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Effects of �-carotene supplementation on chick growth, immune
status and behaviour in the grey partridge, Perdix perdix
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bstract

Carotenoids are important for various functions during chick development. Since these pigments cannot be synthesized, they can be considered
imited resources that the mother optimally allocates between herself and her offspring (maternal effect). Some studies have examined the effects
f carotenoids on growth and immune function but little is known about their role in behaviour. In this study of the grey partridge, we conducted
wo supplementation experiments: (1) laying females were fed with �-carotene enriched or impoverished diets; (2) chicks were fed directly with
-carotene enriched or impoverished diets. We then evaluated the effects of this carotenoid on chick growth, immunocompetence and anti-predator
ehaviour (reactions to a raptor model). In the first experiment, the �-carotene enriched diet given to mothers did not cause any difference in
hick physiology. In the second experiment, �-carotene supplementation of chicks had a significant beneficial effect on their growth and immune

esponse, although their behavioural reactions did not differ in relation to the diet. Therefore, �-carotene supplementation had beneficial effects
n growth and immunocompetence only when directly supplied to chicks. The beneficial effect reported in other species for begging or pecking
ehaviours was not confirmed for the anti-predator behaviour of grey partridge chicks.

2006 Elsevier B.V. All rights reserved.
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1. Introduction

The benefits of increased carotenoid intake in animals have
usually been analysed by considering their effect on tegumen-
tary colours. For example, in fishes and birds the yellow-red
carotenoid-related colours are commonly used in intraspecific
visual communication and males typically develop the showiest
livery, thus advertising their quality as a mate to females (Hill,
1990; Kodric-Brown, 1989; Lozano, 1994; McGraw and Ardia,
2003; von Schantz et al., 1999). More recently, concurrent effects
on immunological condition and antioxidant activity have been
examined (Alonso-Alvarez et al., 2004), and a positive effect of
carotenoids on these fitness-related traits has been shown (rev. in
øller et al., 2000; Surai, 2002). Since these pigments cannot be
ynthesized by animals, they can be considered limited resources
hat individuals allocate optimally among different functions.
hese considerations favour the hypothesis that, in a repro-
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uctive context, colours honestly communicate the individual’s
oraging and survival qualities (Zahavi, 1975) and, according
o the Hamilton and Zuk (1982) hypothesis, the bearer’s good
ealth state (free-from-parasites).

Because of their beneficial effects on physiological and
mmune conditions, carotenoids are probably important both
n adulthood and the early phases of development. According
o a life-history approach, each mother should optimally allo-
ate these substances between herself and her progeny. The
ositive effects of �-carotene on cell-mediated and humoral
mmunity of offspring were demonstrated in growing rainbow
rout Onchorynchus mykiss (Amar et al., 2000) and in juvenile
arrot-fishes Oplegnatus sp. (Tachibana et al., 1997). In birds,
arotenoid supplementation of chicks increased their immune
eaction (Cheng et al., 1999; Fenoglio et al., 2002; Haq et al.,
996; Tanvez, 2004; Tengerdy et al., 1990). An injection of
he carotenoid lutein into the egg led to hatchlings with bet-
er immune response than controls, and the immune response

redicted nestling survival until fledging (Saino et al., 2003).

Contrary to findings on immunocompetence, carotenoids
eem to have little influence on growth. Indeed, studies by Haq
t al. (1995), Fenoglio et al. (2002) and Royle et al. (1999) did

mailto:cucco@unipmn.it
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ot show any effect on growth; the only exception is a recent
tudy of the canary Serinus canaria (Tanvez, 2004).

