotenoid allocation to colourful
displays. Of particular interest is whether nestlings
use supplemental carotenoids for carotenoid-based
signalling or for self-maintenance needs and immune
responsiveness.

In altricial birds, such as raptors, hatching asyn-
chrony is common, creating marked asymmetries in
size and development according to hatching order.
This may create different castes of progeny (Magrath,
1990) differing in growth, immunity, mortality, and
ultimately fitness (Saino, Calza & Møller, 1997; Saino
et al., 2001). The phenotypic handicap of hatching
asynchrony therefore exerts a profound influence
on the outcome of sibling competition. Older, first-
hatched nestlings consistently make better com-
petitors by virtue of their larger size, whereas
later-hatched chicks are usually the poorest competi-
tors and typically grow more slowly or die sooner
(Magrath, 1990; Arroyo, De Cornulier & Bretagnolle,
2002). Sibling competition for parental attention
could thus also drive the evolution of conspicuous
visual signals in altricial birds (Soler & Avilés, 2010).

Our aim here is to better understand the mecha-
nisms of carotenoid-pigmented traits in nestlings
within structured families (i.e. with marked brood

hierarchies). We studied how wild nestlings used
carotenoids depending on their availability, which
was manipulated using dietary carotenoid supple-
mentations randomly assigned within broods. We
studied Montagu’s harrier (Circus pygargus), a
medium-sized, sexually dimorphic raptor species
(281 ± 28 and 340 ± 31 g for males and females,
respectively; Millon, Arroyo & Bretagnolle, 2008) with
hatching asynchrony and facultative siblicide. Brood
reduction is mainly due to chick starvation, and, to a
lesser extent, to aggression between chicks. Both
adults and nestlings of this species display yellow
carotenoid-pigmented bare parts (Mougeot & Arroyo,
2006; Sternalski et al., 2010), similar to other raptor
species (e.g. Costantini et al., 2007). Montagu’s harri-
ers often specialize on mammal prey such as voles,
which are energy-rich but carotenoid-poor (Goodwin,
1984; Sternalski et al., 2010), so nestlings are often
carotenoid limited. We measured nestlings’ responses
to a phytohaemagglutinin (PHA) skin test, a test
routinely used in bird field studies (Smits, Bortolotti
& Tella, 1999; Demas et al., 2011) that measures an
individual’s pro-inflammatory potential (Vinkler,
Bainova & Albrecht, 2010) and some aspects of cellu-
lar immune responsiveness (see Martin et al., 2006;
Tella et al., 2008). PHA responses are carotenoid-
dependent (carotenoid supplementations can enhance
responsiveness; Blount et al., 2003; Alonso-Alvarez
et al., 2004) and indicative of prospective fitness
(Møller & Saino, 2004; Cichon & Dubiec, 2005;
Moreno et al., 2005). The PHA test is therefore useful
to investigate carotenoid use when this resource is
limited. We further tested whether hatching order
(first-hatched versus later-hatched nestlings within
the brood) influenced this carotenoid use, in addition
to or in interaction with the carotenoid supplementa-
tion treatment. We predicted intra-brood competition
to be lower for first-hatched than for later-hatched
nestlings within a brood (Arroyo, De Cornulier &
Bretagnolle, 2002). In our study species, female nest-
lings are also heavier than male nestlings, so we
predicted greater competitive ability (greater food
access, lower intra-brood competition constraints) as
well as higher metabolic needs for females, because of
their larger body size (Fargallo et al., 2002, 2003;
Rowland et al., 2007). We therefore expected hatching
order, and also possibly nestling sex, to influence
levels of carotenoid limitation and thus carotenoid
allocation strategy (with first-hatched nestling being
less constrained than other nestlings). By experimen-
tally manipulating carotenoid availability, we tested
whether nestlings preferentially used supplemental
pigments for colouring bare parts or for responding to
a PHA challenge, and whether these carotenoid allo-
cation rules depended on carotenoid supplementation
levels, hatching order, and nestling sex.

14 A. STERNALSKI ET AL.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 105, 13–24



MATERIAL AND METHODS
STUDY AREA AND FIELD EXPERIMENT

The experiment was conducted in June–July 2006, in
an intensive agricultural area of c. 450 km2 located in
central-western France (46°15′N, 0°30′W; see Sup-
porting Information S1 for more details). In our study
area, Montagu’s harriers specialize on a mammal
prey, the common vole Microtus arvalis (Salamolard
et al., 2000). This species is a cyclical prey item that
exhibits inter-annual variation in abundance (Millon
and Bretagnolle 2005; Lambin et al., 2006). When
voles are abundant, Montagu’s harriers feed almost
exclusively on this prey, which is energy-rich but
carotenoid-poor (Goodwin, 1984; see Casagrande
et al., 2006 for data on carotenoids content in another
vole species, Microtus savii). When voles become
scarce, as in 2006, they feed more on alternative prey
such as passerine birds and insects (Salamolard et al.,
2000), which are richer in carotenoids but poorer in
calories (Goodwin, 1984).

Montagu’s harrier nests were searched for with a
constant effort during the pre-laying period, and most
of them were visited first during egg-laying or incu-
bation. We measured and weighed eggs to estimate
hatching date (Millon et al., 2008) and revisited nests
as soon as possible after hatching to start the experi-
ment. Within a brood, chicks were ranked according
to their hatching order and were head-marked using
a non-toxic marker pen to allow identification, and
later individually ringed. Nests were visited 3–8
times during the nestling period to assess breeding
success and collect reproductive data. The experimen-
tal birds from this study were a sub-sample from the
experiment reported by Sternalski et al. (2010), in
which changes over time in coloration and plasma
carotenoid levels were studied (but not response to
PHA and variations according to nestling hatching
order). Here, we only considered nestlings for which
PHA response was measured (i.e. 74 nestlings from
50 nests), and measurements made upon last visit,
closest to fledging.

Carotenoid supplementation effects were tested
using a within-brood experimental design (Sternalski
et al., 2010). Within a given brood, treatment (control
or supplemented) was randomly assigned to the
(older) first-hatched chick. Hatching order (hereafter
referred as to rank) was categorized using two classes
(first-hatched chick and later-hatched, younger,
chicks) following Arroyo, De Cornulier & Bretagnolle
(2002). Other treatments were then sequentially
assigned to the remaining nestlings according to their
rank within the brood (alternating supplemented and
control nestlings with decreasing rank). Within a
brood, we thus had control (non-supplemented) and
treated (supplemented) nestlings, the treatments

being homogenized by hatching order, irrespective of
nestling sex.

