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Abstract

Carotenoids are important for various functions during chick development. Since these pigments cannot be synthesized, they can be considered
limited resources that the mother optimally allocates between herself and her offspring (maternal effect). Some studies have examined the effects
of carotenoids on growth and immune function but little is known about their role in behaviour. In this study of the grey partridge, we conducted
two supplementation experiments: (1) laying females were fed with B-carotene enriched or impoverished diets; (2) chicks were fed directly with
B-carotene enriched or impoverished diets. We then evaluated the effects of this carotenoid on chick growth, immunocompetence and anti-predator
behaviour (reactions to a raptor model). In the first experiment, the (3-carotene enriched diet given to mothers did not cause any difference in
chick physiology. In the second experiment, 3-carotene supplementation of chicks had a significant beneficial effect on their growth and immune
response, although their behavioural reactions did not differ in relation to the diet. Therefore, 3-carotene supplementation had beneficial effects
on growth and immunocompetence only when directly supplied to chicks. The beneficial effect reported in other species for begging or pecking

behaviours was not confirmed for the anti-predator behaviour of grey partridge chicks.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Anti-predator reaction; Carotenoids; Feeding experiment; Growth; Grey partridge; Immune reaction

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 Schantzetal., 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
Mgller et al., 2000; Surai, 2002). Since these pigments cannot be
synthesized by animals, they can be considered limited resources
that individuals allocate optimally among different functions.
These considerations favour the hypothesis that, in a repro-
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ductive context, colours honestly communicate the individual’s
foraging and survival qualities (Zahavi, 1975) and, according
to the Hamilton and Zuk (1982) hypothesis, the bearer’s good
health state (free-from-parasites).

Because of their beneficial effects on physiological and
immune conditions, carotenoids are probably important both
in adulthood and the early phases of development. According
to a life-history approach, each mother should optimally allo-
cate these substances between herself and her progeny. The
positive effects of (-carotene on cell-mediated and humoral
immunity of offspring were demonstrated in growing rainbow
trout Onchorynchus mykiss (Amar et al., 2000) and in juvenile
parrot-fishes Oplegnatus sp. (Tachibana et al., 1997). In birds,
carotenoid supplementation of chicks increased their immune
reaction (Cheng et al., 1999; Fenoglio et al., 2002; Haq et al.,
1996; Tanvez, 2004; Tengerdy et al., 1990). An injection of
the carotenoid lutein into the egg led to hatchlings with bet-
ter immune response than controls, and the immune response
predicted nestling survival until fledging (Saino et al., 2003).

Contrary to findings on immunocompetence, carotenoids
seem to have little influence on growth. Indeed, studies by Haq
et al. (1995), Fenoglio et al. (2002) and Royle et al. (1999) did
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not show any effect on growth; the only exception is a recent
study of the canary Serinus canaria (Tanvez, 2004).

Carotenoids may also have beneficial effects on the devel-
oping nervous system and behaviour. In chickens, -carotene
significantly improved visual system development (Neuringer et
al., 1988). In the moorhen Gallinula chloropus and the canary,
carotenoid-fed chicks showed more intense pecking-begging
behaviours (Fenoglio et al., 2002; Tanvez, personal communica-
tion): this suggests an effect of carotenoids on the visual system,
even though the behavioural effect could have been due simply to
the improved general condition (as shown by the better immune
reaction) (Fenoglio et al., 2002). Such an explanation, link-
ing health state and behaviour, was proposed in barn swallows
Hirundo rustica: late-hatched chicks with a higher immunoglob-
ulin concentration and more intense T cell-mediated immunity
begged more for food (Saino etal., 2001). Furthermore, an exper-
imental increase of carotenoids in the egg improved immunity
in barn swallow nestlings (Saino et al., 2003), again suggesting a
link between carotenoids, immune status and begging intensity.

