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Interactive effects of early and later nutritional conditions on the
adult antioxidant defence system in zebra finches
José C. Noguera*, Pat Monaghan and Neil B. Metcalfe

ABSTRACT
In vertebrates, antioxidant defences comprise a mixture of
endogenously produced components and exogenously obtained
antioxidants that are derived mostly from the diet. It has been
suggested that early-life micronutritional conditions might influence
the way in which the antioxidant defence system operates, which
could enable individuals to adjust the activity of the endogenous and
exogenous components in line with their expected intake of dietary
antioxidants if the future environment resembles the past. We
investigated this possibility by experimentally manipulating the
micronutrient content of the diet during different periods of postnatal
development in the zebra finch (Taeniopygia guttata). Birds that had a
low micronutrient diet during the growth phase initially had a lower
total antioxidant capacity (TAC) than those reared under a high
micronutrient diet, but then showed a compensatory response, so that
by the end of the growth phase, the TAC of the two groups was the
same. Interestingly, we found an interactive effect of micronutrient
intake early and late in development: only those birds that continued
with the same dietary treatment (low or high) throughout development
showed a significant increase in their TAC during the period of sexual
maturation. A similar effect was also found in the level of enzymatic
antioxidant defences (glutathione peroxidase; GPx). No significant
effects were found in the level of oxidative damage in lipids
[malondialdehyde (MDA) levels]. These findings demonstrate the
importance of early and late developmental conditions in shaping
multiple aspects of the antioxidant system. Furthermore, they suggest
that young birds may adjust their antioxidant defences to enable them
to ‘thrive’ on diets rich or poor in micronutrients later in life.
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INTRODUCTION
During early life, organisms have to cope with a wide range of
environmental factors that can influence their development and, in
the longer term, affect their fitness (Burton and Metcalfe, 2014;
Gluckman et al., 2007; Monaghan, 2008). Phenotypic plasticity
during this early stage of life enables organisms to potentially tailor
their phenotypes to the prevailing environmental conditions
(Callahan et al., 1997; Monaghan, 2008; West-Eberhard, 2003).
Phenotypic traits such as growth rate, stress responses, oxidative
status and metabolism are very sensitive to variations in
environmental conditions (Garland and Kelly, 2006; Metcalfe and
Alonso-Alvarez, 2010; Surai, 2002). However, although the ability

to cope with environmental variation is crucial in fitness terms,
our knowledge of the potential costs of such early phenotypic
changes is still in its infancy (Costantini, 2014; Saastamoinen et al.,
2010).

An important component of the phenotype of an organism that
can have substantial fitness consequences is its antioxidant defence
system (Catoni et al., 2008; Cohen et al., 2008; Metcalfe and
Alonso-Alvarez, 2010; Monaghan et al., 2009). This includes a
variety of endogenously produced antioxidants plus antioxidants
obtained from the diet, and acts to detoxify reactive oxygen species
(ROS) that otherwise can cause oxidative damage to a range of
biomolecules (Halliwell and Gutteridge, 2007). Many physiological
functions depend on the subtle balance between ROS and
antioxidant defences (Finkel and Holbrook, 2000; Halliwell and
Gutteridge, 2007; Monaghan et al., 2009); while ROS are used as
signalling molecules within cells, overexposure to ROS can lead to
cell and tissue oxidative damage and the eventual development of
degenerative diseases, premature ageing and death (Finkel and
Holbrook, 2000; Kirkwood and Austad, 2000); however, the
relationship between ROS and ageing is still under debate (e.g.
Speakman and Selman, 2011).

There is a large literature showing that the vertebrate antioxidant
system shows a high degree of plasticity and can be influenced by a
wide range of environmental factors, particularly the diet (Surai,
2002, 2006). Dietary micronutrients such as vitamin A, E or B that
cannot be synthesised de novo are very important exogenous
lipophilic and hydrophilic antioxidants in vertebrates (Costantini,
2014; Monaghan et al., 2009; Surai, 2002). Essential minerals
such as selenium, copper or manganese are also involved in the
absorption, recycling and formation of enzymatic and non-
enzymatic antioxidants (e.g. glutathione peroxidase or vitamine E;
Halliwell and Gutteridge, 2007; Surai, 2002, 2006). Furthermore,
both vitamins and essential minerals play an important direct role in
epigenetic regulation of gene expression (Hardy and Tollefsbol,
2011; Rao et al., 2012) and can influence key life-history traits such
as growth, sexual development and reproduction in a wide range of
taxa (reviewed by Catoni et al., 2008).

Most of the studies that have investigated the early-life influence
of dietary micronutrients on antioxidant protection have focused on
a single developmental period, usually during pre- or early postnatal
development (de Ayala et al., 2006; Hall et al., 2010; Marri and
Richner, 2014; Noguera et al., 2011b). However, the diet during
later developmental periods is also relevant since there may be
compensation for earlier periods of undernutrition if conditions
subsequently improve (Metcalfe and Monaghan, 2001). Hence, not
only nutritional conditions during early post-natal development
(e.g. the growth period) but also later development (e.g. during
sexual maturation and early adulthood) might alter the development
of antioxidant defences and potentially, a wide range of phenotypic
and life history traits (i.e. plumage colouration, growth, sexual
maturation and reproduction; Catoni et al., 2008; Hõrak et al., 2000).Received 11 February 2015; Accepted 10 May 2015
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Here, we use zebra finches (Taeniopygia guttata) to examine how
the availability of micronutrients at two stages of development
influences antioxidant defences and the level of oxidative damage
individuals incur. We manipulated the availability of dietary
micronutrients within the natural range during both the growth
period (the first 40 days of life) and the period of sexual maturation
and early adulthood (40–90 days of age). In order to see the extent to
which the micronutrient intake during the growth phase influenced
the antioxidant defence system during sexual maturation, half of the
birds were switched from the high or low micronutrient treatment to
the opposite treatment during sexual maturation in a full 2×2 design.
Birds receiving the lower level of dietary micronutrients during the
first period would be expected to show higher levels of oxidative
damage unless they were able to make compensatory adjustments
when dietary conditions improved.

RESULTS
Effect of dietary treatments ongrowth, antioxidant defences
and oxidative damage
During the experiment, body mass (Mb) increased with age but
differed between sexes (supplementary material Table S5); during
the growth period both sexes showed a similar Mb (LSD post hoc
tests, day 1: t117=−0.180, P=0.906; day 20: t117=−1.116, P=0.262;
day 40: t116=−0.249, P=0.803) but during the period of sexual
maturation females were, on average, 10.7% heavier than males

(day 65: t115=3.549, P<0.001; day 90: t114=4.396, P<0.001). None
of the other considered variables, including the micronutrient
treatments, had any significant effect on Mb (supplementary
material Table S5, Fig. S1).

