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Abstract Carotenoids are considered a limited resource
for animals because they are not synthesised by the body.
Birds use carotenoids, mainly xanthophylls, for physiologi-
cal functions, such as anti-oxidant activity, and for colour
expression; hence, they need to shunt carotenoids between
competitive demands. Recent studies suggest that the anti-
oxidant role of xanthophylls might not be as important as
previously thought and that at high concentrations they
may, in fact, acquire pro-oxidant properties. In this work,
we studied the effects of a moderate xanthophyll supple-
mentation (115 mg of carotenoids/kg diet/day; 4 weeks) on
serum carotenoids, serum concentration of reactive oxygen
metabolites (ROMs), serum anti-oxidant capacity (OXY),
the degree of oxidative stress (OS; ROMs/OXY x 1,000),
body mass, and skin colour, in rehabilitated captive adult
Eurasian kestrels (Falco tinnunculus). The supplementation
caused increased levels of serum carotenoids (~90%),
ROMs (~82%), OS (~115%) and an immediate loss of
body mass (~6.2%), but it did not affect OXY and tarsi skin
hue. The red (~16%) and yellow (~15%) colorimetric
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components were increased after the first week of supple-
mentation and the effect persisted during the rest of the
experiment. Two months after the end of supplementation,
serum carotenoids, OS and ROMs returned to baseline lev-
els, however the body mass did not. Our findings suggest
that, above a certain physiological threshold, carotenoids
can cause detrimental effects. This is relevant for the trade-
off between expression of sexual signals and the costs of
maintaining/producing them.

Keywords Oxidative stress - Free radicals -
Anti-oxidant capacity - Carotenoids - Pro-oxidant activity

Introduction

The trade-off in the allocation of limited resources among
competing demands is a pivotal topic in life-history theory
(Roff 1992; Stearns 1992). Natural selection is actually pre-
dicted to favour individuals able to deploy limited
resources in a way that maximises their survival and repro-
ductive success.

The trade-off that occurs in the exploitation of dietary
carotenoids is known and documented (Blount 2004). The
availability of carotenoids is suggested to be a limiting
factor for birds since carotenoids can only be acquired
from food and the carotenoid content varies according to
the different food types (Goodwin 1984). Dietary differ-
ences may actually explain the inter-population variation
in both circulating carotenoids and skin pigmentation in
different animal groups [e.g., fish in Grether et al. (1999);
birds in Negro et al. (2000); reptiles in Costantini et al.
(2005b)].

In birds, these pigments are responsible for the yellow to
red colouration of the skin or plumage (Brush 1990); they
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are also involved in many physiological functions, such as
immunostimulation (Blount et al. 2003; Faivre et al. 2003)
and the anti-oxidant activity. Furthermore, the carotenoid-
based colourations are thought to convey the health status
of the male, i.e., its ability to cope with parasites (Lozano
1994) and oxidative stress (von Schantz et al. 1999; Hartley
and Kennedy 2004), and its sperm quality (Blount et al.
2001; Peters et al. 2004).

The anti-oxidant protection mediated by maternally
transferred carotenoids is well documented for embryo and
hatchling models (Surai 2002; McGraw et al. 2005). Never-
theless, recent evidence suggests that the anti-oxidant role
of xanthophylls in nestling or adult birds may not be as
important as was previously thought [Falco tinnunculus in
Costantini et al. (2006, 2007); Costantini and Dell’Omo
(2006a); Carduelis chloris in Horak et al. (2006); Parus
major in Tummeleht et al. (2006)]. Further, recent studies
suggest that, at high concentrations, carotenoids such as
lutein, lycopene and f-carotene can lose their anti-oxidant
effect and acquire pro-oxidant properties in vitro and
in vivo systems (Young and Lowe 2001; El-Agamey et al.
2004; Siems et al. 2005).