For supplementations, carotenoids were provided
directly in the crop with a flexible syringe as a
semi-liquid form of Oro Glo, a commercially avail-
able product from Kemin industry (France SRL,
Nantes, France). To avoid photo-oxidation of pig-
ments, the solution was kept in a refrigerated bag
and in opaque container until given to chicks. The
solution contained lutein and zeaxanthin, the two
main xanthophyll pigments circulated by the nest-
lings of this species, in similar proportion to those
found in nature (see Sternalski et al., 2010; see
Supporting Information S1).

Our aim was to supplement nestlings three times,
between 10 days of age and fledging (chicks less than
10 days old were considered too young to receive
treatment), providing supplementations once every 5
days, with nestlings receiving increasing amounts of
carotenoids of 11, 22 and 33 mg, upon first, second,
and third visits (when chicks were c. 15, 20, and 25
days old), respectively. However, due to fieldwork
constraints and natural age differences between nest-
lings within a given brood, some of the experimental
nestlings received two instead of three supplementa-
tions, and therefore different carotenoid supplemen-
tation doses over a different time course. Within the
treated groups, 13 nestlings received two supplemen-
tations (total dose of 49 ± 6 mg carotenoids, at 16 ± 3
and 21 ± 3 days of age, corresponding to 0.18 and
0.16 mg g-1, for 21-day-old male and female nestlings,
respectively) and 23 nestlings received three supple-
mentations (total dose of 69 ± 10 mg carotenoids, at
13 ± 1, 18 ± 2 and 22 ± 2 days of age, corresponding
to 0.25 and 0.23 mg g-1 for 21-day-old male and
female nestlings, respectively). We thus considered
two carotenoid supplementation levels, a posteriori
(hereafter referred as to 2SUP and 3SUP treat-
ments), according to number of supplementations
and doses that nestlings really received (see Support-
ing Information S1 for detailed sample sizes). Little
is known about daily quantities of carotenoids con-
sumed by harriers in their natural diets. We there-
fore chose supplementation doses following a
previous study conducted by Casagrande et al. (2007)
on common kestrel nestlings (Falco tinnunculus),
which have a body mass and circulated carotenoids
similar to those of Montagu’s harriers (Sternalski
et al., 2010). In addition, as we found no effect of
carotenoid treatment on nestling condition index (see
below), we are confident that those doses were not
detrimental to nestlings.

Upon first visit (before treatment, nestling age:
14 ± 2 days), we took a blood sample and measured
(1) body mass (with a Pesola scale, to the nearest 1 g),
(2) wing length (with a ruler, to the nearest 1 mm), (3)
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tarsus length (with a calliper, to the nearest 0.1 mm)
and (4) bare-parts (cere and tarsi) coloration (with a
colorimetric chart, see below). When chicks were close
to fledging (upon last nest visit, nestling age: 26 ± 2
days), we took another blood sample and measured
again body mass, wing length, tarsus length and
bare-parts coloration. We then also measured
response to a PHA challenge (see below).

Cere and tarsi coloration was measured by direct
comparison with a yellow–orange colorimetric chart
(Yolk Colour Fan Roche, Neuilly-sur-Seine, France)
under shaded light conditions, a method previously
used and validated for Montagu’s harrier nestlings
(see Sternalski et al., 2010). The selected colours
were characterized by tri-stimulus values of the
CIE-1931-standard colorimetric system (Faivre
et al., 2001). Cere and tarsi colour scores ranged
from 1 (very pale yellow) to 6 (bright yellow), were
highly repeatable (R > 0.92), and were strongly and
positively correlated (mixed model with nest as
a random effect: F1,46 = 233.59, P < 0.001, N = 74;
slope ± SE = 0.823 ± 0.054). As we were interested in
the overall carotenoid-based coloration of nestlings
(and the overall amount of pigments used), we
summed cere and tarsi scores to obtain a total
nestling coloration score indicative of overall
carotenoid-based coloration.

Blood was taken from the brachial vein using
heparinized capillaries, kept refrigerated (0–5 °C)
and centrifuged at 10 000g within 4 h of collec-
tion. Plasma samples were stored at -20 °C until
analysis. Pellets were used to genetically sex nest-
lings, following Fridolfsson & Ellegren (1999).

CIRCULATING CAROTENOIDS

Carotenoid concentration in plasma was determined
using a spectrophotometer. Plasma samples were
diluted in acetone (1 : 6 dilution) and the mixture
was vortexed and centrifuged at 10 000g for 5 min to
precipitate the flocculent proteins. The optical
density of the supernatant was examined at 450 nm
using microtitre plates and a Biotek Powerwave XS2
(Winooski, VT, USA) spectrophotometer. Plasma
carotenoid concentrations were calculated using a
lutein standard curve (Extrasynthese, ref. 0306 S),
the main pigment circulated by nestling Montagu’s
harriers (Sternalski et al., 2010). Repeatabilities
within and between plates, estimated from a random
subset of samples measured twice, were high (intra-
plate: F14,15 = 26.3, P < 0.001, r = 0.92; inter-plate:
F54,55 = 10.3, P < 0.001, r = 0.83).

ASSESSMENT OF RESPONSES TO A PHA CHALLENGE

We used the PHA skin test to measure some aspects
of nestlings’ cellular immunity and pro-inflammatory

potential. This test consists of an intradermal injec-
tion of PHA, which produces a prominent perivas-
cular accumulation of T-lymphocytes followed by mac-
rophage infiltration (Goto et al., 1978). It produces a
small but measurable swelling, the magnitude of
which indicates aspects of an individual’s ability to
mount a cell-mediated immune response (but see
Supporting Information). Each nestling was injected
with 0.8 mg PHA (SIGMA L-8754) suspended in
0.1 mL phosphate-buffered saline at a marked site on
one wing web. We measured web thickness at injec-
tion site with a pressure-sensitive dial thickness
gauge (Teclock SI-112) to the nearest 0.01 mm. Web
thickness was measured three times prior to injection
and 24 h after injection. Both initial (r = 0.90,
F = 29.09, d.f. = 73, P < 0.001, N = 222) and final mea-
surements (r = 0.92, F = 35.33, d.f. = 73, P < 0.001) of
wing web thickness were highly repeatable. We cal-
culated PHA responses as the change at 24 h in
average thickness (in mm) at the injection site (see
Supporting Information S1).