Carotenoids may also have beneficial effects on the devel-
ping nervous system and behaviour. In chickens, �-carotene
ignificantly improved visual system development (Neuringer et
l., 1988). In the moorhen Gallinula chloropus and the canary,
arotenoid-fed chicks showed more intense pecking-begging
ehaviours (Fenoglio et al., 2002; Tanvez, personal communica-
ion): this suggests an effect of carotenoids on the visual system,
ven though the behavioural effect could have been due simply to
he improved general condition (as shown by the better immune
eaction) (Fenoglio et al., 2002). Such an explanation, link-
ng health state and behaviour, was proposed in barn swallows
irundo rustica: late-hatched chicks with a higher immunoglob-
lin concentration and more intense T cell-mediated immunity
egged more for food (Saino et al., 2001). Furthermore, an exper-
mental increase of carotenoids in the egg improved immunity
n barn swallow nestlings (Saino et al., 2003), again suggesting a
ink between carotenoids, immune status and begging intensity.

Whereas the possible behavioural effects of carotenoids have
een poorly studied, there is an extensive literature on the out-
omes of early exposure to hormones, both in ovo and dur-
ng the first days of a chick’s life. These effects range from
hanges in chick competitive and begging behaviours (Eising
nd Groothuis, 2003; Kitaysky et al., 2001) to modifications of
ocomotor activity (Wada, 1982), attentional processes (Clifton
t al., 1988), fear and distress (Jones et al., 1992), and call
ntogeny (Fusani et al., 1994, 1997). To date, few studies have
xplored the possible effects of other regulatory or micronu-
rient substances (such as vitamins and carotenoids) on chick
ehaviour (Jones et al., 1999).

The aims of the present study were to evaluate if: (1)
arotenoids available to the mother can translate into better con-
ition of the chicks, and (2) if carotenoids supplied directly to
he chicks can improve their health state, growth and behaviour.

e conducted two carotenoid supplementation experiments in
he grey partridge Perdix perdix, a socially monogamous preco-
ial bird characterized by large clutches. In the first experiment,
4 pairs of adults were assigned to two groups and fed with
different quantity (low and high) of �-carotene in their diet.

mmune, morphological and behavioural parameters were mea-
ured in the chicks hatched from these pairs. In the second
xperiment, two groups of chicks were fed with a �-carotene
nriched or impoverished diet and the same parameters were
easured.

. Methods

.1. Study area and experimental design

The study was conducted on grey partridges reared in 2002
nd 2003 at a game breeding farm in S. Giuliano Nuovo,
lessandria, NW, Italy (Cucco et al., 2006). In total, 32 breeding

airs in 2002 and another 32 pairs in 2003 were housed in indi-
idual outdoor reproduction cages (4 m long × 1 m wide × 0.5 m
igh). Throughout the year, the birds were maintained in natural
ight and temperature conditions.

b
o
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The influence of dietary carotenoids on chick health and body
ondition was investigated by: (1) �-carotene supplementation
o adults, and (2) �-carotene supplementation directly to chicks.

e chose �-carotene because of its known effect on immune
ondition (Haq et al., 1995; Tengerdy et al., 1990). �-Carotene
s efficiently converted to Vitamin A (Moren et al., 2002). How-
ver, since we did not use enzyme blockers or radio-labelled and
racked carotenoids to investigate the direct molecular effects,
e do not know the active molecular form in the partridge body.

1) The differential supplementation of �-carotene to adults
lasted 5 months, from late January (about 2 months before
the egg laying period) to early July (the end of the lay-
ing period). In both years the hens were assigned to two
groups: the low-carotene group was fed with a standard
partridge diet of cereal pellet plus 2.7 mg/kg of �-carotene,
while the high �-carotene group received the same standard
food plus 27 mg/kg of �-carotene. The high �-carotene level
was chosen to match the value usually used in Italian grey
partridge breeding farms (near the highest value utilized
in poultry, with a high safety margin with respect to the
NRC recommendation, Villamide and Fraga, 1999; NRC,
1994). The low �-carotene level was 10 times lower than the
high level, near the minimum nutrient requirement reported
by NRC (1994). The rearing food was a powdered mixture
commonly used by aviculturists to provide proper nutrition
during egg laying (nutrition facts: protein 19.5%, fat 3.7%,
ash 11.5%). Food and fresh water were always available.