There is a common idea that wild birds are generally in
need of carotenoids (Blount 2004), although the amount of
carotenoids consumed daily by free-living birds is not well
known (Partali et al. 1987). Thus far, many studies docu-
ment a turnover of carotenoids (e.g., during parasite infec-
tions) suggesting that the level of need for carotenoids may
vary from one situation to another (see review in Mgller
et al. 2000). However, the idea that the diet can limit the
anti-oxidant defences of birds deserves careful empirical
study because we do not have any knowledge of the levels
at which carotenoids might lose their beneficial properties
or whether carotenoids are really crucial in decreasing oxi-
dative stress.

In the present study, we evaluated the effects of a mod-
erate supplementation of carotenoids in captive adult Eur-
asian kestrels (Falco tinnunculus), a raptor displaying
sexual dimorphism in the carotenoid-based colouration of
the skin (Casagrande et al. 2006). More specifically, we
measured the response of the following variables to the
supplementation of carotenoids: (1) serum carotenoids
and tarsi skin colour, (2) serum reactive oxygen metabo-
lites (ROMs; marker of early oxidative damage), (3)
serum anti-oxidant capacity (OXY), and (4) body mass.
The aims were to evaluate (1) whether carotenoids help
maintain redox homeostasis, i.e., the balance between
pro-oxidant production and anti-oxidant protection, and
(2) in what way carotenoids are allocated among compet-
ing demands such as skin colouration, which is suggested
to work as sexual advertisement, and anti-oxidant activity
in this species.
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Materials and methods
Animals and housing

The experiment was carried out from May 28th to June
25th, 2005, in a dedicated structure in Valmontone, 30 km
south of Rome. Ten males and ten females adult kestrels
were obtained from local rehabilitation centres. The birds
had stabilized bone fractures in the wings and could not be
released in the wild, but they were in good conditions, as
shown by the baseline values of body mass (mean £ SE
and range males 203.7+3.2g, 188-223 g; females
2229 £ 6.1 g, 180-251 g) which fall within the range
(range of monthly averages males 187-210; females 220-
276) of values recorded in previous studies using the same
species (Dijkstra 1988; Dijkstra etal. 1988). A visual
inspection of the birds showed that all the specimens were
also free of ectoparasites. Finally, no specimen showed any
behavioural aberrations.

The birds were randomly housed in pairs in a row of out-
door aviaries (1 x 1.7 x 2m; w x 1 x h) equipped with
nest boxes and perches to allow the kestrels to move freely
throughout the aviary. Each aviary was separated from the
others by a shade net to prevent pairs from seeing each
other. The birds were in the facility for about one year
before the experimental manipulations started and were
maintained on a diet of one-day-old cockerels according to
Negro et al. (1998).

Experimental design and data collection

The pairs were randomly assigned to two groups which
were alternately housed in adjacent aviaries: supplemented
and control birds. For 28 days, the supplemented birds
received chicks enriched with 45 pl of a safflower oil solu-
tion every day (Kemin Foods, L.C., FloraGLO Lutein, Des
Moines, Iowa, USA), with 20% lutein and 0.8% zeaxan-
thin, corresponding to a dose of about 8 mg of xantophylls
derived from oleoresins extracted from marigold flowers
(Tagetes erecta). According to the literature, such dose of
carotenoids can be considered moderate. To avoid degrada-
tion and photo-oxidation of the carotenoids, the safflower
oil solution was stored cold and in the dark.