Pectoral muscle and body fat stores were significantly correlated
with Mb throughout the experiment (pectoral muscle:
estimate=0.030; body fat: estimate=0.153; supplementary material
Table S5) but only fat stores significantly changed with age
(supplementary material Table S5, Fig. S2). Body fat increased
between 20 and 65 days (LSD post hoc tests, 20–40 days:
t238=−25.243, p<0.001: 20–65 days: t233=−3.178, P=0.002) but
significantly declined between 65 and 90 days of age (t231=−3.792,
P<0.002). On average, females also accumulated 7.35% more
body fat than males during the experiment (estimate=0.199;
supplementary material Table S5). No other variables, including
the micronutrient treatments, had any significant effect on pectoral
muscle and body fat stores (supplementary material Table S5).

The three-way interaction between the two dietary treatments and
age had a highly significant effect on TAC levels (Table 1). Thus,
at 20 days of age, the birds that were being reared on a low
micronutrient diet (‘L’ group) had a lower TAC level than those
reared on the high micronutrient diet (‘H’ group; LSD post hoc test:
t117=−2.396, P=0.018; Fig. 1). However, birds in the L group then
showed an increase in TAC, so by the end of the growth period
(40 days) the two dietary groups did not significantly differ in TAC
(t116=0.664, P=0.664; Fig. 1). Interestingly, the birds’ TAC level
during the period of sexual maturation (40–90 days) was influenced
by the micronutrient treatment received during both the growth
period and the period of sexual maturation (Table 1): only the birds
that were on the same diet throughout development (L/L or H/H)
increased their level of TAC during the period of sexual maturation
(L/L: t82=−2.93, P=0.019; H/H: t84=−2.99, P=0.014). As a
consequence, at 90 days, these birds had higher TAC levels than
those that had experienced a switch to the opposite micronutrient
diet at 40 days of age (L/L vs L/H: t53=2.465, P=0.017; L/L vs H/L;
t57=2.426, P=0.018; H/H vs H/L: t55=2.351, P=0.022; H/H vs L/H:
t51=2.424, P=0.019; Fig. 1). Our results also showed that females on

List of abbreviations
ABTS 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid)
GLMM generalised linear mixed-effect model
GPx glutathione peroxidase
LMM linear mixed-effect model
Mb body mass
MDA malondialdehyde
NADPH nicotinamide adenine dinucleotide phosphate
RBC red blood cells
ROS reactive oxygen species
TAC total antioxidant capacity

Table 1. Summary of linear mixed models for the effects of micronutrient treatments and covariates on antioxidant defences and oxidative
damage levels

TAC GPx MDA

Source of variation F orWald Z d.f.n,d P F orWald Z d.f.n,d P F orWald Z d.f.n,d P

Age 20.317 2,227.46 <0.001 89.479 2,227.84 <0.001 82.436 2,230.75 <0.001
Sex 4.858 1,114.28 0.030 0.475 1,108.91 0.492 0.005 1,114.74 0.944
Mb 0.006 1,292.64 0.940 3.888 1,331.95 0.071 1.389 1,343.96 0.239
T-growth 0.665 1,110.04 0.417 2.948 1,109.43 0.089 0.056 1,114.89 0.813
T-sexual 1.321 1,113.40 0.253 2.519 1,109.03 0.115 0.085 1,116.10 0.771
T-growth×T-maturation 0.156 1,115.98 0.694 0.162 1,110.29 0.688 1.181 1,112.84 0.279
T-growth×age 3.582 2,227.44 0.029 1.647 2,228.01 0.195 0.459 2,226.45 0.633
T-maturation×age 0.434 2,227.44 0.648 1.103 2,228.09 0.333 0.233 2,224.34 0.792
Sex×age 0.247 2,235.10 0.781 0.774 2,234.66 0.462 1.271 2,236.60 0.282
Sex×T-growth 1.231 1,114.08 0.269 0.103 1,108.28 0.749 0.105 1,112.37 0.747
Sex×T-maturation 1.484 1,116.64 0.226 0.479 1,111.67 0.490 0.000 1,112.07 0.989
Sex×T-growth×T-maturation 0.043 1,112.43 0.836 1.354 1,105.98 0.247 0.070 1,109.75 0.792
Sex×age×T-growth 0.364 2,221.74 0.695 0.067 2,221.66 0.935 1.598 2,222.21 0.205
Sex×age×T-maturation 1.328 2,223.11 0.267 2.892 2,223.35 0.058 1.052 2,219.82 0.351
T-growth×T-maturation×age 6.363 2,227.46 0.002 5.224 2,228.05 0.006 0.278 2,217.96 0.757
Sex×age×T-growth–T-maturation 2.656 2,219.33 0.072 0.635 2,219.09 0.531 0.306 2,215.77 0.736
Random factors
Plate 0.782 – 0.434 1.806 – 0.071 - - -
Individual 1.853 – 0.064 4.635 – <0.001 5.266 - <0.001

‘T-growth’ and ‘T-maturation’ refer to the dietary treatment during the growth period and the period of sexual maturation, respectively. Variables retained in the final
models are shown in bold. For removed terms, significance levels are those estimated when terms were dropped from the model.
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average had 15.4% higher TAC levels than males throughout
development (estimate=0.255; Table 1). Mb had no significant
effect on non-enzymatic antioxidant capacity, nor did the remaining
two- and three-way interactions initially included in the model
(Table 1).
GPx activity was also affected by the triple interaction among our

dietary treatments and age (Table 1). During the growth period, GPx
increased with age (Table 1; Fig. 2), but was not significantly
affected by the micronutrient treatment received during that period
(Table 1). However, as for TAC, there was an interaction between
the two treatment periods (growth and sexual maturation) during the
period of sexual maturation (Table 1; Fig. 2). In the group that
received a low micronutrient diet during the growth period, only
those birds that continued with the same micronutrient diet (L)

during sexual maturation did not experience a significant reduction
in GPx activity levels (LSD post hoc test, L/L between 40–90 days:
t84=−1.034, P=0.304; L/L vs L/H at 90 days: t55=2.919, P=0.005).
In contrast, GPx activity in birds reared on a high micronutrient diet
during the growth period was not significantly influenced by the
dietary treatment received during the period of sexual maturation
(H/H vs H/L at 90 days: t58=0.135, P=0.893). There was no
significant effect of sex orMb, nor were any other two and three-way
interactions significant (Table 1).