STATISTICAL ANALYSES

All statistical analyses were performed using SAS 9
(SAS, 2001). We used generalized linear mixed
models with normal error distributions and identity
link function (Mixed procedure, SAS) to test the effect
of nestlings’ sex, rank, and treatment on coloration,
circulating carotenoids, PHA responses, and condition
index (see below). The carotenoid treatment (i.e.
control vs. supplemented nestlings) was a three-
classes categorical variable (hereafter ‘NSUP’),
depending on the number of supplementations
received: 0SUP (control nestlings), 2SUP (supple-
mented nestlings with two supplementations), and
3SUP (supplemented nestlings with three supplemen-
tations). All models included the variable ‘nest’ as
a random effect to take into account the non-
independence of nestlings from the same brood
(mean ± SD: 2.7 ± 1.1 of study nestlings per brood).
This random effect was always significant, and there-
fore was maintained in models. When analyses were
conducted on first-hatched nestlings only (one per
brood), we used general linear models (GLM proce-
dure, SAS, 2001). The single chick from the three
nests with only one chick was classified as first-
hatched as brood reduction in raptors generally only
affects the youngest chicks (Viñuela, 1999). When
condition index was included in models as an
explanatory variable, it was calculated using the
residuals of a general linear model (GLM procedure,
SAS, 2001) of log-transformed body mass on age, age2

(quadratic relationship with age), log-transformed
wing, and tarsus length, as indices of nestling size.
Initial models included sex, ‘NSUP’, rank, and all the
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interactions between these explanatory variables,
with non-significant (P = 0.05 level) terms being
removed, starting with interactions, following a back-
ward stepwise procedure, until only the significant
explanatory variables or interactions were retained in
the models. The Satterthwaite correction was used to
approximate the degrees of freedom. When significant
interaction between fixed factors occurred, the statis-
tical significance of each factor at different levels was
computed using the LSMEANS statement (SAS,
2001). We also used generalized linear mixed models
(as above) to investigate the relationships between
responses to PHA and other variables. All tests are
two-tailed.

RESULTS

Before the first carotenoid supplementation (nestl-
ing age: 14 ± 2 days), coloration (mixed model; treat-
ment: F1,46 = 0.02, P = 0.894), circulating carotenoids
(treatment: F1,40 = 0.16, P = 0.694), and condition
(body mass corrected for age and size; treatment:
F1,45 = 0.95, P = 0.335) did not differ significantly
between control and supplemented nestlings (2SUP
and 3SUP combined). Prior to treatment, nestling
rank had no effect on either coloration (F1,46 = 0.57,
P = 0.453) or carotenoid levels (F1,40 = 0.44, P = 0.512).
However, condition index marginally varied with
nestling rank (F1,45 = 3.58, P = 0.065), with first-
hatched nestlings being in relatively better condition
[least square means (LSMs) ± SE of 0.03 ± 0.02]
than later-hatched nestlings (LSMs of -0.01 ± 0.02),
although this difference disappeared when nestlings
were close to fledgling (see below).

EFFECT OF SUPPLEMENTATIONS ON COLORATION,
CAROTENOID LEVELS, CONDITION INDEX, AND

RESPONSES TO PHA CHALLENGE

We first investigated supplementation effects on each
study parameter separately, and whether these
effects differed according to nestling rank or sex. Prior
to fledging, variation in nestling coloration was
explained by nestling rank (F1,43 = 5.27, P = 0.027),
sex (F1,43 = 5.44, P = 0.024), and ‘NSUP’ (F2,43 = 17.22,
P < 0.001), but was not explained by any interaction
between these factors (all P > 0.28). Carotenoid
supplementation thus increased nestling coloration,
but similarly so in nestlings that received two or
three supplementations (post-hoc test; see Fig. 1A).
Overall, male nestlings were more coloured than
female nestlings (LSMs of 8.31 ± 0.35 and 7.72 ± 0.29,
respectively), and first-hatched nestlings were more
colored than later-hatched nestlings (Fig. 2A).

Variation in circulating carotenoid levels was
explained by nestling rank (F1,46 = 7.45, P = 0.009),

but not by ‘NSUP’ (F2,46 = 1.64, P = 0.205), sex
(F1,46 = 0.01, P = 0.927), or any interaction between
these factors (all P > 0.47). First-hatched nestlings
had more circulating carotenoids than later-hatched
nestlings (Fig. 2B).

Variation in condition index (body mass corrected
for age and size) was explained by sex (F1,46 = 6.09,
P = 0.017), but not by nestling rank (F1,46 = 0.64,
P = 0.429), ‘NSUP’ (F2,45 = 0.02, P = 0.979), or any
interactions between these factors (all P > 0.23).
Female nestlings were in relatively better condition
(LMSs of 0.015 ± 0.016) than male nestlings (LMSs of
–0.032 ± 0.018).

Responses to PHA challenge varied according to
nestling rank (F1,45 = 5.76, P = 0.021), but not sex

Figure 1. Differences between supplementation groups
(non-supplemented = 0SUP: open triangles; 2SUP: grey
triangles; 3SUP, filled triangles) in (A) nestling colour
score (see Methods), (B) circulating plasma carotenoid
levels, and (C) response to a PHA challenge (wing web
swelling). Data are expressed as least mean squares ± SE,
with sample sizes (number of nestlings) indicated above
bars. Pairwise comparisons: two different letters indicate a
significant (P = 0.05 level) difference between groups.
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(F1,45 = 0.24, P = 0.625), ‘NSUP’ (F2,44 = 2.51, P = 0.093),
or any interaction between these factors (all P > 0.23).
First-hatched nestlings mounted greater responses to
PHA than later-hatched nestlings (Fig. 2C).

CONDITION INDEX, CIRCULATING CAROTENOID

LEVELS AND RESPONSIVENESS TO PHA

As both circulating carotenoids and responses to
PHA can be condition-dependent (Blount et al., 2003;
Alonso-Alvarez et al., 2004), we further tested
whether these variables were related to nestlings’
condition index, and whether the relationships dif-

fered between treatment groups or according to nest-
ling sex or rank. For these analyses, we considered
only supplemented (2SUP, 3SUP) versus non-
supplemented (0SUP) nestlings, because we had no
evidence of dose-dependent effects in our sample (non-
significant differences between nestlings that received
two versus three supplementations; see above).