2) �-Carotene supplementation to chicks. The hens laid a total
of 1040 eggs in 2002 and 1037 eggs in 2003. Freshly laid
eggs were individually marked with a non-toxic marker to
record the position in the laying order and date of laying,
and then incubated for 26 days in a commercial incuba-
tor at 37.5 ◦C and 60% humidity. After hatching, chicks
were individually tagged with a numbered plastic ring on
the leg to allow subsequent identification. We assigned
chicks to four groups (fed with low or high �-carotene
food, and born from eggs laid by females fed with low
or high �-carotene). Chicks in the low �-carotene group
received a standard chick partridge diet of cereal pellet
plus 2.2 mg/kg of �-carotene, while the high �-carotene
group received the same standard food plus 22 mg/kg of
�-carotene. The high �-carotene level was chosen to match
the value usually used in Italian grey partridge breeding
farms, while the low �-carotene level corresponded to the
minimum nutrient requirement reported by NRC (1994).
Chicks of the different experimental groups were raised for
6 weeks in separate heated pens in a nursery room main-
tained at 20.5 ± 2.0 ◦C. After 6 weeks, the chicks were
removed from the heated pens and placed in large outdoor
aviaries.

.2. Growth and immunological test
We measured the body mass of all chicks with an electronic
alance (±0.01 g accuracy) at hatching and at 10, 21 and 31 days
f age.
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Cell-mediated immunity was assessed on two occasions,
t age 10 and 21 days. We used the PHA test to measure
he delayed cutaneous hypersensitivity response to injection of
hytohaemoagglutinin (PHA), a foreign antigen that causes T-
ymphocyte proliferation and local swelling (Lochmiller et al.,
993). For each chick, a small area on the right wing web (patag-
um) was marked with non-toxic ink. The thickness of the right
ing web was measured with a thickness gauge (Alpha spa,
ilan) with an accuracy of 0.01 mm. The right wing web area
as then injected intradermally with 0.25 mg of PHA (Sigma L-
754) dissolved in 0.05 ml of phosphate-buffered saline (PBS).
fter 24 h, the wing web thickness in the marked area was re-
easured. The subcutaneous injection with PHA produces local

nflammation, and the increased wing web thickness is directly
elated to the immunological condition (Merino et al., 1999;
mits et al., 1999). The results showed in figures and tables
re expressed as variation of thickness of the right wing web
etween the measure performed before and after the injection.
t 21 days of age, we performed a second PHA test.

.3. Behavioural tests

When the chicks were 90 days old, they were subjected to a
ehavioural test to measure their anti-predator reaction (Beani
nd Dessı̀-Fulgheri, 1998). The young grey partridges were
xposed to a predatory stimulus, the “Flying buzzard-like sil-
ouette”, on 7 sunny days in October, in an outdoor aviary 2.5 m
ide, 5 m long and 2 m high. The stimulus was a black wooden
odel of the Buzzard Buteo buteo (a natural predator of par-

ridges, Birkan and Jacob, 1988), with a wingspread of 15 cm,
ulled by an electric motor at the speed of 1.9 m/s at 3 m above
he ground (Gyger et al., 1986). This fast-moving stimulus, with
n apparent speed of 12.6 body lengths/s, is more effective than
lower stimuli in eliciting anti-predator behaviour (Evans et al.,
993). This apparatus mimicked a raptor with a wingspread of
00 cm, flying at a speed of approximately 45 km/h at 20 m above
he ground.

The behavioural responses of birds to the stimuli were
rouped into five mutually exclusive categories (vigilance, freez-
ng, crouching, escape, non-anti-predator behaviour) and were
ecorded during the presentation of the stimulus and 0.5, 1, 2, 3, 4
nd 5 min after its disappearance (instantaneous scan sampling
ethod, in which several individuals are scanned at predeter-
ined points in time and their behavioural states are scored:
ltmann, 1974).

Vigilance: upright posture, outstretched neck, and movements
of the head, scanning from side to side.
Freezing: birds adopted a motionless posture.
Crouching: birds rapidly squatted on the ground after presen-
tation of the raptor.
Escape: birds ran towards vegetation cover and hid.
Non-anti-predator behaviour: any behaviour not falling into

one of the above categories, usually foraging and exploring.