The level of oxidative damage to lipids (MDA) increased over the
course of the experiment (Table 1), but levels were not significantly
affected by our dietary treatments or their interactions with age and/
or sex (Table 1). NeitherMb nor any interactions initially included in
the model were significant (Table 1).

Within-individual consistency over time and covariation
structure among measures
Both mixed-model and repeatability analyses indicated that GPx
and MDA levels were significantly repeatable within individuals
(GPx: F109,220=2.743, P<0.001, r=0.37; MDA: F109,220=2.078,
P≤0.001 r=0.26; but see also estimates for random factors in
Table 1, main text); the same was not true for TAC level
(F109,220=1.210, P=0.123, r=0.07). With regard to the covariance
among measures, TAC, GPx and MDA levels were not significantly
correlated with each other at 20 days of age (supplementary material
Table S6). However, at the end of the growth period (40 days), TAC
andMDA levels wereweakly but significantly correlated (Pearson’s
r=0.28, P=0.002). In addition, at the end of sexual maturation, we
also found a (weak) negative correlation between GPx and MDA
level (Pearson’s r=0.21, P=0.020).

Power analyses
The data sets had a high power (≥89.81% in all analyses) to detect
medium to large effect sizes (r≥0.3; i.e. Cohen, 1992), although
they provided lower power (18–20%) to detect small effects
(r≤0.1).

DISCUSSION
Themain aim of this studywas to assess whether several components
of the antioxidant system are influenced by variation in the
micronutrient content of the diet at different developmental periods
(i.e. during growth and sexualmaturation). The dietarymanipulations
had no significant effect on rates of growth or final size attained,
showing that the diets were different only in micronutrients and not
the macronutrients that fuel growth. There were also no significant
differences throughout the experiment in the level of oxidative
damage sustained by the zebra finches, at least so far as we could tell
from our measures. However, we did find effects of micronutrient
intake on the activity of the non-enzymatic component of the
antioxidant defences. During the middle of the growth period, the
non-enzymatic antioxidant defence capacity was lower in those birds
experiencing the low dietarymicronutrient diet, but by the end of this
period (at 40 days) these differences were no longer evident.
Interestingly, we found that the diet during the growth period
influenced antioxidant defences during sexual maturation. The only
birds that showed a steady increase in their level of non-enzymatic
antioxidant defences (TAC) throughout development were those that
had experienced the same dietary treatment (low or high) throughout
development; a switch in diet during development (whether from low
to high or vice versa) resulted in a failure to increase this aspect of the
antioxidant system. Similarly, the most sustained increase in levels
of enzymatic antioxidant defences (GPx) was in the group that
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Fig. 1. Plasma non-enzymatic total antioxidant capacity in zebra finches
during the growth period and at the end of sexual maturation. Growth
period, 20–40 days; end of sexual maturation, 40–90 days. TAC values are
means±s.e. Groups of birds (N=126) were fed a high (N=65) or low (N=61)
micronutrient diet for 40 days, then either kept on the same diet or switched at
40 days from the low to the high diet or in the opposite direction (from high to
low) for a further 50 days.
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Fig. 2. Red blood cell GPx activity in in zebra finches during the growth
period and at the end of sexual maturation.Growth period, 20–40 days; end
of sexual maturation, 40–90 days. Values are means±s.e. Groups of birds
(N=126) were fed a high- or low-micronutrient diet for 40 days, then either kept
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experienced the ‘low’ diet throughout development, with the biggest
drop in GPx occurring in those switched from the low to the high
micronutrient diet. Together, these results suggest that the capacity of
zebra finches to respond to variations in the intake of dietary
micronutrients during later development may be determined by their
nutritional experience early in life. Furthermore, the results raise the
possibility that the balance between endogenous and exogenous
antioxidant activity might be shaped by the micronutrient
environment experienced in early life.
The reduced level of TAC shown at 20 days of age by zebra

finches reared on the low micronutrient diet supports previous
studies that have emphasised the important role that dietary
micronutrients play in the body’s antioxidant defences (Evans and
Halliwell, 2001; Surai, 2002, 2006). The observed reduction in
antioxidant capacity was probably the result of deficiencies in
dietary antioxidant vitamins such as vitamin A or E, which have
important and recognised antioxidant properties in birds (Surai,
2002) and were the most abundant in the micronutrient supplement.
The lower availability of other micronutrients such as selenium (Se)
could also have had an important role, since these trace elements are
an integral part of selenoproteins such as glutathione peroxidase
(Surai, 2006), although there was no evidence of a stimulatory or
inhibitory effect on GPx activity in any of the groups of birds. While
this may indicate that dietary micronutrients primarily influence the
non-enzymatic antioxidant defence system, we cannot rule out the
possibility that our dietary treatment had an effect on other (non-
measured) antioxidant enzymes (e.g. catalase or gluthatione
reductase; Shireen et al., 2008).
Interestingly, birds on the low micronutrient diet initially had a

reduced TAC but this capacity then increased significantly over time.
This compensatory response occurred in the absence of any
increase in the intake of dietary micronutrients, but could have
occurred through at least three mechanisms. Firstly, low levels of
circulating antioxidants could have triggered the up-regulation of
endogenous non-enzymatic antioxidants such as vitamin C, which
can occur via ROS-sensitive signalling transduction pathways when
oxidative stress levels increase (Chatterjee et al., 1975; Surai, 2002).
Secondly, previously stored antioxidants may have been mobilised;
powerful antioxidants such as vitamin E or A are often stored in
the adipose tissue or internal organs such as the liver, and may
be mobilised when the body antioxidant requirement increases
(Surai, 2002). However, it seems unlikely that animals on the low
micronutrient diet could have built up stores of surplus antioxidants,
and fat reserves remained similar in both experimental groups, both of
which suggest that any antioxidantmobilisationwould have been on a
small scale. Lastly, given the highly plastic nature of the digestive
system of birds (McWilliams and Karasov, 2001), it is possible that
the birds in the low micronutrient group increased their absorption
and assimilation efficiency of dietary antioxidants over time.
However, the assimilation of dietary micronutrients in zebra finches
has previously been thought to be promoted by a high rather than a
poormicronutrient diet during this growth period (Blount et al., 2003).
Therefore, the results seems to better support the idea that
environmentally induced oxidative stress may have triggered the up-
regulation of endogenous nonenzymatic antioxidant defences
(Dimova et al., 2008), which, in turn, would explain why birds in
the lowdiet did not suffer higher levels of oxidative damage than those
in the high diet.
In contrast to our predictions, we did not find evidence of