Variation in circulating carotenoid levels was
explained by nestling rank (F1,43 = 12.19, P = 0.001)
and by condition index, in interaction with nestling
rank (condition: F1,43 = 19.44, P < 0.001; condition ¥
rank interaction: F1,43 = 7.31, P = 0.010), but was not
explained by sex (F1,46 = 0.01, P = 0.927), treatment
(F1,46 = 2.30, P = 0.136), or any other interactions
between these variables (all P > 0.10). First-hatched
nestlings circulated higher carotenoid levels than
later-hatched nestlings (LSMs of 13.43 ± 1.63 and
7.67 ± 1.39 mg mL-1, respectively). Circulating caro-
tenoids were overall positively related to condition
index (slope ± SE: 22.26 ± 11.44), this relationship
being steeper in first- (GLM: F1,24 = 14.48, P < 0.001;
slope ± SE: 91.07 ± 23.93; Fig. 3) than in later-
hatched nestlings (mixed model: F1,25 = 5.49,
P = 0.027; slope ± SE: 26.01 ± 11.10; Fig. 3).

Response to PHA was explained by nestling rank
(F1,44 = 6.96, P = 0.011) and marginally by condition
index (condition: F1,44 = 3.94, P = 0.053), but it was not
explained by sex (F1,46 = 0.24, P = 0.623), treatment
(F1,46 = 1.82, P = 0.184), or any interaction between
other factors (all P > 0.12). Response to PHA
increased slightly with condition index (slope ± SE:
0.09 ± 0.65) and first-hatched nestlings mounted

Figure 2. Differences according to nestling rank (first-
hatched: open squares and later-hatched nestlings: filled
squares) in (A) nestling colour score (see Methods),
(B) circulating plasma carotenoid levels, and (C)
response to a PHA challenge (wing web swelling). Data
are expressed as least mean squares ± SE (and therefore
account for treatment and effects other than rank), with
sample sizes (number of nestlings) indicated above
bars.

Figure 3. Relationship between circulating carotenoid
levels and condition index (body mass corrected for age
and size) in relation to nestling rank (first-hatched nest-
lings: filled circles; later-hatched nestlings: open circles).
Lines represent fitted linear regressions for first-hatched
(thick line) and later-hatched (fine line) nestlings, irre-
spective of carotenoid treatment.
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greater response to PHA than others (LSMs of
1.38 ± 0.09 and 1.09 ± 0.06 mm, respectively).

CAROTENOID ALLOCATION: BARE PARTS

COLORATION VERSUS PHA RESPONSE

We further investigated the relationship between
nestlings’ coloration and response to PHA challenges,
and whether it depended on treatment, nestling rank,
sex, or their interactions. The relationship between
nestling coloration and response to PHA marginally
varied according to nestling rank with a two-way
interaction (rank ¥ response to PHA; F1,42 = 3.57,
P = 0.065), but did not vary with any other interac-
tions (all P values > 0.10).

In first-hatched nestlings, variation in coloration
was explained by treatment (GLM; F1,24 = 12.73,
P = 0.002; mean ± SE: 7.44 ± 0.47 and 9.29 ± 0.24 for
control and supplemented nestlings, respectively;
Fig. 4), but not by response to PHA (although there
was a negative trend: F1,24 = 2.95, P = 0.099), sex
(F1,24 = 1.05, P = 0.315), or any interaction between
these variables (all P > 0.45).

In later-hatched nestlings, variation in coloration
was marginally explained by the treatment ¥ response
to PHA interaction (mixed model: treatment:
F1,23 = 23.45, P < 0.001; response to PHA: F1,23 = 0.79,
P = 0.383; treatment ¥ response to PHA interaction:
F1,23 = 3.92, P = 0.059), but not by nestling sex
(F1,25 = 2.39, P = 0.135) or any interactions between
these factors (all P > 0.10). In control nestlings, colora-
tion was not related to response to PHA (F1,8 = 0.11,
P = 0.747; slope ± SE: 0.002 ± 0.007; Fig. 4), whereas
in supplemented nestlings, this relationship was

positive and significant (F1,6 = 10.52, P = 0.018;
slope ± SE: 0.021 ± 0.006; Fig. 4).

DISCUSSION
EFFECTS OF CAROTENOID TREATMENT

Carotenoid treatment increased the yellow coloration
of nestlings’ cere and tarsi, consistent with previous
studies on this species (Sternalski et al., 2010) and
other raptors (e.g. common kestrels; Casagrande
et al., 2007). Carotenoid-based coloration expression
of wild Montagu’s harrier nestlings was therefore
limited, consistent with the carotenoid-limitation
hypothesis (Blount et al., 2004). Carotenoid use might
be limited by physiological thresholds (Alonso-Alvarez
et al., 2004), such as the ability to absorb and/or
transport carotenoids (Surai, 2002) or the ability to
accumulate pigments in skin. The dose and timing of
the supplementation might also affect pigment use
(Fitze, Tschirren & Richner, 2003), but we did not find
differences in coloration between nestlings that were
supplemented two or three times, which received 49
vs. 69 mg of carotenoids when 13 or 16 days old,
respectively. We therefore had no evidence that
supplementation effects were dose- or timing-
dependent in these nestlings (but see Casagrande
et al., 2007).

Regardless of treatment, male nestlings were more
colored than female nestlings, as shown previously in
this species (Sternalski et al., 2010) and in adult
raptors (e.g. American kestrels Falco sparverius: Bor-
tolotti et al., 1996), in which carotenoid-based colora-
tion most likely has a function in sexual display
(Mougeot & Arroyo, 2006). Males might therefore use

Figure 4. Relationship between coloration and response to PHA (wing web swelling) according to nestling rank (left
panel: first-hatched nestlings; right panel: later-hatched nestlings) and carotenoid treatment (non-supplemented: open
circles; carotenoid-supplemented: filled circles). Lines represent fitted linear regressions for non-supplemented (dotted
lines) and supplemented (solid lines) nestlings.
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carotenoids for coloration more than females, which
may store these pigments in organs for using later on
(e.g. Surai, 2002). Sexually selected traits might
already exist in nestlings but acquire their signalling
functions only later in life, and bare parts coloration
could have a sexual signalling function in adult Mon-
tagu’s harrier (Mougeot & Arroyo, 2006). These dif-
ferent carotenoid allocation strategies could also
involve sex hormones, and their modulatory effect on
circulating carotenoids (Laaksonen et al., 2008) or
carotenoid deposition in tissues (Bjerkeng et al.,
1999). Specifically, nestling males could circulate
more testosterone than females, a hormone that influ-
ences carotenoid availability and allocation (Blas
et al., 2006; Laaksonen et al., 2008; Alonso-Alvarez
et al., 2009). In addition, as females are heavier and
grow faster than males, they might have to cope with
greater free radical production associated with accel-
erated growth (Surai & Speake, 1998) and thus may
need more carotenoids for combating oxidative stress
or for physiological detoxification than males.