Whereas the possible behavioural effects of carotenoids have
been poorly studied, there is an extensive literature on the out-
comes of early exposure to hormones, both in ovo and dur-
ing the first days of a chick’s life. These effects range from
changes in chick competitive and begging behaviours (Eising
and Groothuis, 2003; Kitaysky et al., 2001) to modifications of
locomotor activity (Wada, 1982), attentional processes (Clifton
et al., 1988), fear and distress (Jones et al., 1992), and call
ontogeny (Fusani et al., 1994, 1997). To date, few studies have
explored the possible effects of other regulatory or micronu-
trient substances (such as vitamins and carotenoids) on chick
behaviour (Jones et al., 1999).

The aims of the present study were to evaluate if: (1)
carotenoids available to the mother can translate into better con-
dition of the chicks, and (2) if carotenoids supplied directly to
the chicks can improve their health state, growth and behaviour.
We conducted two carotenoid supplementation experiments in
the grey partridge Perdix perdix, a socially monogamous preco-
cial bird characterized by large clutches. In the first experiment,
64 pairs of adults were assigned to two groups and fed with
a different quantity (low and high) of B-carotene in their diet.
Immune, morphological and behavioural parameters were mea-
sured in the chicks hatched from these pairs. In the second
experiment, two groups of chicks were fed with a (3-carotene
enriched or impoverished diet and the same parameters were
measured.

2. Methods
2.1. Study area and experimental design

The study was conducted on grey partridges reared in 2002
and 2003 at a game breeding farm in S. Giuliano Nuovo,
Alessandria, NW, Italy (Cucco et al., 2006). In total, 32 breeding
pairs in 2002 and another 32 pairs in 2003 were housed in indi-
vidual outdoor reproduction cages (4 mlong x 1 mwide x 0.5 m
high). Throughout the year, the birds were maintained in natural
light and temperature conditions.

The influence of dietary carotenoids on chick health and body
condition was investigated by: (1) B-carotene supplementation
to adults, and (2) B-carotene supplementation directly to chicks.
We chose [B-carotene because of its known effect on immune
condition (Haq et al., 1995; Tengerdy et al., 1990). B-Carotene
is efficiently converted to Vitamin A (Moren et al., 2002). How-
ever, since we did not use enzyme blockers or radio-labelled and
tracked carotenoids to investigate the direct molecular effects,
we do not know the active molecular form in the partridge body.

(1) The differential supplementation of (3-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 B-carotene,
while the high (3-carotene group received the same standard
food plus 27 mg/kg of B-carotene. The high 3-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 B-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) B-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 B-carotene
food, and born from eggs laid by females fed with low
or high B-carotene). Chicks in the low [-carotene group
received a standard chick partridge diet of cereal pellet
plus 2.2mg/kg of B-carotene, while the high (B-carotene
group received the same standard food plus 22 mg/kg of
B-carotene. The high B-carotene level was chosen to match
the value usually used in Italian grey partridge breeding
farms, while the low (3-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.

2.2. Growth and immunological test
We measured the body mass of all chicks with an electronic

balance (£0.01 g accuracy) at hatching and at 10, 21 and 31 days
of age.
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Cell-mediated immunity was assessed on two occasions,
at age 10 and 21 days. We used the PHA test to measure
the delayed cutaneous hypersensitivity response to injection of
phytohaemoagglutinin (PHA), a foreign antigen that causes T-
lymphocyte proliferation and local swelling (Lochmiller et al.,
1993). For each chick, a small area on the right wing web (patag-
ium) was marked with non-toxic ink. The thickness of the right
wing web was measured with a thickness gauge (Alpha spa,
Milan) with an accuracy of 0.01 mm. The right wing web area
was then injected intradermally with 0.25 mg of PHA (Sigma L-
8754) dissolved in 0.05 ml of phosphate-buffered saline (PBS).
After 24 h, the wing web thickness in the marked area was re-
measured. The subcutaneous injection with PHA produces local
inflammation, and the increased wing web thickness is directly
related to the immunological condition (Merino et al., 1999;
Smits et al., 1999). The results showed in figures and tables
are expressed as variation of thickness of the right wing web
between the measure performed before and after the injection.
At 21 days of age, we performed a second PHA test.