improved antioxidant defences when birds were switched from a
low to a high micronutrient diet; indeed, birds that started life on a
particular diet (whether low or high) actually had better antioxidant

defences if they continued with that same diet throughout sexual
maturation. This suggests that early micronutrient conditions might
have shaped the birds’ antioxidant phenotype in such a way that
prepared them for a similar (micronutrient) environment in future,
an idea that fits with the ‘environment-matching’ hypothesis of
developmental plasticity (often also called the ‘predictive adaptive
response’ hypothesis; Gluckman et al., 2005). The evolution of
environment-matching responses relies on the ability of developing
organisms to capture accurate information about the quality of the
existing environment, and on early environmental conditions being
accurate predictors of adult environmental conditions (Monaghan,
2008; Nettle et al., 2014). This is more likely to be the case in fast-
developing species in which development through to adulthood
may occur before the environmental conditions have radically
altered (e.g. less than 2 months from birth to sexual maturity in
zebra finches). This might explain why studies that support the
environment-matching hypothesis tend to be of fast-developing
species (e.g. Oksanen et al., 2012; Saastamoinen et al., 2010) rather
than those that develop slowly (Douhard et al., 2014; Hayward
et al., 2013). However, given the small number of studies carried out
so far, more work is needed to examine this further.

In contrast to expectations, the pattern of oxidative damage (as
assessed by levels of MDA) did not vary significantly between diet
treatments despite differences in levels of antioxidant protection.
These results, however, do not necessarily indicate that there were
no differences in oxidative stress between groups. On one hand,
supplementation studies often show that a higher availability of
micronutrients does not always reduce the level of all biomarkers of
oxidative damage (Kim et al., 2013; Lucas et al., 2014; Noguera
et al., 2011b), given that they may vary between tissues and organs
(Veskoukis et al., 2009). Such variability can therefore make it
difficult to reach conclusions relating to oxidative status when
measurements are of damage to only a single tissue or type of
macromolecule (Monaghan et al., 2009; Selman et al., 2012). By
extension, the same problem can be applied to the use of one single
biomarker of antioxidant defences. However, this was not a problem
in this study since we have shown that diet micronutrients induced a
similar effect in both non-enzymatic and enzymatic antioxidant
defences. On the other hand, the lack of a significant effect of our
dietary treatments on MDA levels might reflect a limitation of
statistical power, if for instance, our dietary treatment had a very
small effect on the MDA level (Cohen, 1992). Hence, more work is
needed to determine how early and later environmental conditions
interact to affect different biomarkers of oxidative stress.

In conclusion, this study found that a low availability of dietary
micronutrients during the growth period of zebra finches initially
compromised their non-enzymatic antioxidant defences, but the
birds later responded by up-regulating their endogenous
antioxidants defences. Most importantly, those individuals that
experienced similar nutritional conditions (regardless of the
micronutritional content) during both postnatal growth period and
the period of sexual maturation had better enzymatic and non-
enzymatic antioxidant defences than those that experienced a
change (either upward or downward) in their micronutrient intake.
These data support the hypothesis that nutritional conditions
experienced in early life act as predictors of the later-life
environment, and affect the later regulation of antioxidant
defences. Future studies should investigate whether environmental
stressors other than nutrition (e.g. population density, predation risk,
competition) may induce similar responses in the antioxidant
defence system and to what extent such physiological responses
affect different components of fitness.
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MATERIALS AND METHODS
General procedures and experimental design
In September 2012, 50 pairs of adult zebra finches (Taeniopygia guttata
Reichenbach 1862) from our outbred stock population (∼1500 birds) at
the University of Glasgow were allowed to breed under standardised
conditions, each pair in a separate breeding cage (60×50 cm and 50 cm
high). Paired birds were all experienced breeders and of different pedigree.
During the experiment, the birdswere housed in standard conditions, in a room
maintained at 20.5±2°C under full spectrum, artificial light (16 h:8 h light:
dark cycle). The birds’ diet prior to the hatching of the chicks comprised
an ad libitum supply of mixed seeds (common millet, yellow millet and
canary seed in an approximate ratio of 3:1:1; Johnson & Jeff, U.K.), oyster
shell grit, cuttlefish and water. Once a week the birds also received Calcivet
calcium supplement (Vetafarm, Wagga Wagga, NSW, Australia), a protein-
conditioning supplement (J. E. Haith, Cleethorpes, UK) and fresh vegetables.
One dayafter the experimental chicks hatched, all pairs continued receiving an
ad libitum supply of mixed seeds (see below), oyster shell grit, cuttlefish and
green vegetables but without any calcium or protein supplement. At hatching,
all chicks (N=126 from 36 families) wereweighed using an electronic balance
(±0.01 g) and marked with a unique nest colour and individual colour
combination by dyeing their toes with permanent marker pens. Each brood of
chicks was coupled with another brood with a similar hatching date (±1 day)
and clutch size; one of the two pairs was then assigned to follow a ‘high’
dietary micro-nutritional treatment and the other a ‘low’ treatment (‘H’ or ‘L’,
respectively; details below). One day after the chicks hatched, half of the
chickswithin each broodwere cross-fostered between the two nests to account
for family (genetic) and environmental (rearing) effects (see statistical
section). Consequently, half of each genetic broodwas reared underH and half
under L micronutrient treatment but all chicks in a rearing nest received the
same treatment. Chick Mb did not significantly differ between experimental
groups either at hatching (day=0;F1,124=0.573,P=0.451) or after being cross-
fostered (day=1; F1,122=0.141, P=0.708).

From hatching, all chicks were fed with a low micronutrient diet
(common and red millet in a 1:1 ratio) specially formulated to reduce the
daily intake of the main dietary micronutrients (i.e. Vitamin A, B, C and E)
within the natural range of variation in captive conditions (see below).
Chicks allocated to the H group received individually an extra dose of diet
micronutrients every 3 days, diluted in water and via oral administration
from hatching to 40 days old (hereafter ‘growth period’). The main
components of the commercial micronutrient supplement were vitamins A,
B, C, D, E and K, and essential minerals such as selenium, magnesium
or copper (see Noguera et al., 2015 and below for further details). The
micronutrient supplement was adjusted to double the natural daily intake of
main micronutrients that birds would obtain from the low antioxidant diet.
Chicks in the ‘H’ group received an increasing dose of micronutrient
supplement in order to match their increasing size (see below for a detailed
description of dosage). Nestlings in the L group were manipulated in the
same way as chicks in the H group, but they received only the vehicle
(water). Chick survival (119 of 126; 94.4%) at the end of the dietary
treatment (40 days old) was not significantly different between experimental
groups and sexes [generalised linear mixed-effects model (GLMM);
dietary treatment: F1,121=0.00, P=0.93; sex: F1,120=0.00, P=0.96; dietary
treatment×sex: F1,119=0.00, P=0.96].