Chicks were tested in groups of four, in the 2003. Two
bservers, hidden by a fence, scanned the behaviour of two par-
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ridges each. For each individual and behavioural category, a
otal score was calculated as the sum of all the instantaneous
bservations recorded during the presentation of the stimulus
nd 0.5, 1, 2, 3, 4 and 5 min after its disappearance. Prelimi-
ary observations lasting 20 min showed that the animals usually
eturned to their normal activity after the first 5 min. The preda-
ory stimulus test was run twice, the second test occurring 20 min
fter the first.

.4. Statistics

To compare the characteristics of chicks in the four experi-
ental groups, we conducted distinct multivariate analyses of

ovariance (MANCOVAs) with mass, immune response and
ehaviours as dependent variables, and position in the laying
rder as covariate, with year, parent, parental diet and chick
iet as independent factors (Wilkinson, 1998). In preliminary
nalyses including interactions between factors, the interaction
alues were not statistically significant; hence, for the sake of
revity, they are not reported in the text. In the figure showing
he relationship between position in the laying order and chick

ass, instead of original mass values we plotted the residual
hick mass after correcting for differences in year, parental diet
nd chick diet as we found significant difference related to these
ariables (see Section 3).

For the comparison of behavioural responses, we randomly
elected two chicks from each female, one fed with the high
-carotene diet and the other with the low �-carotene diet.

. Results

.1. Effect of β-carotene supplementation on chick growth
nd immunocompetence

Prolonged supplementation of the laying females with a �-
arotene enriched diet did not significantly influence any aspect
f chick growth and immunocompetence (Table 1).

In contrast, �-carotene supplementation of the chicks had
ignificant effects on both growth and immune status (Table 1).
he difference in mass was observed early in life, at 10 days of
ge (Table 1). In particular, chicks fed with the high �-carotene
iet had greater mass, in both study years (Fig. 1). However, the
ifference was no longer present in the last stages of growth, at
oth 21 and 31 days of age (values for the four combinations of
en diet/chick diet are reported in Table 2). Early in life, at age
0 days, the mass values also differed significantly in relation
o the parental pair and the study year (lower values in 2002
han in 2003), and there was a slight but significant decrease
f mass in relation to position in the laying order (Fig. 2). The
light decrease of chick mass related to laying order represented
decline of only 2–3% of the mean value, hence being one-

alf the 5–6% difference related to �-carotene treatment. All
ifferences in growth related to diet disappeared in the last stages

f growth, at age 21 and 31 days (Tables 1 and 2).

The difference in immune reaction was not present early after
atching (values for the four combinations of hen diet/chick
iet are reported in Table 2), but was observed after 21 days of
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Table 1
Multivariate ANCOVAs comparison of mass and immune reaction in groups of grey partridges fed with different quantities of �-carotene

Variables Chick’s diet Parent’s diet Year Position in the laying order Parent N

F P F P F P F P F P

Mass age 10 4.0 0.04* 0.1 0.78 5.9 0.02* 60.2 0.001*** 4.6 0.001*** 448
Mass age 21 0.3 0.57 0.2 0.66 1.8 0.17 0.5 0.48 1.9 0.001*** 301
Mass age 31 0.5 0.49 0.1 0.77 4.4 0.04* 3.3 0.07 1.6 0.02* 143
Immune response age 10 0.1 0.86 0.1 0.96 29.2 0.001*** 6.1 0.01** 1.2 0.11 402
Immune response age 21 55.5 0.001*** 0.1 0.97 9.6 0.002** 5.3 0.02* 1.1 0.34 275

*

d
c
r
y

F
w
f

* P < 0.05.
** P < 0.01.
** P < 0.001.
ifferential nutrition (Table 1), when chicks fed with the high �-
arotene diet had higher immunocompetence (Fig. 3). Immune
eaction values also significantly differed in relation to the study
ear (lower values in 2003 than in 2002), and there was a slight

ig. 1. Comparison of body mass (g; mean + S.E.M.) in 10-day-old chicks fed
ith a poor (�−) or a rich �-carotene diet (�+), and hatched from eggs laid by

emales fed with poor or rich �-carotene diets.