Considering a mean body mass of 204 g for males and
223 g for females (n =10 each; weight recorded a few
hours after feeding), a dose of 35.8-39.2 mg of carotenoids/
kg of body mass/day (115 mg of carotenoids/kg diet/day)
was supplemented. Control birds received 45 pl of oil only.
Lutein and zeaxanthin are the only carotenoids identified in
the blood and skin of the Eurasian kestrel, in which they are
present at a ratio of 9-1 (Casagrande et al. 2006). The oil
was injected into the mouth of the chicks because kestrels
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begin to eat cockerels from the head (personal observation).
Chicks were always eaten within a few minutes by all indi-
viduals. After eating one chick enriched with carotenoids,
the kestrels were given other non-enriched chicks (total: 1.5
chicks/individual/day; ~70 g/individual/day). The dose was
determined on the basis of the available information about
the prey xanthophyll content of kestrels (Czeczuga 1978,
1979; Casagrande et al. 2006). It is difficult to determine the
precise range of carotenoid amounts ingested by the kestrels
since the kestrels in our study-region have a wide dietary
composition and can display individual feeding habits
(Costantini et al. 2005a). In addition, we suggested that
carotenoid absorption in kestrels can also be affected by a
physiological constraint at the intestinal level (Casagrande
etal. 2007). Consequently, the carotenoid amount daily
ingested is expected to vary greatly from one kestrel to
another. In a previous study, we used a dose of 265 mg of
carotenoids/kg of body mass which might be about 10-
30 times higher than a dose assumed daily by kestrels in the
wild (Casagrande etal. 2007) and is around sevenfold
higher than the dose used in the present study. The dose
used in Casagrande et al. (2007) did not have any detrimen-
tal effect on body mass of nestling kestrels. However, the
fact that nestlings and adults may require different quanti-
ties of carotenoids since nestlings are still growing and have
immature detoxifying systems should be taken into account.

A blood sample was taken from each individual just
before the beginning of the treatments and at 7-day inter-
vals during the whole treatment period, for a total of five
samplings: pre-treatment (Pre; baseline levels), and weeks
1, 2, 3 and 4. To evaluate the recovery of all the physiolog-
ical variables and the body mass, we carried out a further
sampling two months later (week 12). Blood was always
taken between 8.00 and 11.00 a.m., before feeding the ani-
mals. The blood (400 pl) was drawn from the brachial vein
and kept in ice until centrifugation, which occurred within a
few hours. The serum was stored in three separate aliquots
at —20°C until laboratory analyses. Body mass was mea-
sured to the nearest 1 g at the time of the bleeding proce-
dures.

Measurement of carotenoids and skin colour

The serum (30 pl) was diluted with absolute methanol
(1:20) and the flocculent proteins were precipitated by cen-
trifugation at 12,000g for 5 min. Carotenoids were quanti-
fied with a Beckman DU 7400 spectrophotometer at
476 nm. The carotenoid concentration was estimated as
pg ml~! of serum using the standard absorbance curve of
lutein (Sigma-Aldrich; Costantini et al. 2006). The tarsus
skin colour was measured with a hand-held spectrophotom-
eter (Minolta CM-2600d, Minolta Italia S.p.A., Milan,
Italy) operating in a wavelength range of 360-740 nm. The

measurements were relative and developed in reference to a
standard white reference tile and to darkness. The diameter
of the spectrophotometer’s measurement aperture was set
to 3 mm to fit the tarsus size accurately. Before the mea-
surement, the skin was cleaned with water and air-dried.
Skin colour was quantified through its hue because it refl-
ects colour variation in the Eurasian kestrel (a lower hue
value stands for a higher degree of skin redness; Casa-
grande et al. 2006, 2007). Hue is one of the three main attri-
butes of perceived color, in addition to lightness and
chroma (or colorfulness). We also considered the colori-
metric parameters a* and b* in order to evaluate how the
components of hue responded to carotenoid supplementa-
tion (hue = arctan b*/a*). a* and b* are opponent color
axes of the L*a*b* color space. A plot of a* versus b* val-
ues for a colour sample can be used as an accurate measure
of where that sample lies in colour space, i.e., what its hue
is. The parameter a¢* indicates the position of the sample
between green and red (negative values indicate green
while positive values indicate red) while the parameter b*
indicates the position of the sample between blue and yel-
low (negative values indicate blue and positive values indi-
cate yellow). Samples for which a*=b*=0 are
achromatic. All the measurements were carried out only
during the supplementation period. All colorimetric vari-
ables were calculated using SpectraMagic 3.6 software sup-
plied with the CM-2600d instrument. The mean value of
three sequential measurements per individual was used in
the data analysis (intraclass correlation coefficient: all
r>0.96, all P <0.001; Lessells and Boag 1987).