When the broods reached 40 days of age, the parents were removed from
the cages and half of each brood was assigned to follow with the same
micronutrient treatment as during the growth period (low to low or high to
high), and half to change to the opposite treatment (low to high or high to
low) until they were 90 days of age. This second treatment corresponded
with the period of sexual maturation and early adulthood in this species
(Zann and Bamford, 1996) (hereafter ‘sexual maturation period’). This
experimental design resulted in four treatment groups that differed in the
micronutrient availability the birds received during their growth period and
the period of sexual maturation (i.e. L/L, L/H, H/H or H/L). Survival of
the birds during the period of sexual maturation (117 of 119; 98.3%) was
not significantly different among experimental groups and sexes (GLMM;
growth dietary treatment: F1,116=0.298, P=0.586; sexual maturation dietary
treatment: F1,117=0.311, P=0.578; growth dietary treatment×sexual
maturation dietary treatment: F1,115=0.233, P=0.630).

We used blood samples to examine the oxidative status of the birds to
avoid terminal sampling and to enable effects on later life performance to be
assessed in future studies. During the experiment, all birds were blood
sampled at 20, 40 (the end of the growth period) and 90 days of age (the end
of sexual maturation). Blood samples were maintained on ice and then
centrifuged to separate plasma from red blood cells (RBCs). Several aliquots
were made for both plasma and RBCs samples and were stored at −80°C.
Birds were weighed (±0.01 g) at 1, 20, 40, 65 and 90 days old, and their fat
reserves and the size of pectoral muscle assessed at 20, 40, 65 and 90 days
old. Fat reserves were assessed by visual inspection using an 8-point scale
(Kaiser, 1993) and pectoral muscle profiles were scored on a 4-point scale
following Bairlein (1995).

Dietary manipulation and treatment
Many seeds present in commercial seed mixtures, such as pearl or yellow
millet, are especially rich in micronutrients such as vitamin E
(supplementary material Table S1; Royle et al., 2013). Because zebra
finch parents feed their chicks (Zann and Bamford, 1996), so preventing us
from independently controlling the amount of micronutrients each chick
ingested, all broods were fed with a low-micronutrient seed mix specially
formulated to reduce the daily intake of several antioxidants and vitamins to
what we presumed would be the lower end of the natural range in captive
conditions (supplementary material Table S2), but every 3 days those chicks
in the H treatment also received an oral dose of a micronutrient supplement.
This supplement was made from 1 g of a commercial micronutrient
complex (Magic Antistress Mix/Performax, Feed-Food Ltd, UK), specially
formulated for bird requirements, mixed with 17.6 mg of water-soluble
vitamin E (50% w/w) and diluted in water (5 ml); the H chicks received an
increasing dose of this suspension (6.9 µl between 1 and 5 days of age,
17.1 µl between 6–10 days, 25.28 µl between 11 and 15 days, and 28.1 µl
between 16 and 40 days) in order to match their increasing size. The main
components of the commercial micronutrient supplement were vitamins
A, D3, C, E, B and K and essential minerals Se, MgSO4, MnSO4 and ZnSO4

(supplementary material Table S3). Given that vitamin E and C were
qualitatively and quantitatively the most important micronutrients present in
the micronutrient complex, the dosage was adjusted to be approximately
double the daily amount of vitamin E and C estimated to be consumed by
chicks on the low-micronutrient diet (supplementary material Table S4).
These calculations assumed that birds consumed the two types of seeds
present in the low micronutrient seed mix (common and red millet, 1:1) in
direct proportion to their availability (McGraw et al., 2002) and that chicks
had a daily seed consumption of 0.74 g when aged 1 to 5 days, 1.83 g when
aged 6–10 days, 2.7 g when aged 11–15 days and 3 g from day 16 onward
(Zann and Bamford, 1996). Similar manipulations of the micronutrient
intake have been successfully used to quantify the effect of diet quality on
development, sexual maturation and fitness in this species (i.e. daily
increase in micronutrients of between 4 and 71% of the base level for birds
receiving the dietary supplement; calculation based on our own data and the
data provided in Birkhead et al. (1999), Blount et al. (2003), Royle et al.
(2003). Broods in the L group were handled every 3 days in the same way as
the H birds and received an oral dose of the same amount of water but
lacking the micronutrient complex.

Quantification of oxidative status
Non-enzymatic total antioxidant capacity (TAC)
The total non-enzymatic antioxidant defencecapacitywasmeasured inplasma
using the method described by Erel (2004). The main antioxidants
contributing to this assay are hydrophilic antioxidants such as the –SH
groupof proteins, uric acid and vitaminC, and to a lesser extent, vitamin E and
others hydrophobic antioxidants. In brief, plasma samples (5 µl) were diluted
1:2 in ultra-pure water and allowed to react with a coloured 2,2′-azino-bis-(3-
ethylbenzothiazoline-6-sulphonic acid) radical cation (ABTS) in a 96-well
microplate. The ABTS is decolourised by antioxidants according to their
concentration and antioxidant capacity (Erel, 2004). This change in colourwas
measured as a change in absorbance at 660 nm (Thermo Scientific Multiskan
Spectrum spectrometer, Fisher Scientific UK Ltd, Loughborough, UK) and
the assays were calibrated with Trolox. Levels of non-enzymatic plasma
antioxidant capacity were expressed as millimoles of Trolox equivalent per
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litre. Analyses were carried out in duplicate and were repeatable at each age
(20 days: r=0.75, F119,120=4.506, P<0.001; 40 days: r=0.75, F116,117=5.565,
P<0.001; 90 days: r=0.76,F111,112=6.228,P<0.001; inter-assay CV=5.73%).
Repeatabilityestimateswere calculated for all analyses asdescribed inLessells
and Boag (1987). During the TAC and GPx assays (see below), samples from
the same individualwere run on the same plate and the plate included the same
number of individuals from each one of our four experimental groups in order
to distribute the measurement error equally among treatments and ages.