In contrast to coloration, carotenoid treatment did
not increase circulating carotenoid levels to any great
extent, as previously found in other nestlings (e.g.
great tit Parus major and blue tit Cyanistes caeruleus,
Biard, Surai & Møller, 2006). Casagrande et al. (2007)
showed that circulating carotenoids increase rapidly
after supplementation, while integument coloration
takes longer to increase. We may not have found an
effect on circulating carotenoid levels because blood
was taken too long after the last supplementation
(mean ± SE: 4 ± 1 days), with carotenoids having
already been used for coloration and/or alternative
functions, or stored in organs such as liver and fat
(Surai, 2002).

Carotenoid supplementations did not affect
responses to the PHA skin test. Previous studies also
found a lack of effect (e.g. Biard, Surai & Møller, 2006;
Fitze et al., 2007), but others did find that carotenoid
supplementation enhanced PHA responses (e.g.
McGraw & Ardia, 2003). Therefore, Montagu’s harrier
nestlings used supplemental carotenoids for colouring
bare parts but not for responding more to a PHA
challenge. Our result may also be explained by the
type of carotenoids used in dietary supplementation.
For instance, Fitze et al. (2007) demonstrated that
nestling great tits supplemented with lutein, zeaxan-
thin, and b-carotene developped greater response to
PHA, in contrast to those supplemented with only
the first two xanthophylls, suggesting that only
b-carotene had immuno-enhancing properties
(Bendich, 1991; see also Navara & Hill, 2003; Cucco
et al., 2006). It is therefore possible that our supple-
mented nestlings did not mount greater response to
PHA challenge because the xanthophylls they were
supplemented with did not have immuno-enhancing

properties, at least considering our specific PHA-test.
Despite the lack of a carotenoid supplementation
effect on PHA response in this study, further studies
should examine simultaneously various aspects of the
immune system, in order to better assess an individu-
al’s immunocompetence (see Demas et al., 2011).

CAROTENOID SUPPLEMENTATION EFFECTS

AND HATCHING ORDER

In a dominance hierarchy within broods, as in Mon-
tagu’s harrier, first-hatched nestlings can control, to
some extent, food distribution among nestlings: the
amount of food later-hatched nestlings consume is the
amount first-hatched nestlings are willing to concede
and, eventually, last-hatched nestlings simply take
whatever is left by others. Older chicks are therefore
largely buffered from environmental and developmen-
tal uncertainty by younger chicks, such that the pres-
ence of youngest sibs has virtually no effect on the
development or fitness of first-hatched chicks (Forbes
& Glassey, 2000). Competition between sibs appears
harsher for later-hatched nestlings in contrast to
first-hatched nestlings. Within structured families
with marked hatching asynchrony, carotenoid-based
trait expression, as a signal of nutritional status or
need, may therefore be modulated by the level of
competition between nestlings and thus vary with
nestling rank. Accordingly, nestling rank influenced
coloration, circulated carotenoid level, and also
responses to PHA. First-hatched nestlings were more
coloured, had more carotenoids, and mounted greater
responses to PHA, irrespective of the carotenoid
supplementation level. This indicates that within-
brood competition influenced chicks’ stress levels
and/or resource distribution between nestlings, first-
hatched chicks suffering less competitive stress and
being less carotenoid limited than others. Later-
hatched nestlings might indeed suffer higher level of
competitive stress, which in turn might affect level
of stress hormones in those nestlings. High levels of
stress hormones have been showed to increase oxida-
tive damage (as well as starvation), which could
explain higher carotenoid depeletion in those nest-
lings and their paler coloration. Alternatively, Müller,
Dijkstra & Groothuis (2003) found a decrease in
responses to PHA in relation to hatching order in
black-headed gull (Larus ridibundus), last-hatched
nestlings raising lower responses than first-hatched
nestlings; they proposed that lower carotenoid levels
in last-laid eggs could explain these differences. Dif-
ferential micronutrients (such as carotenoids), but
also hormone (such as corticosteroids or testosterone)
provisioning in relation to laying order have been
found in several bird species (e.g. Saino et al., 2001;
Blount et al., 2004) and even raptors (e.g. American
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kestrel; Sockman & Schwabl, 2000). Such mecha-
nisms may also exist in the Montagu’s harrier, but
further research would be needed to confirm this.

CAROTENOID ALLOCATION: COLORATION VERSUS

RESPONSIVENESS TO A PHA CHALLENGE

The relationship between coloration and response to
PHA was complex, as it depended both on carotenoid
treatment and on nestling rank. In later-hatched nest-
lings, no relationship between coloration and response
to PHA was found in control nestlings, but a positive
relationship was found in supplemented nestlings (i.e.
greater coloration was associated with greater respon-
siveness). Later-hatched nestlings, suffering more
from intra-brood competition for resource distribution
(with, to some extent, control of food distribution by
first-hatched nestlings), were probably highly con-
strained in terms of both energy and carotenoid acqui-
sition. In control nestlings, carotenoids appeared
therefore to be limited through diet acquisition and the
few available carotenoids were allocated to bare parts
coloration rather than responsiveness to the PHA
challenge. When supplemented, nestlings still
increased coloration but were also able to reallocate
the supplemental carotenoids for greater responses to
the PHA challenge. In contrast, first-hatched nest-
lings, which control, to some extent, food distribution,
were less likely to be carotenoid limited through diet.
Accordingly, first-hatched nestlings allocated supple-
mental dietary carotenoids to coloration rather than to
respond to a PHA challenge (coloration but not
response to PHA increased with supplementation)
independently of carotenoid treatment, suggesting
that carotenoids were less limiting for those nestlings
(or that they suffer less competitive stress), in contrast
to later-hatched nestlings.