Measurement of reactive oxygen metabolites

The serum concentration of ROMs (primarily hydroperox-
ides ROOH; marker of early oxidative damage) was mea-
sured by the d-ROMs test (Diacron, Grosseto, Italy). The
serum (20 pl) was diluted with 200 pl of a solution contain-
ing 0.01 M acetic acid/sodium acetate buffer (pH 4.8) and
N,N-diethyl-p-phenylenediamine as chromogen first; it was
then incubated for 75 min at 37°C. The acidic pH favours
the release of iron and copper from serum proteins. These
metals catalyse the cleavage of ROOH, leading to the gen-
eration of two highly reactive and histolesive pro-oxidants,
namely the alkoxyl (R-O") and alkylperoxyl (R-OQO") radi-
cals. When these compounds react with an alkyl-substituted
aromatic amine (A-NH,) solubilized in the chromogen,
they produce a complex whose colour intensity (pink) is
directly proportional to their concentration. After incuba-
tion, the absorbance was read with a spectrophotometer
(Microplate Reader Model 550) at 490 nm and the concen-
tration of ROMs was calculated by comparison with a stan-
dard curve obtained by measuring the absorbance of a
standard solution. ROMs are expressed as mM of H,0,
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equivalents (repeatability r=0.98, P <0.001; for further
details see Costantini et al. 2006; Costantini and Dell’Omo
2006a, b).

Measurement of the serum anti-oxidant capacity

The serum anti-oxidant capacity quantifies the activity of
both exogenous and endogenous anti-oxidants. It was mea-
sured by the OXY-Adsorbent test (Diacron, Grosseto,
Italy). This dedicated kit uses a colorimetric determination
to quantify the ability of the anti-oxidant barrier to cope
with the oxidant action of hypochlorous acid (HOCI; oxi-
dant of pathologic relevance in biological systems). The
serum (10 pl) was diluted 1:100 with distilled water. A
200 pl aliquot of a titred HOCI solution was incubated with
5 ul of the diluted serum for 10 min at 37°C. Then, 5 pl of
the chromogen solution used for the determination of the
ROMs was added. An alkyl-substituted aromatic amine sol-
ubilized in the chromogen is oxidized by the residual HOCI
and transformed into a pink derivative. The intensity of the
coloured complex, which is inversely related to OXY, was
measured with the same spectrophotometer at 490 nm.
Measurements are expressed as mM of HOCI neutralised
(repeatability r=0.86, P <0.001; for further details see
Costantini et al. 2006; Costantini and Dell’Omo 20064, b).

Statistical analyses

Repeated-measures ANOVA was performed including
Treatment and Gender as fixed factors. Tukey’s HSD test
was used for post-hoc comparisons (results reported in the
figures). Main effects, two- and three-way interactions were
considered. The response variables are serum carotenoid
concentration, ROMs, OXY, the ratio ROMs/OXY x
1,000 as an index of oxidative stress (OS), body mass, and
tarsi skin colour (hue, a*, b*).

Repeatability of measures was calculated according to
Lessells and Boag (1987).

In general, the use of ratios is suggested when both vari-
ables are significantly correlated (Hayes and Shonkwiler
1996). However, pro-oxidant and anti-oxidant compounds
may or may not be significantly correlated. In fact, their
relationship can be affected by the ability of the organism to
cope with pro-oxidant production or by the time needed to
mount an effective anti-oxidant response. A recent meta-
analysis revealed that most anti-oxidants exhibit a non-
monotonic relationship with other markers of OS, with all
markers correlating only under severe pathological condi-
tions (Dotan et al. 2004). For example, nestling kestrels
show increased levels of ROMs and a decreased anti-oxi-
dant barrier during an immune challenge (Costantini and
Dell’Omo 2006a). In the present case, ROMs and OXY
were significantly correlated only at week 12 (r=—0.51,
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n =18, P =0.032). Therefore, a second model for oxidative
stress was run including ROMs as response variable and
OXY as changing covariate.