Enzymatic antioxidant defences
Enzymatic antioxidant defences were assessed by analysing RBC activities of
GPx, the most important and widespread intracellular antioxidant enzyme
(Halliwell and Gutteridge, 2007). GPx catalyses the reduction of
hydroxyperoxides and its main function is to protect against the damaging
effect of endogenously formed hydroxyperoxides. GPx activity wasmeasured
using a commercial kit (Cayman Chemical, Ann Arbor, MI, US; Catalog
Number 703102), and following the manufacturer’s instructions. Briefly, this
assay measures GPx activity by way of a coupled reaction with glutathione
reductase. Glutathione is oxidised during reduction of an organic
hydroperoxide (cumene) by GPx, and is recycled to its reduced state by
glutathione reductase and NADPH. The oxidation of NADPH to NADP+

decreases absorbance at 340 nm which is directly proportional to the GPx
activityof the sample.During the assays, all samples (RBC lysate)were diluted
1:25 with dilution buffer prior to analysis, and reactions were carried out in a
96-well plate and the absorbance monitored at 340 nm (Thermo Scientific
Multiskan Spectrum spectrometer, Fisher Scientific UK Ltd, Loughborough,
UK) at five time points spanning 5 min. All samples were run in duplicate
and activity measures were expressed as nmol min−1 mg−1 protein. GPx
concentrations were highly repeatable at each age (20 days: r=0.90,
F118,119=19.019, P<0.001; 40 days: r=0.89, F116,117=17.750, P<0.001;
90 days: r=0.91, F116,117=21.630, P<0.001; inter-assay CV=5.79%).

Oxidative damage
The level ofoxidative damage to lipidswasassessedbyquantifying in duplicate
the concentration of plasma malondialdehyde (MDA) by high-performance
liquid chromatography, following themethoddescribed byKaratas et al. (2002)
butmodifying thevolumeof sample (10 µl) and reagents asdescribepreviously
(Noguera et al., 2011a).MDA is one of themajor secondaryoxidationproducts
of polyunsaturated fattyacids (Gutteridge andHalliwell, 1999).Theabsorbance
of the eluent was monitored at 254 nm and quantified relative to external
standards (calibration curves, R2=0.999). Lipid peroxidation was expressed as
micrograms of MDA per millilitre of plasma and showed a high repeatability
at each age (20 days: r=0.99, F117,118=329.80, P<0.001; 40 days: r=0.99,
F117,118=838.521, P<0.001; 90 days: r=0.99, F114,115=1621.415, P<0.001).

Statistical analyses
Body mass growth, fat stores and development of pectoral muscle
All statistical analyses were carried out using IBM SPSS 22 for Windows.
The effect that the micronutrient treatments had on Mb, fat stores and
pectoral muscle was analysed using linear mixed effect models (LMM) or
generalised lineal mixed-effect model (GLMM) as appropriate. The models
included age, sex, micronutrient treatment during the growth period (H or L)
and micronutrient treatment during sexual maturation (H or L) as categorical
fixed factors as well as all their possible interactions. For the models
analysing pectoral muscle and fat stores,Mb was also included as a covariate.
Bird identity was included as a random factor in all models.

Antioxidant defences and oxidative damage
The effect of our micronutrient treatments on antioxidant defences (TAC
and GPx activity in RBCs) and oxidative damage level (plasmaMDA) were
analysed by using LMM. The models included age, sex, micronutrient
treatment during growth period (H or L) and micronutrient treatment during
sexual maturation (H or L) as categorical fix factors as well as all their
possible interactions. Bird Mb was included as covariate in all models. In
all models, bird identity was included as a random factor to account for the
non-independence of measures from the same individual. For the models
analysing TAC and GPx, the identity of the microplate where the samples
were assayed was also included as a random factor.

The identity of the two nests between which chicks were switched (‘cross-
foster dyad’) and the identities of biological and rearing nest (nested within
the cross-foster dyad) were initially also included as random effects in the
growth (Mb, pectoral muscle and fat stores) and oxidative stress (TAC, GPx
and MDA) models to control for non-independence of chicks from the same
genetic or rearing family. However, these random factors had no significant
effect and hence, were removed in subsequent analyses. All models were
simplified by removing non-significant terms (in a backward deletion
procedure), starting from four-way interactions; reported significance levels
are those estimated when non-significant terms were dropped from the
model. The Satterthwaite approximation was used for the estimation of
denominator degrees of freedom, and post hoc comparisons were carried out
using Fisher’s least significant difference (LSD) test. Sample sizes in some
analyses can slightly differ because a small number of chicks died over the
course of the experiment (9 out of 126) and because in a few cases there was
insufficient blood in a sample to perform all the lab analyses. Data are
presented as means±s.e. and significant level was set at 0.05. The statistical
power of the tests was analysed by using GPOWER v3.1 freeware (Faul
et al., 2009), following Cohen’s (1992) conventions.

Within-individual consistency over time and covariation structure of
measures
The within-individual consistency over time was assessed by calculating
repeatability estimates (r) for TAC, GPx and MDA following the method
described in Lessells and Boag (1987). These analyses only included birds
for which TAC, GPx and MDA levels were available at all ages (N=110). In
addition, we also assessed the covariance among these oxidative stress
markers by calculating the Pearson’s correlation coefficients separately for
each age (20, 40 and 90 days old). Results of these analyses together with
power estimates (see above) are reported in the text.

Acknowledgements
We are grateful to all the animal husbandry and veterinary staff for their invaluable
help. We thank P. Surai for his advice on the micronutrient treatment and for
providing us with the micronutrient complex. We also thank two anonymous
reviewers for their very helpful comments on the manuscript. The study was carried
out under the UK Home Office Project Licence No. 60/4109.

Competing interests
The authors declare no competing or financial interests.

Author contributions
The experiment was conceived and designed by J.C.N., P.M., and N.B.M. Datawere
acquired and analysed by J.C.N and the interpretation of the data and writing were
done by J.C.N. with the support of P.M., and N.B.M.

Funding
J.C.N. was supported by a Marie Curie Intra European Fellowship (PIEF-GA-2011-
301093) and later by a postdoctoral fellowship granted by the AXA Research Fund.
N.B.M. was funded by ERC Advanced Grant 322784 and P.M. by ERC Advanced
Grant 268926.

Supplementary material
Supplementary material available online at
http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.120956/-/DC1

References
Abdel-Aal, E. M., Hucl, P., Miller, S. S., Patterson, C. A. and Gray, D. (2011).

Microstructure[AK1] and nutrient composition of hairless canary seed and its
potential as a blending flour for food use. Food Chem. 125, 410-416.

Bairlein, F. (1995). Manual of Field Methods. European-African Songbird Migration
Network. Wilhelmshaven: Institut für Vogelforschung.