Carotenoid limitation might be the result of avail-
ability through diet, as was probably the case for
later-hatched nestlings, but might also result from a
limited physiological capacity to absorb and/or trans-
port carotenoids (Surai, 2002; Tschirren, Fitze &
Richner, 2003). Indeed, carotenoids are absorbed and
transported by lipoprotein complexes consisting of
proteins and lipids (e.g. triglycerides; Stevens, 1996).
As lipids are the main energy reserves, a trade-off
may occur between lipids being used for energy gen-
eration and for absorption and/or transportation of
carotenoids (Surai, 2002). Activation of immune func-
tion, such as a PHA challenge, increases energy
demand and therefore consumption of lipids (see
Demas, 2004 for a review). As a consequence, fewer
lipids are available for absorption and/or transporta-
tion of the ingested carotenoids, which in turn may
cause a negative relationship between colour expres-
sion and responsiveness to PHA, as the tendency

found in first-hatched nestlings (see Fig. 4), which
circulated more carotenoids than non-supplemented
nestlings. We thus suggest that in Montagu’s harrier
nestlings, as proposed by Fitze et al. (2007), caro-
tenoid allocation towards coloration and responsive-
ness to PHA depends on nestling rank within a brood
and their associated carotenoid limitation levels.
Carotenoid-based coloration would therefore reflect
an individual’s nutritional condition and therefore
competitive ability, rather than its response to a PHA
challenge.

WHY SHOULD NESTLINGS INVEST MORE IN

CAROTENOID-BASED COLORATION?

It is somehow surprising that nestlings used the
supplemental carotenoids primarily in favour of col-
oration. Such a strategy may be ‘risky’ (i.e. to the
detriment of immune responsiveness) so there should
be some benefits for nestlings to increase investment
in bare parts coloration.

In the Montagu’s harrier, parents individually feed
their young until aged 10–15 days. Afterwards, they
drop the food into the nest, with food access being
then controlled by nestling competition. However, for
another period of 25 days after fledging (i.e. a period
as long as the time spent by nestlings at the nest),
parents again feed their young individually (during
the post-fledging period, 62% of all deliveries in fami-
lies with broods were attributed to an individual
chick: Arroyo, De Cornulier & Bretagnolle 2002). This
period is critical in migratory raptors, such as harri-
ers (Bustamante, 1993, 1995; Bustamante & Negro,
1994; Arroyo, De Cornulier & Bretagnolle, 2002), and
carotenoid signals could then play an important role
as a signal towards parents. If carotenoid-based col-
oration has such a function, nestlings might allocate
available carotenoid pigments in coloration primarily
to gain more parental food provisioning, as supported
in other species (Lyon et al., 1994; Kilner, 1997). In
this context, carotenoid-based traits could indicate
the quality and/or food needs of nestlings (Saino et al.,
2003). If parents respond to nestling coloration by
increasing their feeding rate, benefits for nestlings
could be two-fold: first, an improved growth and con-
dition index, through direct food acquisition, and sec-
ondly, more micronutrients, such as carotenoids,
available for responding to immune challenges and
for resisting adverse conditions (a nestling’s immune
response being a trait that depends on nutritional
condition; e.g. Saino et al., 1997; Alonzo-Alvarez &
Tella, 2001). Allocation of supplemental carotenoids in
coloured traits might thus allow nestlings to signal to
parents their nutritional condition and their compe-
tition ability rather than specifically their immune
potential.
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In conclusion, we have shown here that within a
structured family, nestlings of a raptor species use
carotenoid pigments, a limited resource, to increase
bare parts coloration rather than for responding to a
PHA challenge. However, how nestlings invest limited
carotenoids to coloration or responses to PHA
depended on their rank within the brood (with first-
hatched nestlings being less limited than others)
which, in turn, influenced their level of carotenoid
limitation. Further investigations are needed to
assess the benefits of increased carotenoid-based col-
oration for nestlings in Montagu’s harrier, depending
on their rank, and more importantly, their possible
function as signal toward parents or sibs.

ACKNOWLEDGEMENTS

This study was conducted under a licence delivered
by the CRBPO (Museum National d’Histoire
Naturelle). This work was financially supported by
exchange programme no. 2009FR0021, between the
CNRS (CEBC-CNRS UPR1934, Chizé, France) and
the CSIC (IREC CSIC-UCLM-JCCM, Ciudad Real,
Spain), and by the ‘Fondation Fyssen’ (grant to A.S.).
Particular thanks are due to A. Villers and B. Gan-
gloff for their help with fieldwork, to L. Perez-
Rodriguez for his help with laboratory analyses, and
to S. Dano for the molecular sexing. We also thank B.
Arroyo and C. Alonso-Alvarez for helpful comments
on the manuscript.

REFERENCES

Alonso-Alvarez C, Bertrand S, Devevey G, Gaillard M,
Prosa J, Faivre B, Sorci G. 2004. An experimental test of
the dose-dependent effect of carotenoids and immune acti-
vation on sexual signals and antioxidant activity. The
American Naturalist 164: 651–659.

Alonso-Alvarez C, Perez-Rodriguez L, Garcia JT,
Vinuela J. 2009. Testosterone-mediated trade-offs in old
age: a new approach to the immunocompetence handicap
and carotenoid-based sexual signalling. Proceedings of the
Royal Society of London B 276: 2093–2101.

Alonso-Alvarez C, Tella JL. 2001. Effects of experimental
food restriction and body-mass changes on the avian T-cell-
mediated immune response. Canadian Journal of Zoology
79: 101–105.

Andersson M. 1994. Sexual selection. Princeton, NJ:
Princeton University Press.

Arroyo BE, De Cornulier T, Bretagnolle V. 2002. Parental
investment and parent–offspring conflicts during the post-
fledging period in Montagu’s harriers. Animal Behaviour 63:
235–244.

Bendich A. 1991. b-Carotene and the immune response.
Proceedings of the Nutrition Society 50: 263–274.

Biard C, Surai PF, Møller AP. 2006. Carotenoid availability

in diet and phenotype of blue and great tit nestlings.
Journal of Experimental Biology 209: 1004–1015.

Bjerkeng B, Johnsen K, Mayer I, Storebakken T,
Nilssen KJ. 1999. Influence of 11-ketotestosterone,
17-estradiol, and 3,5,30-triiodo-L-thyronine on distribution
and metabolism of carotenoids in Arctic charr, Salvelinus
alpinus L. Fish Physiology and Biochemistry 21: 353–364.

Blas J, Pérez-Rodriguez L, Bortolotti GR, Viñuela J,
Marchant TA. 2006. Testosterone increases bioavailability
of carotenoids: insights into the honesty of sexual signalling.
Proceedings of the National Academy of Science USA 103:
18633–18637.

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 B 271: S79–S81.

Blount JD, Metcalfe NB, Birkhead TR, Surai PF. 2003.
Carotenoid modulation of immune function and sexual
attractiveness in zebra finches. Science 300: 125–127.