Table 2
Comparison of mean values of mass (g) and immune reaction (mm) in groups
of grey partridges fed with different quantities of �-carotene

Variable �+ parent’s diet �− parent’s diet

Chick �+ Chick �− Chick �+ Chick �−
Mass age 21

2002 37.5 ± 1.52 40.3 ± 1.41 38.8 ± 1.61 42.8 ± 5.43
2003 50.5 ± 0.86 47.7 ± 1.09 49.7 ± 1.11 49.6 ± 1.10

Mass age 31
2002 79.1 ± 4.76 89.4 ± 3.19 99.7 ± 19.2 112.4 ± 8.06
2003 139.1 ± 2.74 130.6 ± 3.53 137.5 ± 3.52 136.1 ± 4.15

Immune response age 10
2002 0.85 ± 0.06 0.96 ± 0.07 0.58 ± 0.07 0.87 ± 0.09

M
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2003 0.21 ± 0.01 0.11 ± 0.01 0.22 ± 0.02 0.08 ± 0.01

ean ± S.E.M. for groups differing in diet are reported.

ut significant decrease of immune reaction in relation to posi-
ion in the laying order (Fig. 2). The slight decrease of immune
eaction related to laying order represented a decline of only
–6% of the mean value, hence being largely lower than the
0–40% difference related to �-carotene treatment. There were
o differences related to the parental pair (Table 1).

.2. Effect of β-carotene supplementation on chick
ehaviour

The most frequent anti-predator behaviours were freezing
nd crouching, while escape and vigilance were rarely observed.
ehavioural reactions did not significantly differ in relation to
osition in the laying order (Table 3). Prolonged �-carotene sup-
lementation of the laying females did not significantly influence
ny aspect of chick behaviour. Likewise, �-carotene supple-
entation of the chicks failed to affect the frequency of the

nti-predator behaviours (Table 3).

. Discussion

In this study, supplementation of �-carotene to grey par-
ridge hens had no effect on chick characteristics, while direct

-carotene supplementation of chicks had an evident effect on

heir immunocompetence and early growth. Our results are in
ine with recent findings in canaries: the same experimental
esign showed that the chick immune response and growth rate
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Fig. 2. Mass in 10-day-old chicks, and immune reaction in 21-day-old chicks, in
relation to position in the laying order (residuals after correcting for differences
in year, chick diet and parental diet).

Fig. 3. Comparison of immune reaction (mm, PHA test; mean + S.E.M.) in 21-
day-old chicks fed with a poor (�−) or a rich �-carotene diet (�+), and hatched
from eggs laid by females fed with poor or rich �-carotene diets.

Table 3
Comparison of percent anti-predatory behaviours in groups of grey partridges fed with different quantities of �-carotene

Behaviour �+ parent’s diet �− parent’s diet Statistics

Chick �+ Chick �− Chick �+ Chick �− Effect of parent’s
diet

Effect of chick’s
diet

Position in the
laying order

F P F P F P

Vigilance 5.56 ± 0.27 3.65 ± 0.22 2.28 ± 0.126 6.16 ± 0.37 0.04 0.84 0.29 0.59 0.09 0.76
Freezing 43.83 ± 0.84 35.92 ± 0.66 37.08 ± 0.80 36.58 ± 0.62 0.01 0.97 0.05 0.83 0.01 0.97
Crouching 8.92 ± 0.46 18.75 ± 0.49 16.67 ± 0.41 15.25 ± 0.54 2.41 0.12 0.01 0.91 0.45 0.51
Escape 4.01 ± 0.13 3.13 ± 0.12 5.30 ± 0.16 3.26 ± 0.13 0.32 0.57 1.54 0.22 0.61 0.44
Non-anti-predator 37.67 ± 0.76 38.58 ± 0.68 38.67 ± 0.83 38.75 ± 0.63 0.45 0.50 0.08 0.77 0.05 0.83

Mean ± S.E.M. for groups differing in diet are reported.
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ere not related to maternal food quality but did benefit from
-carotene enriched food given to the chicks (Tanvez, 2004).