In a first ANOVA, we included the measurements
recorded before the treatment (Pre) and those recorded dur-
ing the supplementation period (from week 1 to 4). In a sec-
ond ANOVA, we included the measurements collected at
Pre and week 12 in order to evaluate the recovery to pre-
treatment values. From a statistical point of view, the mem-
bers of a pair are not independent since they share the same
environment (i.e., the cage) and this can cause pseudorepli-
cation. However, we did not include cage identity in any of
the models performed because birds in different aviaries did
not differ with respect to pre-treatment values of all the
variables measured (cage effect one-way ANOVA: all P-
values >0.11).

The haemolysis of some sera forced us to discard two
control individuals from the models for ROMs and OXY
because lysed erythrocytes release pro-oxidants and anti-
oxidant enzymes, increasing the blood levels of both. All
the variables met the normality and homoscedasticity
assumptions. The statistical analyses were performed with
STATISTICA (Version 6, StatSoft 2001, Tulsa, USA).

Results

Serum carotenoids increased in supplemented individuals
(Tr Fy16=8.92, P=0.008; Tr x Time F,¢ =273, P=
0.036; Fig. 1a). No further significant effects or interactions
were found (all P-values >0.37). Over the supplementation
period, the values showed a significant intra-individual
repeatability (r = 0.50, P <0.001). At week 12, serum car-
otenoids recovered to the pre-treatment values (Tr x Time
F16=0.55, P =0.47).

Carotenoid supplementation caused increased levels of
ROMs (Tr Fy 14, =743, P=0.016; Tr x Time F, 54 = 6.76,
P < 0.001; Fig. 2b). No further significant effects or interac-
tions were found (all P-values >0.36). Over the supple-
mentation period, the values showed a significant intra-
individual repeatability (r = 0.60, P < 0.001). At week 12,
the levels of ROMs recovered to the pre-treatment values
(Tr x Time F| ,=2.86, P=0.11).

Supplemental carotenoids did not affect OXY during the
treatment period (Tr Fy,=0.03, P=0.87, Tr x Time
Fy56=1.36, P =0.26; Fig. 1c) and at week 12 (Tr x Time
F,14=0.61, P=0.45). In general, males showed higher
OXY values (F) 14, =6.81, P =0.021). Over the supplemen-
tation period, the values showed a low but significant intra-
individual repeatability (r = 0.30, P < 0.001).

OS was increased by the supplementation (Tr
Fi14=9.81,P=0.007, Tr x Time F, 5, =2.67, P =0.041;
Fig. 1d). In general, females showed higher levels of OS
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Fig. 1 Effect of carotenoids supplemented daily for 4 weeks to captive
adult kestrels (mean £ SE; Tukey test *P <0.05, **P<0.01,
***P < 0.001): a serum carotenoid concentration increased rapidly and
reached a physiological threshold 2 weeks after the beginning of the
supplementation period. The highest carotenoid concentrations in sup-
plemented males and females were 151.41 pgml™' (week 2) and
123.28 ug ml~! (week 3), respectively. b The oxidative damage (i.e.
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Fig. 2 Effect of carotenoids supplemented daily for 4 weeks on the
body mass of captive adult kestrels (mean % SE; Tukey test
*P < 0.05). The body mass of supplemented individuals decreased af-
ter the first week of carotenoid provisioning and had not recovered at
week 12

(Fy14="7.33, P=0.017). The interaction between Tr and
gender approached the level of significance (F; 4= 4.00,
P =0.065). At week 12, OS was lower than pre-treatment
values (Tr x Time Fy 1, =7.97, P=0.014).