2.3. Behavioural tests

When the chicks were 90 days old, they were subjected to a
behavioural test to measure their anti-predator reaction (Beani
and Dessi-Fulgheri, 1998). The young grey partridges were
exposed to a predatory stimulus, the “Flying buzzard-like sil-
houette”, on 7 sunny days in October, in an outdoor aviary 2.5 m
wide, 5 m long and 2 m high. The stimulus was a black wooden
model of the Buzzard Buteo buteo (a natural predator of par-
tridges, Birkan and Jacob, 1988), with a wingspread of 15 cm,
pulled by an electric motor at the speed of 1.9 m/s at 3 m above
the ground (Gyger et al., 1986). This fast-moving stimulus, with
an apparent speed of 12.6 body lengths/s, is more effective than
slower stimuli in eliciting anti-predator behaviour (Evans et al.,
1993). This apparatus mimicked a raptor with a wingspread of
100 cm, flying at a speed of approximately 45 km/h at 20 m above
the ground.

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

e Vigilance: upright posture, outstretched neck, and movements
of the head, scanning from side to side.

e Freezing: birds adopted a motionless posture.

e Crouching: birds rapidly squatted on the ground after presen-
tation of the raptor.

e Escape: birds ran towards vegetation cover and hid.

e 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
observers, hidden by a fence, scanned the behaviour of two par-

tridges each. For each individual and behavioural category, a
total score was calculated as the sum of all the instantaneous
observations recorded during the presentation of the stimulus
and 0.5, 1, 2, 3, 4 and 5 min after its disappearance. Prelimi-
nary observations lasting 20 min showed that the animals usually
returned to their normal activity after the first 5 min. The preda-
tory stimulus test was run twice, the second test occurring 20 min
after the first.

2.4. Statistics

To compare the characteristics of chicks in the four experi-
mental groups, we conducted distinct multivariate analyses of
covariance (MANCOVAs) with mass, immune response and
behaviours as dependent variables, and position in the laying
order as covariate, with year, parent, parental diet and chick
diet as independent factors (Wilkinson, 1998). In preliminary
analyses including interactions between factors, the interaction
values were not statistically significant; hence, for the sake of
brevity, they are not reported in the text. In the figure showing
the relationship between position in the laying order and chick
mass, instead of original mass values we plotted the residual
chick mass after correcting for differences in year, parental diet
and chick diet as we found significant difference related to these
variables (see Section 3).

For the comparison of behavioural responses, we randomly
selected two chicks from each female, one fed with the high
B-carotene diet and the other with the low (3-carotene diet.

3. Results

3.1. Effect of B-carotene supplementation on chick growth
and immunocompetence

Prolonged supplementation of the laying females with a 3-
carotene enriched diet did not significantly influence any aspect
of chick growth and immunocompetence (Table 1).

In contrast, 3-carotene supplementation of the chicks had
significant effects on both growth and immune status (Table 1).
The difference in mass was observed early in life, at 10 days of
age (Table 1). In particular, chicks fed with the high B-carotene
diet had greater mass, in both study years (Fig. 1). However, the
difference was no longer present in the last stages of growth, at
both 21 and 31 days of age (values for the four combinations of
hen diet/chick diet are reported in Table 2). Early in life, at age
10 days, the mass values also differed significantly in relation
to the parental pair and the study year (lower values in 2002
than in 2003), and there was a slight but significant decrease
of mass in relation to position in the laying order (Fig. 2). The
slight decrease of chick mass related to laying order represented
a decline of only 2-3% of the mean value, hence being one-
half the 5-6% difference related to B-carotene treatment. All
differences in growth related to diet disappeared in the last stages
of growth, at age 21 and 31 days (Tables 1 and 2).

The difference in immune reaction was not present early after
hatching (values for the four combinations of hen diet/chick
diet 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 3-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 44 0.04" 33 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" 53 0.02" 1.1 0.34 275
* P<0.05.

* P<0.01.

“* P<0.001.

differential nutrition (Table 1), when chicks fed with the high 3- Table 2

carotene diet had higher immunocompetence (Fig. 3). Immune
reaction values also significantly differed in relation to the study
year (lower values in 2003 than in 2002), and there was a slight
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Fig. 1. Comparison of body mass (g; mean+ S.E.M.) in 10-day-old chicks fed
with a poor (B—) or arich B-carotene diet (8+), and hatched from eggs laid by
females fed with poor or rich B-carotene diets.