In our first experiment, the �-carotene supplementation to
others had no effect on any variable measured in the chicks.
his could be because the enriched diet did not affect the
lood level of circulating carotenoids in the mother or did not
ncrease the �-carotene concentration in the yolk (Ottonelli,
005). This suggests that grey partridge eggs are supplied with
constant amount of carotene, regardless of the mother’s diet.

n contrast, it has been shown in other species that carotenoids
upplied to mothers can reach the yolk (Blount et al., 2000,
002a,b; Bortolotti et al., 2003; Royle et al., 2003; Tanvez,
004). The embryo absorbs large quantities of these antiox-
dants from the yolk during the last few days of embryonic
evelopment, and chicks with a high tissue concentration of
aternally derived carotenoids have enhanced antioxidant pro-

ection (Surai and Speake, 1998) and immunocompetence (Haq
t al., 1996; Koutsos et al., 2003a). It must be stressed that
hicks cannot synthesize their own antibodies until several days
ost-hatching (Blount et al., 2000); thus a high carotenoid con-
ent in the egg should be beneficial and more important than
arotenoids acquired by young birds in their own diet (Koutsos
t al., 2003b). Nevertheless, chicks could be disadvantaged
y too many carotenoids early in life. Although chicks with
assive immunity can benefit from enhanced defence against
isease, they could be disadvantaged in mounting their own
umoral immune system too early in life: this could induce an
xcess of peroxidation produced by the cell-mediated part of the
mmune reaction chain (Blount et al., 2000). Negative effects of
arotenoids have also been suggested for adults, as high concen-
rations of these substances might be toxic (Mayne, 1996, but see
lson and Owens, 1998). More research is needed to identify
otentially detrimental effects of carotenoids (Surai, 2002).

In the second experiment, the direct supply of a high quantity
f �-carotene to chicks had a clear effect on chick immunity and
rowth but not on behaviour. The beneficial effect of �-carotene
n immunity and growth was consistently observed in the two
tudy years, even though its magnitude differed. Year-to-year
ariations in growth and immunity have been reported in birds
Chastel et al., 1995; Korpimäki, 1990; Aquarone et al., 2002)
nd have frequently been linked to annual variations of eco-
ogical (climate, food, etc.) or social (breeder density) factors.
owever, in our controlled condition, there was no annual vari-

tion in food or breeding pair density. Hence, a climatic factor,
r other unidentified causes, could have been at work. Inter-
stingly, in the 2002 there was a smaller growth than in 2003,
atched with a higher immune reaction in 2002 versus 2003.
his observation, consistent with the idea that immune func-

ion development involves trade-offs with growth (Soler et al.,
003; Mauck et al., 2005, but see Fair et al., 1999), suggests
he relevance and the need of future investigations in our study

odel.
We also observed a slight but statistically significant decrease
f growth and immune reaction in relation to position in the lay-
ng order. Yet, the biological significance of this effect is not
lear since the magnitude was very low (the percent difference
etween the first and last born chicks was largely lower than

i
t
t
u

cesses 73 (2006) 325–332

he difference due to the �-carotene supplementation). This is
n line with most adaptive explanations related to laying order:
uch explanations are generally applied to altricial asynchronous
pecies, while laying hierarchies seem to have very little influ-
nce on fitness in precocial synchronous birds (e.g. partridges)
Amundsen, 1996). The mass values also differed significantly
n relation to parental pair. This fact suggests a genetic basis for

ass, and is in line with the significant repeatabilities of chick
ass and several egg characteristics (mass, size, total proteins,

ysozyme and avidin) previously reported in the same species
Cucco et al., 2006).