Bortolotti GR, Negro JJ, Tella JL, Marchant TA, Bird
DM. 1996. Sexual dichromatism in birds independent of
diet, parasites and androgens. Proceedings of the Royal
Society of London 263: 1171–1176.

Bustamante J. 1993. Post-fledging dependence period and
development of flight and hunting behaviour in the red kite
Milvus milvus. Bird Study 40: 181–188.

Bustamante J. 1995. The duration of the post-fledging
dependence period of ospreys Pandion haliaetus at Loch
Garten, Scotland. Bird Study 42: 31–36.

Bustamante J, Negro JJ. 1994. The post-fledging depen-
dence period of the lesser kestrel (Falco naumanni) in
southwestern Spain. Journal of Raptor Research 28: 158–
163.

Casagrande S, Costantini D, Fanfani A, Tagliavini J,
Dell’Omo G. 2007. Patterns of serum carotenoid accumu-
lation and skin color variation in kestrel nestlings in rela-
tion to breeding conditions and different terms of carotenoid
supplementation. Journal of Comparative Physiology B 177:
237–245.

Casagrande S, Csermely D, Pini E, Bertacche V,
Tagliavini J. 2006. Skin carotenoid concentration corre-
lates with male hunting skill and territory quality in the
kestrel Falco tinnunculus. Journal of Avian Biology 37:
190–196.

Chew BP, Park JS. 2004. Carotenoid action in the immune
response. Journal of Nutrition 134: S257–S261.

Cichon M, Dubiec A. 2005. Cell-mediated immunity predicts
the probability of local recruitment in nestling blue tits.
Journal of Evolutionary Biology 18: 962–966.

Costantini D, Coluzza C, Fanfani A, Dell’Omo G. 2007.
Effects of carotenoid supplementation on colour expression,
oxidative stress and body mass in rehabilited captive adult
kestrels (Falco tinnunculus). Journal of Comparative Physi-
ology B 177: 723–731.

Cucco M, Guasco B, Malacarne G, Ottonelli R. 2006.
Effects of b-carotene supplementation on chick growth,
immune status and behaviour in the grey partridge, Perdrix
perdrix. Behavioural Processes 73: 325–332.

22 A. STERNALSKI ET AL.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 105, 13–24



Darwin C. 1871. The descent of man, and selection in relation
to sex. London: John Murray.

Demas GE. 2004. The energetics of immunity: a neuroendo-
crine link between energy balance and immune function.
Hormones and Behavior 45: 173–180.

Demas GE, Zysling DA, Beechler BR, Muehlenbein MP,
French S. 2011. Beyond phytohaemagglutinin: assessing
vertebrate immune function across ecological contexts.
Journal of Animal Ecology 80: 710–730.

Espmark Y, Amundsen T, Rosenqvist G (eds). 2000.
Animal signals: signalling and signal design in animal
communication. Trondheim: Tapir Academic Press.

Faivre B, Grégoire A, Préault M, Cézilly F, Sorci G.
2003. Immune activation rapidly mirrored in a secondary
sexual trait. Science 300: 103.

Faivre B, Préault M, Théry M, Secondi J, Patris B,
Cézilly F. 2001. Breeding strategy and morphological char-
acters in an urban population of blackbirds, Turdus merula.
Animal Behaviour 61: 969–974.

Fargallo JA, Laaksonen T, Korpimäki E, Pöyri V, Grif-
fith SC, Valkama J. 2003. Size-mediated dominance and
begging behaviour in Eurasian kestrel broods. Evolutionary
Ecology Research 5: 549–558.

Fargallo JA, Laaksonen T, Pöyri V, Korpimäki E. 2002.
Inter-sexual differences in the immune response of Eur-
asian kestrel nestlings under food shortage. Ecology Letters
5: 95–101.

Fitze PS, Tschirren B, Gasparini J, Richner H. 2007.
Carotenoid-based plumage colors and immune function:
is there a trade-off for rare carotenoids? The American
Naturalist 169: S137–S144.

Fitze PS, Tschirren B, Richner H. 2003. Carotenoid-based
colour expression is determined early in nestling life. Oeco-
logia 137: 148–152.

Forbes S, Glassey B. 2000. Asymmetric sibling rivalry and
nestling growth in red-winged blackbirds. Behavioral
Ecology and Sociobiology 50: 37–44.

Fridolfsson AK, Ellegren H. 1999. A simple and universal
method for molecular sexing of non-ratite birds. Journal of
Avian Biology 30: 116–121.

Gonzalez G, Sorci G, Møller AP, Ninni P, Haussy C, De
Lope F. 1999. Immunocompetence and condition-dependent
sexual advertisement in male house sparrows (Passer domes-
ticus). Journal of Animal Ecology 68: 1225–1234.

Goodwin TW. 1984. The biochemistry of the carotenoids.
Volume II: animals. London: Chapman and Hall.

Goto N, Kodama H, Okada K, Fujimoto Y. 1978. Suppres-
sion of phytohemagglutinin skin response in thymectomised
chickens. Poultry Science 57: 246–250.

Kilner RM. 1997. Mouth colour is a reliable signal of need in
begging canary nestlings. Proceedings of the Royal Society of
London B 264: 963–968.

Kilner RM. 2006. Function and evolution of color in young
birds. In: Hill GE, McGraw KJ, eds. Bird colouration.
Volume II: function and evolution. London: Harvard Univer-
sity Press, 201–232.

Laaksonen T, Negro JJ, Lyytinen S, Valkama J, Ots I,
Korpimäki E. 2008. Effects of experimental brood size

manipulation and gender on carotenoid levels of Eurasian
kestrels Falco tinnunculus. PLoS ONE 3: e2374 doi:10.1371/
journal.pone.0002374.

Lambin X, Bretagnolle V, Yoccoz NG. 2006. Vole popula-
tion cycles in northern and southern Europe: is there a need
for different explanations for single pattern? Journal of
Animal Ecology 75: 340–349.

Lyon BE, Eadie JM, Hamilton LD. 1994. Parental choice
selects for ornamental plumage in American coot chicks.
Nature 371: 240–243.

Magrath RD. 1990. Hatching asynchrony in altricial birds.
Biological Reviews 65: 587–622.

Martin LB, Han P, Lewittes J, Kuhlman JR, Klasing KC,
Wikelski M. 2006. Phytohemagglutinin-induced skin swell-
ing in birds: histological support for a classic immunoeco-
logical technique. Functional Ecology 20: 290–299.