Comparison of mean values of mass (g) and immune reaction (mm) in groups
of grey partridges fed with different quantities of 3-carotene

Variable B+ parent’s diet B— parent’s diet
Chick B+ Chick B— Chick B+ Chick B—

Mass age 21

2002 37.5 £ 1.52 403 £+ 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 £ 192 1124 £ 8.06

2003 139.1 £2.74  130.6 £3.53 1375 £352 136.1 £4.15
Immune response age 10

2002 0.85 £ 0.06 0.96 £ 0.07 0.58 £ 0.07 0.87 £ 0.09

2003 0.21 £ 0.01 0.11 £ 0.01 0.22 £+ 0.02 0.08 £ 0.01

Mean + S.E.M. for groups differing in diet are reported.

but significant decrease of immune reaction in relation to posi-
tion in the laying order (Fig. 2). The slight decrease of immune
reaction related to laying order represented a decline of only
5-6% of the mean value, hence being largely lower than the
20-40% difference related to 3-carotene treatment. There were
no differences related to the parental pair (Table 1).

3.2. Effect of B-carotene supplementation on chick
behaviour

The most frequent anti-predator behaviours were freezing
and crouching, while escape and vigilance were rarely observed.
Behavioural reactions did not significantly differ in relation to
position in the laying order (Table 3). Prolonged [3-carotene sup-
plementation of the laying females did not significantly influence
any aspect of chick behaviour. Likewise, B-carotene supple-
mentation of the chicks failed to affect the frequency of the
anti-predator behaviours (Table 3).

4. Discussion

In this study, supplementation of B-carotene to grey par-
tridge hens had no effect on chick characteristics, while direct
[B-carotene supplementation of chicks had an evident effect on
their immunocompetence and early growth. Our results are in
line with recent findings in canaries: the same experimental
design 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 (B—) or a rich B-carotene diet (3+), and hatched
from eggs laid by females fed with poor or rich B-carotene diets.

Table 3

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

Behaviour 3+ parent’s diet B— parent’s diet Statistics

Chick B+ Chick B— Chick B+ Chick B— Effect of parent’s Effect of chick’s Position in the

diet diet 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 £ 0.16 326 £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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were not related to maternal food quality but did benefit from
[B-carotene enriched food given to the chicks (Tanvez, 2004).

In our first experiment, the (3-carotene supplementation to
mothers had no effect on any variable measured in the chicks.
This could be because the enriched diet did not affect the
blood level of circulating carotenoids in the mother or did not
increase the [-carotene concentration in the yolk (Ottonelli,
2005). This suggests that grey partridge eggs are supplied with
a constant amount of carotene, regardless of the mother’s diet.
In contrast, it has been shown in other species that carotenoids
supplied to mothers can reach the yolk (Blount et al., 2000,
2002a,b; Bortolotti et al., 2003; Royle et al., 2003; Tanvez,
2004). The embryo absorbs large quantities of these antiox-
idants from the yolk during the last few days of embryonic
development, and chicks with a high tissue concentration of
maternally derived carotenoids have enhanced antioxidant pro-
tection (Surai and Speake, 1998) and immunocompetence (Haq
et al., 1996; Koutsos et al., 2003a). It must be stressed that
chicks cannot synthesize their own antibodies until several days
post-hatching (Blount et al., 2000); thus a high carotenoid con-
tent in the egg should be beneficial and more important than
carotenoids acquired by young birds in their own diet (Koutsos
et al., 2003b). Nevertheless, chicks could be disadvantaged
by too many carotenoids early in life. Although chicks with
passive immunity can benefit from enhanced defence against
disease, they could be disadvantaged in mounting their own
humoral immune system too early in life: this could induce an
excess of peroxidation produced by the cell-mediated part of the
immune reaction chain (Blount et al., 2000). Negative effects of
carotenoids have also been suggested for adults, as high concen-
trations of these substances might be toxic (Mayne, 1996, but see
Olson and Owens, 1998). More research is needed to identify
potentially detrimental effects of carotenoids (Surai, 2002).