The positive effect on growth was present early in life, while
he effect on immune response appeared later. This difference
ould be due to gradual development of the immune system,
ince chicks progressively acquire their autonomous immunity
Pastoret et al., 1998), and/or it may reflect a trade-off between
he immune system and growth (Alonso-Alvarez and Tella,
001), since response to injections with PHA is energetically
ostly (Martin et al., 2003; Bonneaud et al., 2003, 2005). The
ifference in mass between chicks fed with high and low �-
arotene content was not present anymore after the first 10 days
f growth. This result shows that an effect of carotene supple-
entation on mass is dependent on the bird age, and points out

hat studies on the effect of carotenoid supplementation on mass
hould consider several measurements during growth. However,
he physiological mechanisms underlying the better growth of
hicks fed a �-carotene-rich diet are not fully understood (Surai,
002). Uni et al. (2000) suggested that this common effect in
irds is due to the beneficial influence of �-carotene (provi-
amin A) on intestinal absorption, since a deficiency of this
ubstance alters the proliferation and maturation of intestinal
ucosa.
The positive effect of �-carotene on the immune system is in

ine with findings in other bird species (Fenoglio et al., 2002;
outsos et al., 2003b; Tanvez, 2004; Tengerdy et al., 1990).
owever, a positive effect of carotenoid supplementation on
ass increase has not been reported in other birds (Haq et al.,

995; Fenoglio et al., 2002; Royle et al., 1999; Saino et al., 2003),
xcept for the canary (Tanvez, 2004). Taken together, the pos-
tive effects of �-carotene on immunocompetence and growth
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We observed that chicks fed with different �-carotene quanti-
ies did not differ in the frequency of vigilant, freezing, crouching
nd escape anti-predator behaviours when the raptor model
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carotenoidi sulla qualità delle uova e sullo stato di salute di adulti e giovani.
Ph.D. thesis, University of Piemonte Orientale, Alessandria, Italy.

astoret, P., Gabriel, P., Bazin, H., Govaerts, A., 1998. Handbook of Vertebrate
Immunology. Academic Press, New York.

oyle, N.J., Surai, P.F., McCartney, R.J., Speake, B.K., 1999. Parental invest-
ment and egg yolk lipid composition in gulls. Funct. Ecol. 13, 298–306.

oyle, N.J., Surai, P.F., Hartley, I.R., 2003. The effect of variation in dietary
intake on maternal deposition of antioxidants in zebra finch eggs. Funct.
Ecol. 17, 472–481.
aino, N., Incagli, M., Martinelli, R., Ambrosini, R., Møller, A.P., 2001. Immu-
nity, growth and begging behaviour of nestling Barn Swallows Hirundo
rustica in relation to hatching order. J. Avian Biol. 32, 263–270.

aino, N., Ferrari, R., Romano, M., Martinelli, R., Møller, A.P., 2003.
Experimental manipulation of egg carotenoids affects immunity of barn

W

W
Z

cesses 73 (2006) 325–332

swallows nestlings. Proc. R. Soc. London B: Biol. Sci. 270, 2485–
2489.

mits, J.E., Bortolotti, G.R., Tella, J.L., 1999. Simplifying the phytohaemoag-
glutinin skin-testing technique in studies of avian immunocompetence.
Funct. Ecol. 13, 567–572.

oler, J.J., de Neve, L., Perez-Contreras, T., Soler, M., Sorci, G., 2003. Trade-off
between immunocompetence and growth in magpies: an experimental study.
Proc. R. Soc. London B 270, 241–248.

urai, P.F., 2002. Natural Antioxidants in Avian Nutrition and Reproduction.
Nottingham University Press, Nottingham.

urai, P.F., Speake, B.K., 1998. Distribution of carotenoids from the yolk to the
tissue of the chick embryo. J. Nutr. Biochem. 9, 645–651.

achibana, K., Yagi, M., Hara, K., Mishima, T., Tsuchimoto, M., 1997. Effects of
feeling �-carotene supplemented rotifers on survival and lymphocyte prolif-
eration reaction of fish larvae of Japanese parrotfish (Oplegnathus fasciatus)
and spotted parrotfish (Oplegnathus punctatus): preliminary trials. Hydro-
biologia 358, 313–316.

anvez, A., 2004. Effets maternels et qualité de l’oeuf chez le canari domestique
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