McGraw KJ, Ardia DR. 2003. Carotenoids, immunocompe-
tence, and the information content of sexual colors: an
experimental test. The American Naturalist 162: 704–712.

McGraw KJ, Hill GE (eds) 2006a. Bird colouration. Volume
II: function and evolution. London: Harvard University
Press.

McGraw KJ, Hill GE. 2006b. Mechanics of carotenoid-based
colouration. In: Hill GE, McGraw KJ, eds. Bird colouration.
Volume I: mechanisms and measurements. London: Harvard
University Press, 177–242.

Metzger BJ, Bairlein F. 2011. Fat stores in a migratory
bird: a reservoir of carotenoid pigments for times of need?
Journal of Comparative Physiology B 181: 269–275.

Millon A, Arroyo BE, Bretagnolle V. 2008. Variable but
predictable prey availability affects predator breeding
success: natural versus experimental evidence. Journal of
Zoology 275: 349–358.

Millon A, Bretagnolle V. 2005. Nonlinear and population-
specific sex ratios in relation to high variation in prey
abundance. Oikos 108: 535–543.

Møller AP, Saino N. 2004. Immune response and survival.
Oikos 104: 299–304.

Moreno J, Merino S, Sanz JJ, Arriero E, Morales J,
Tomás G. 2005. Nestling cell-mediated immune response,
body mass and hatching date as predictors of local recruit-
ment in the pied flycatcher Ficedula hypoleuca. Journal of
Avian Biology 36: 251–260.

Mougeot F. 2008. Ornamental comb colour predicts T-cell-
mediated immunity in male red grouse Lagopus lagopus
scoticus. Naturwissenschaten 95: 125–132.

Mougeot F, Arroyo BE. 2006. Ultraviolet reflectance by the
cere of raptors. Biology Letters 2: 173–176.

Mougeot F, Martínez-Padilla J, Pérez-Rodríguez L, Bor-
tolotti GR. 2007. Carotenoid-based colouration and ultra-
violet reflectance of the sexual ornaments of grouse.
Behavioral Ecology and Sociobiology 61: 741–751.

Mougeot F, Perez-Rodriguez L, Sumozas N, Terraube J.
2009. Parasites, condition, immune responsiveness and
carotenoid-based ornamentation in male red-legged par-
tridge Alectoris rufa. Journal of Avian Biology 40: 67–
74.

Müller W, Dijkstra C, Groothuis TGG. 2003. Inter-sexual

CAROTENOID LIMITATION IN RAPTOR NESTLINGS 23

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 105, 13–24



differences in T-cell-mediated immunity of black-headed
gull chicks (Larus ridibundus) depend on the hatching
order. Behavioral Ecology and Sociobiology 55: 80–86.

Navara KJ, Hill GE. 2003. Dietary carotenoid pigments and
immune function in a songbird with extensive carotenoid-
based plumage colouration. Behavioral Ecology 14: 909–916.

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

Rowland E, Love OP, Verspoor JJ, Sheldon L, Williams
TD. 2007. Manipulating rearing conditions reveals devel-
opmental sensitivity in the smaller sex of a passerine bird,
the European starling Sturnus vulgaris. Journal of Avian
Biology 38: 612–618.

Saino N, Calza S, Møller AP. 1997. Immunocompetence of
nestling barn swallows in relation to brood size and paren-
tal effort. Journal of Animal Ecology 66: 827–836.

Saino N, Ferrari R, Romano M, Martinelli R, Møller AP.
2003. Experimental manipulation of egg carotenoids affects
immunity of barn swallow nestlings. Proceedings of the
Royal Society of London B 270: 2485–2489.

Saino N, Incagli M, Martinelli R, Ambrosini R, Møller
AP. 2001. Immunity, growth and begging behaviour of
nestling barn swallows Hirundo rustica in relation to hatch-
ing order. Journal of Avian Biology 32: 263–270.

Saino N, Ninni P, Calza S, Martinelli R, De Bernardi F,
Møller AP. 2000. Better red than dead: carotenoid-based
mouth colouration reveals infection in barn swallow nest-
lings. Proceedings of the Royal Society of London B 267:
57–61.

Salamolard M, Butet A, Leroux A, Bretagnolle V. 2000.
Responses of an avian predator to variations in prey density
at a temperate latitude. Ecology 81: 2428–2441.

SAS. 2001. SAS/STAT user’s guide, version 8.01. Cary: SAS
Institute Inc.

Smits JE, Bortolotti GR, Tella JL. 1999. Simplifying the
phytohaemagglutinin skin-testing technique in studies of
avian immunocompetence. Functional Ecology 13: 567–
572.

Sockman KW, Schwabl H. 2000. Yolk androgens reduce
offspring survival. Proceedings of the Royal Society of
London B 267: 1451–1456.

Soler JJ, Avilés JM. 2010. Sibling competition and conspicu-
ousness of nestling gapes in altricial birds: a comparative
study. PLoS ONE 5: e10509.

Sternalski A, Mougeot F, Eraud C, Gangloff B, Villers A,
Bretagnolle V. 2010. Carotenoids in nestling Montagu’s
harriers: variations according to age, sex, body-condition
and evidence for diet-related limitations. Journal of Com-
parative Physiology B 180: 33–43.

Stevens L. 1996. Avian biochemistry and molecular biology.
Cambridge: Cambridge University Press.

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

Surai PF, Speake BK. 1998. Distribution of carotenoids
from the yolk to the tissues of the chick embryo. Journal of
Nutritional Biochemistry 9: 645–651.

Tella JL, Lemus JA, Carrete M, Blanco G. 2008. The PHA
test reflects acquired T-cell mediated immunocompetence in
birds. PLoS ONE 3: e3295.

Tschirren B, Fitze PS, Richner H. 2003. Proximate mecha-
nisms of variation in the carotenoid-based plumage colou-
ration of nestling great tits (Parus major L.). Journal of
Evolutionary Biology 16: 91–100.

Viñuela J. 1999. Sibling aggression, hatching asynchrony,
and nestling mortality in the black kite (Milvus migrans).
Behavioral Ecology and Sociobiology 45: 33–45.

Vinkler M, Bainova H, Albrecht T. 2010. Functional analy-
sis of the skin-swelling response to phytohaemagglutinin.
Functional Ecology 24: 1081–1086.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Supporting Information S1. Additional information on study area; carotenoid supplementations; sample
sizes; assessment of responses to phytohaemagglutinin challenge.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing material) should be directed to the corresponding
author for the article.

24 A. STERNALSKI ET AL.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 105, 13–24