In the second experiment, the direct supply of a high quantity
of B-carotene to chicks had a clear effect on chick immunity and
growth but not on behaviour. The beneficial effect of 3-carotene
on immunity and growth was consistently observed in the two
study years, even though its magnitude differed. Year-to-year
variations in growth and immunity have been reported in birds
(Chastel et al., 1995; Korpiméki, 1990; Aquarone et al., 2002)
and have frequently been linked to annual variations of eco-
logical (climate, food, etc.) or social (breeder density) factors.
However, in our controlled condition, there was no annual vari-
ation in food or breeding pair density. Hence, a climatic factor,
or other unidentified causes, could have been at work. Inter-
estingly, in the 2002 there was a smaller growth than in 2003,
matched with a higher immune reaction in 2002 versus 2003.
This observation, consistent with the idea that immune func-
tion development involves trade-offs with growth (Soler et al.,
2003; Mauck et al., 2005, but see Fair et al., 1999), suggests
the relevance and the need of future investigations in our study
model.

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

the difference due to the B-carotene supplementation). This is
in line with most adaptive explanations related to laying order:
such explanations are generally applied to altricial asynchronous
species, while laying hierarchies seem to have very little influ-
ence on fitness in precocial synchronous birds (e.g. partridges)
(Amundsen, 1996). The mass values also differed significantly
in relation to parental pair. This fact suggests a genetic basis for
mass, and is in line with the significant repeatabilities of chick
mass and several egg characteristics (mass, size, total proteins,
lysozyme and avidin) previously reported in the same species
(Cucco et al., 2006).

The positive effect on growth was present early in life, while
the effect on immune response appeared later. This difference
could be due to gradual development of the immune system,
since chicks progressively acquire their autonomous immunity
(Pastoret et al., 1998), and/or it may reflect a trade-off between
the immune system and growth (Alonso-Alvarez and Tella,
2001), since response to injections with PHA is energetically
costly (Martin et al., 2003; Bonneaud et al., 2003, 2005). The
difference in mass between chicks fed with high and low (3-
carotene content was not present anymore after the first 10 days
of growth. This result shows that an effect of carotene supple-
mentation on mass is dependent on the bird age, and points out
that studies on the effect of carotenoid supplementation on mass
should consider several measurements during growth. However,
the physiological mechanisms underlying the better growth of
chicks fed a B-carotene-rich diet are not fully understood (Surai,
2002). Uni et al. (2000) suggested that this common effect in
birds is due to the beneficial influence of (B-carotene (provi-
tamin A) on intestinal absorption, since a deficiency of this
substance alters the proliferation and maturation of intestinal
mucosa.

The positive effect of 3-carotene on the immune system is in
line with findings in other bird species (Fenoglio et al., 2002;
Koutsos et al., 2003b; Tanvez, 2004; Tengerdy et al., 1990).
However, a positive effect of carotenoid supplementation on
mass increase has not been reported in other birds (Haq et al.,
1995; Fenoglioetal.,2002; Royle etal., 1999; Saino et al., 2003),
except for the canary (Tanvez, 2004). Taken together, the pos-
itive effects of B-carotene on immunocompetence and growth
show that this substance has a real beneficial effect on chicks.

We observed that chicks fed with different 3-carotene quanti-
ties did not differ in the frequency of vigilant, freezing, crouching
and escape anti-predator behaviours when the raptor model
“flew” over the arena.

To date, only a few studies have considered the effect of
carotenoids on behaviour. Moorhen chicks increased their peck-
ing behaviour when fed with a carotene-rich diet (Fenoglio
et al., 2002), while B-carotene fed canaries displayed more
intense begging (Tanvez, personal communication). Therefore,
we decided to investigate if other chick behaviour might bene-
fit from [3-carotene supplementation. Our results show that this
substance has no effect on anti-predator behaviour. This find-
ing seems complementary to other results on hormonal control:
testosterone-implanted partridges were more vigilant than con-
trols when exposed to the same experimental predator simulation
utilized in our study (Fusani et al., 1997).
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In conclusion, our study shows that B-carotene has bene-
ficial effects on fitness-related physiological traits of chicks
(immunocompetence and mass) but no specific effects on chick
anti-predator behaviours.
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