Birkhead, T., Fletcher, F. and Pellatt, E. (1999). Nestling diet, secondary sexual
traits and fitness in the zebra finch. Proc. Biol. Sci. 266, 385-390.

Blount, J. D., Metcalfe, N. B., Arnold, K. E., Surai, P. F., Devevey, G. L. and
Monaghan, P. (2003). Neonatal nutrition, adult antioxidant defences and sexual
attractiveness in the zebra finch. Proc. R. Soc. B Biol. Sci. 270, 1691-1696.

Blount, J. D., Metcalfe, N. B., Arnold, K. E., Surai, P. F., Devevey, G. L. and
Monaghan, P. (2003). Neonatal nutrition, adult antioxidant defences and sexual
attractiveness in the zebra finch. Proc. Biol. Sci. 270, 1691-1696.

Burton, T. and Metcalfe, N. B. (2014). Can environmental conditions experienced
in early life influence future generations?Proc. R. Soc. B Biol. Sci. 281, 20140311.

2216

RESEARCH ARTICLE The Journal of Experimental Biology (2015) 218, 2211-2217 doi:10.1242/jeb.120956

Th
e
Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.120956/-/DC1
http://jeb.biologists.org/lookup/suppl/doi:10.1242/jeb.120956/-/DC1
http://dx.doi.org/10.1016/j.foodchem.2010.09.021
http://dx.doi.org/10.1016/j.foodchem.2010.09.021
http://dx.doi.org/10.1016/j.foodchem.2010.09.021
http://dx.doi.org/10.1098/rspb.1999.0649
http://dx.doi.org/10.1098/rspb.1999.0649
http://dx.doi.org/10.1098/rspb.2003.2411
http://dx.doi.org/10.1098/rspb.2003.2411
http://dx.doi.org/10.1098/rspb.2003.2411
http://dx.doi.org/10.1098/rspb.2003.2411
http://dx.doi.org/10.1098/rspb.2003.2411
http://dx.doi.org/10.1098/rspb.2003.2411
http://dx.doi.org/10.1098/rspb.2014.0311
http://dx.doi.org/10.1098/rspb.2014.0311


Callahan, H. S., Pigliucci, M. and Schlichting, C. D. (1997). Developmental
phenotypic plasticity: where ecology and evolution meet molecular biology.
Bioessays 19, 519-525.

Catoni, C., Peters, A. and Martin Schaefer, H. (2008). Life history trade-offs are
influenced by the diversity, availability and interactions of dietary antioxidants.
Anim. Behav. 76, 1107-1119.

Chatterjee, I. B., Majumder, A. K., Nandi, B. K. and Subramanian, N. (1975).
Synthesis and somemajor functions of vitamin C in animals. Ann. N. Y. Acad. Sci.
258, 24-47.

Cohen, A. A., McGraw, K. J., Wiersma, P., Williams, J. B., Robinson, W. D.,
Robinson, T. R., Brawn, J. D. and Ricklefs, R. E. (2008). Interspecific
associations between circulating antioxidant levels and life-history variation in
birds. Am. Nat. 172, 178-193.

Cohen, J. (1992). A power primer. Psychol. Bull. 112, 155-159.
Costantini, D. (2014). Oxidative Stress and Hormesis in Evolutionary Ecology and
Physiology: A Marriage Between Mechanistic and Evolutionary Approaches.
Berlin: Springer.

de Ayala, R. M., Martinelli, R. and Saino, N. (2006). Vitamin E supplementation
enhances growth and condition of nestling barn swallows (Hirundo rustica).
Behav. Ecol. Sociobiol. 60, 619-630.

Dimova, E. G., Bryant, P. E. and Chankova, S. G. (2008). Adaptive response:
some underlying mechanisms and open questions.Genet. Mol. Biol 31, 396-408.

Douhard, M., Plard, F., Gaillard, J.-M., Capron, G., Delorme, D., Klein, F.,
Duncan, P., Loe, L. E. and Bonenfant, C. (2014). Fitness consequences of
environmental conditions at different life stages in a long-lived vertebrate.
Proc. R. Soc. B Biol. Sci. 281, 20140276.

Erel, O. (2004). A novel automated direct measurement method for total antioxidant
capacity using a new generation, more stable ABTS radical cation.Clin. Biochem.
37, 277-285.

Evans, P. and Halliwell, B. (2001). Micronutrients: oxidant/antioxidant status. Br. J.
Nutr. 85, S67-S74.

Faul, F., Erdfelder, E., Buchner, A. and Lang, A.-G. (2009). Statistical power
analyses using G* Power 3.1: tests for correlation and regression analyses.
Behav. Res. Meth. 41, 1149-1160.

Finkel, T. and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of
ageing. Nature 408, 239-247.

Garland, T., Jr and Kelly, S. A. (2006). Phenotypic plasticity and experimental
evolution. J. Exp. Biol. 209, 2344-2361.

Gluckman, P. D., Hanson, M. A. and Spencer, H. G. (2005). Predictive adaptive
responses and human evolution. Trends Ecol. Evol 20, 527-533.

Gluckman, P. D., Hanson, M. A. and Beedle, A. S. (2007). Early life events and
their consequences for later disease: a life history and evolutionary perspective.
Am. J. Hum. Biol. 19, 1-19.

Gutteridge, J. and Halliwell, B. (1999). Free radicals in Biology and Medicine.
New York: Oxford University Press.

Hõrak, P., Vellau, H., Ots, I. and Møller, A. P. (2000). Growth conditions affect
carotenoid-based plumage coloration of great tit nestlings. Naturwissenschaften
87, 460-464.

Hall, M. E., Blount, J. D., Forbes, S. and Royle, N. J. (2010). Does oxidative stress
mediate the trade-off between growth and self-maintenance in structured
families? Funct. Ecol. 24, 365-373.

Halliwell, B. and Gutteridge, J. (2007). Free Radicals in Biology and Medicine.
Oxford: Oxford University Press.

Hardy, T. M. and Tollefsbol, T. O. (2011). Epigenetic diet: impact on the epigenome
and cancer. Epigenomics 3, 503-518.

Hayward, A. D., Rickard, I. J. and Lummaa, V. (2013). Influence of early-life
nutrition on mortality and reproductive success during a subsequent famine in a
preindustrial population. Proc. Natl. Acad. Sci. USA 110, 13886-13891.

Kaiser, A. (1993). A new multi-category classification of subcutaneous fat deposits
of songbirds. J. Field Ornithol. 64, 246-255.

Karatas, F., Karatepe, M. and Baysar, A. (2002). Determination of free
malondialdehyde in human serum by high-performance liquid chromatography.
Anal. Biochem. 311, 76-79.