1.0

08

0.6

04

0.2

ROMs (mM of H,0, equivalents)

42 (d) {0 controls b
W Supplemented

36
30

24

Oxidative stress

: sl 4

Pre 1 2 3 4 12

ROMs) induced by carotenoid supplementation increased progres-
sively but returned to baseline levels two months after the end of treat-
ment. ¢ Carotenoid supplementation did not significantly increase the
total serum antioxidant capacity (OXY). d The degree of oxidative
stress as evaluated by the ratio ROMs/OXY x 1,000 was increased in
supplemented individuals at week 4, but returned to baseline levels
2 months after the end of treatment

Similar results were obtained including in the model
ROMs as dependent variable and OXY as covariate. The
redox balance was actually shifted toward pro-oxidants by
the supplementation (Tr F; ;3 =9.16, P=0.01; Tr x Time
F45,=3.76, P =0.009). The effect of gender, however, did
not emerge (F, ;=1.38, P=0.26; Tr x Sex F| ;3 =140,
P =0.26). At week 12, oxidative stress was lower than pre-
treatment values (Tr x Time F ;3 = 6.04, P = 0.029).

Body mass showed an obvious gender-related difference,
being higher in females (F)c=45.50, P <0.001). Also,
body mass showed an immediate loss in supplemented indi-
viduals (Tr x Time Fyq,=3.19, P=0.019) which was
more pronounced in the first week of treatment (Fig. 2).
No further significant effects or interactions were found (all
P-values >0.26). At week 12, body mass recovered in treated
birds to pre-treatment values (Tr x Time F; 4= 1.78,
P =0.20).

The effect of carotenoid supplementation on a* was
more pronounced at the end of the experiment with supple-
mented individuals showing higher values (Time
F,6,=4.20, P=0.004; Fig.3a). No further significant
effects or interactions were found (all P-values >0.23). The
variation in b* was significantly explained by Time (F g,
=5.41,P=0.001) and Tr x Time (F, ¢4 =5.32, P <0.001;
Fig. 3b). No further significant effects or interactions were
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Fig. 3 Effect of carotenoids supplemented daily for 4 weeks on the
skin colour (a* negative values indicate green whilst positive values
indicate red; b* negative values indicate blue whilst positive values
indicate yellow; hue) of captive adult kestrels (mean + SE; Tukey test
*P <0.05, ¥*P < 0.01)

found (all P-values >0.13), No significant effects were
detected on the tarsi skin hue (all P-values >0.16; Fig. 3c).
No between-gender differences emerged for any of all the
colorimetric variables investigated.

Discussion

It could be argued that the birds used in the present study
are poor models for physiological study since they had sta-
bilized bone fractures in the wings that prevented their
release in the wild. In fact, flight increases metabolism and
perhaps free radical production. This raises the possibility
that the negative effects of the treatment could be an arte-
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fact of the birds having been rehabilitated specimens and
thus unable to fly. However, it should be noted that the inju-
ries did not prevent birds from flying freely throughout the
aviary. Therefore, the limits of our model species are simi-
lar to those of any other bird species kept in captivity.

It is known that carotenoid supplementation in birds
increases blood carotenoids and the redness of their colour-
ing until a plateau is reached (Alonso-Alvarez et al. 2004).
In our study, carotenoid supplementation caused increased
levels of serum carotenoids, which reached their peak two
weeks after the beginning of the treatment. The red and yel-
low colorimetric components were increased after the first
week of supplementation and the effect remained during the
rest of the experiment. However, the tarsi skin hue did not
show any response. The reason why the red and yellow col-
orimetric components responded to supplementation whilst
hue did not is not entirely clear. Hue is defined by the arc-
tan of the ratio of those components, hence our results
suggest that a* (redness—greeness) and b* (yellowness—
blueness) changed in a way that did not vary their ratio. The
mechanisms underlying this pattern are not known and so
are warranted of future investigation.

Baseline levels of serum carotenoids measured in the
present study (95% confidence interval 34.96—
46.48 pg ml~") were within the range of those recorded in
wild adult kestrels measured during the courtship phase
(95% confidence interval 27.81-46.80 pg ml~'; Casa-
grande et al. 20006) or slightly higher than those in nestling
kestrels (95% confidence interval 20.20-22.22 pug ml~! in
Costantini et al. (2006) and 34.04-38.75 pg ml~" in Casa-
grande et al. (2007). This does not necessarily entail that
captive and wild kestrels have a similar carotenoid intake.
In fact, carotenoids are stored in liver and fat (e.g. Negro
et al. 2001; Surai 2002); therefore experimental birds could
have diverted part of circulating carotenoids to those tis-
sues.

On the contrary, circulating carotenoids of supplemented
individuals (95% confidence interval, e.g. at day 2 56.56—
82.14 ug ml~!') were about twofold higher than the levels
recorded in wild birds (see above). However, they should
not be considered as unnatural concentrations because wild
kestrels can reach levels of circulating carotenoids of up to
80 pg ml~! (Casagrande et al. 2007). Therefore, these con-
centrations might represent the highest levels under physio-
logical conditions in kestrels. These results suggest the
possibility that some individuals within a wild kestrel popu-
lation might have access to high carotenoid sources. For
example, in central Italy, free-living kestrels show consis-
tent individual differences in feeding habits which are
maintained from one year to the next (Costantini et al.
2005a). These may result in differences in carotenoid intake
since carotenoid content may vary greatly among prey
groups (Goodwin 1984). Finally, we should consider the
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possibility that some variation in the response of captive
kestrels to carotenoid supplementation may reflect a physi-
ological constraint (e.g., differential intestinal absorption;
Blount et al. 2003; Casagrande et al. 2007).

The tarsi hue colour baseline values of all captive kes-
trels fell approximately within the same range as those
measured in wild ones (95% confidence interval 1.21-
1.27), although they were slightly higher (less bright col-
ouration) in captive males (95% confidence interval 1.24—
1.32) than in wild ones (95% confidence interval 1.18-1.23;
Casagrande et al. 2006). These findings suggest that the
expression of colour intensity in wild adult kestrels may not
be strictly limited by carotenoid availability only. Above a
certain carotenoid intake, the visual signal could be modu-
lated by other factors, such as sex hormones. It is recog-
nized that some endocrine mechanisms can control the
colour expression (Owens and Short 1995). For example, a
study on captive male and female American kestrels (Falco
sparverius) maintained on the same diet showed that the
males displayed higher blood carotenoids and brighter col-
ouration than the females during mating and laying (Negro
et al. 1998). Recently, it has been shown that testosterone
increases both circulating carotenoids and colour in red-
legged partridges Alectoris rufa (Blas et al. 2006) and in
zebra finches Taeniopygia guttata (McGraw et al. 2000).
Hence, in wild males, testosterone could have allowed
depositing dietary carotenoids in the legs, whereas captive
males were not able to divert these pigments to this trait.
The absence of gender differences we found in both colour
and carotenoid concentration could be related to the phase
of the reproductive cycle. It is known that male and female
captive American kestrels are highly sexually dimorphic
only during mating and laying (Negro etal. 1998). The
present experiment was actually carried out toward the end
of the normal kestrel breeding season in central Italy. How-
ever, this result deserves further attention because of the
small sample size.

Our study shows the first evidence that carotenoid sup-
plementation can increase the individual oxidative stress as
a consequence of increased levels of oxidative damage
without a parallel increase in serum anti-oxidant capacity in
a bird species. This latter result does not depend upon the
method used to quantify the anti-oxidant capacity since it is
widely recognized that HOCI reacts with carotenoids
(Handelman et al. 1991; Siems et al. 2000).

The imbalance in the relative concentrations of anti-oxi-
dants could explain the increased oxidative damage caused
by the carotenoid supplementation. For example, the syner-
gistic protection provided by carotenoids and vitamins C
and E depends upon a balance among these compounds
(Palozza 1998). It is also known that an increase in the con-
centration of one of them can disturb the balance, causing a
decrease in the effectiveness of the anti-oxidant (Wefers

and Sies 1988). For example, an increase in carotenoid con-
centration may cause the formation of carotenoid radicals
or adducts at a level that impedes the tocopherol/ascorbate
pool from coping with oxidative stress successfully, leading
to pro-oxidant effects (Young and Lowe 2001). Moreover,
carotenoids at high concentration tend to aggregate or crys-
tallize out of solution (Gruszecki 1999). Such aggregates
have been directly observed in cell membranes, and they
are thought to affect the properties of the membrane pro-
foundly by increasing its fluidity and permeability, ulti-
mately causing pro-oxidant effects.

The changes in body mass in kestrels reflect the accumu-
lation or loss of body reserves (mainly fat; see Chap. 5 in
Village 1990). It is known that body mass shows seasonal
variations in wild kestrels in relation to food availability
and reproduction (Dijkstra et al. 1988). It is also recognized
that the maintaining of body reserves may help individuals
to cope with adverse conditions (Dijkstra 1988; Dijkstra
et al. 1988; Village 1990). In the present study, we recorded
an unexpected immediate loss of body mass which was
more pronounced in the first week of carotenoid adminis-
tration. This impairment persisted throughout the supple-
mentation period and was still evident 2 months after
treatment had ceased. To our knowledge, this is the first
evidence of a potentially negative effect of carotenoids on
body mass in a bird species. Previous studies, in which a
carotenoid supplementation was carried out in an avian spe-
cies, did not describe any effect on body mass or any other
physiological dysfunction [e.g., Leghorn chicks supple-
mented with 100 mg/kg diet in Woodall et al. (1996); zebra
finches supplemented with 12.5-200 ug ml~! of drinking
water in Alonso-Alvarez et al. (2004); kestrel nestlings sup-
plemented with different terms in Casagrande et al. (2007).
Moreover, a recent work found a gain in mass in zebra
finches supplemented with 100 ug ml~! of drinking water
(Bertrand et al. 2006).

The loss in mass could have been due to pervasive oxida-
tive damage in vital organs such as the liver or the kidney. A
massive lipid per-oxidation in these tissues could have
affected the body homeostasis negatively and more quickly
leading, e.g. to an impaired nutrient assimilation from food.
The accentuated formation of potentially damaging mole-
cules, such as pro-oxidant compounds, in conditions of high
carotenoid concentration can itself lead to further oxidative
damage to fat stores (Gruszecki 1999). Therefore, the loss in
the body mass could have been due to the dysfunction of
liver or kidney caused by pervasive oxidative damage and
secondarily to per-oxidation of fat reserves.

Taken together, our results suggest that carotenoids can
be costly at high concentrations in terms of increased oxi-
dative stress and loss of body mass. This is relevant for the
trade-off between expression of sexual signals and the costs
of maintaining/producing them (Stearns 1992). Detrimental
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effects of carotenoids have been proposed as an alternative
explanation of how the expression of carotenoid-based
ornaments is limited and why they are costly to produce or
maintain (Zahavi and Zahavi 1997; Olson and Owens
1988). In this light, we would have expected a decrease in
colour in carotenoid-treated individuals since oxidation
alters or destroys their colour. However, supplemented
birds were still redder. These results suggest three possible
explanations: treated birds were able to sustain such costs
and so to maintain redder colourations; the detrimental
effect on the skin colour could emerge over a longer period
of time than that of the present study; carotenoid-based col-
ourations no longer convey the health status at high carot-
enoid concentrations. These explanations, however,
deserve further study because the sample size and the
experimental design do not allow to draw strong conclu-
sions concerning these hypotheses.

Finally, we suggest that given these and previous results
(Costantini et al. 2006, 2007; Costantini and Dell’Omo
2006a), the current idea that the carotenoid availability can
limit the effectiveness of pro-oxidation retardation or inhi-
bition be reconsidered.
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