Kim, S.-Y., Noguera, J. C., Tato, A. and Velando, A. (2013). Vitamins, stress and
growth: the availability of antioxidants in early life influences the expression of
cryptic genetic variation. J. Evol. Biol. 26, 1341-1352.

Kirkwood, T. B. L. andAustad, S. N. (2000).Why doweage?Nature 408, 233-238.
Lessells, C. M. and Boag, P. T. (1987). Unrepeatable repeatabilities: a common
mistake. Auk 104, 116-121.

Li, W. and Beta, T. (2012). An evaluation of carotenoid levels and composition of
glabrous canaryseed. Food Chem. 133, 782-786.

Lucas, A., Morales, J. and Velando, A. (2014). Differential effects of specific
carotenoids on oxidative damage and immune response of gull chicks. J. Exp.
Biol. 217, 1253-1262.

Marri, V. and Richner, H. (2014). Differential effects of vitamins E and C and
carotenoids on growth, resistance to oxidative stress, fledging success and
plumage colouration in wild great tits. J. Exp. Biol. 217, 1478-1484.

McGraw, K. J., Adkins-Regan, E. and Parker, R. S. (2002). Anhydrolutein in the
zebra finch: a new, metabolically derived carotenoid in birds. Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 132, 811-818.

McWilliams, S. R. and Karasov, W. H. (2001). Phenotypic flexibility in digestive
system structure and function in migratory birds and its ecological significance.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 128, 577-591.

Metcalfe, N. B. and Alonso-Alvarez, C. (2010). Oxidative stress as a life-history
constraint: the role of reactive oxygen species in shaping phenotypes from
conception to death. Funct. Ecol. 24, 984-996.

Metcalfe, N. B. and Monaghan, P. (2001). Compensation for a bad start: grow now,
pay later? Trends Ecol. Evol 16, 254-260.

Monaghan, P., Metcalfe, N. B. and Torres, R. (2009). Oxidative stress as a
mediator of life history trade-offs: mechanisms, measurements and interpretation.
Ecol. Lett. 12, 75-92.

Monaghan, P. (2008). Early growth conditions, phenotypic development and
environmental change. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 1635-1645.

Nambiar, V. S., Dhaduk, J., Sareen, N., Shahu, T. and Desai, R. (2011). Potential
Functional Implications of Pearl millet (Pennisetum glaucum) in Health and
Disease. J. Appl. Pharm. Sci. 1, 62-67

Nettle, D., Frankenhuis, W. E. and Rickard, I. J. (2014). The evolution of predictive
adaptive responses in humans: response. Proc. R. Soc. B Biol. Sci. 281, 20132822.

Noguera, J. C., Alonso-Alvarez, C., Kim, S.-Y., Morales, J. and Velando, A.
(2011a). Yolk testosterone reduces oxidative damages during postnatal
development. Biol. Lett. 7, 93-95.

Noguera, J. C., Lores, M., Alonso-Álvarez, C. and Velando, A. (2011b). Thrifty
development: early-life diet restriction reduces oxidative damage during later
growth. Funct. Ecol 25, 1144-1153.

Noguera, J. C., Metcalfe, N. B., Surai, P. F. and Monaghan, P. (2015). Are you
what you eat? Micronutritional deficiencies during development influence adult
personality-related traits. Anim. Behav. 101, 129-140.

Oksanen, T. A., Koivula, M., Koskela, E., Mappes, T. and Soulsbury, C. D.
(2012). Interactive effects of past and present environments on overwintering
success-a reciprocal transplant experiment. Ecol. Evol. 2, 899-907.

Rao, K. R., Padmavathi, I. J. N. and Raghunath, M. (2012). Maternal micronutrient
restriction programs the body adiposity, adipocyte function and lipid metabolism in
offspring: a review. Rev. Endocr. Metab. Disord. 13, 103-108.

Royle,N.J., Surai, P. F. andHartley, I.R. (2003). Theeffect of variation in dietary intake
on maternal deposition of antioxidants in zebra finch eggs. Funct. Ecol 17, 472-481.

Ruskin, F. (1999). Lost Crops of Africa: Grains. Chicago, IL: DIANE Publishing.
Saastamoinen,M.,vanderSterren,D.,Vastenhout,N., Zwaan,B.J.andBrakefield,

P. M. (2010). Predictive adaptive responses: condition-dependent impact of adult
nutrition and flight in the tropical butterfly Bicyclus anynana. Am. Nat. 176, 686-698.

Selman, C., Blount, J. D., Nussey, D. H. and Speakman, J. R. (2012). Oxidative
damage, ageing, and life-history evolution: where now? Trends Ecol. Evol 27,
570-577.

Shahidi, F. (1997). Natural antioxidants: chemistry, health effects, and applications.
Champaign, IL: AOEC Press.

Shireen, K. F., Pace, R. D., Mahboob, M. and Khan, A. T. (2008). Effects of dietary
vitamin E, C and soybean oil supplementation on antioxidant enzyme activities in
liver and muscles of rats. Food Chem. Toxicol. 46, 3290-3294.

Simwemba, C. G., Hoseney, R. C., Varriano-Marston, E. and Zeleznak, K.
(1984). Certain B vitamin and phytic acid contents of pearl millet [Pennisetum
americanum (L.) Leeke]. J. Agr. Food Chem. 32, 31-34.

Speakman, J. R. and Selman, C. (2011). The free-radical damage theory:
accumulating evidence against a simple link of oxidative stress to ageing and
lifespan. Bioessays 33, 255-259.

Surai, P. F. (2002). Natural Antioxidants in Avian Nutrition and Reproduction.
Nottingham: Nottingham University Press.

Surai, P. F. (2006). Selenium in Nutrition and Health. Nottingham: Nottingham
University Press.

Veskoukis, A. S., Nikolaidis, M. G., Kyparos, A. and Kouretas, D. (2009). Blood
reflects tissue oxidative stress depending on biomarker and tissue studied. Free
Radic. Biol. Med. 47, 1371-1374.

West-Eberhard, M. J. (2003). Developmental Plasticity and Evolution. Oxford:
Oxford University Press.

Zann, R. A. and Bamford, M. (1996). The Zebra finch: A Synthesis of Field and
Laboratory Studies. Oxford: Oxford University Press.

2217

RESEARCH ARTICLE The Journal of Experimental Biology (2015) 218, 2211-2217 doi:10.1242/jeb.120956

Th
e
Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://dx.doi.org/10.1002/bies.950190611
http://dx.doi.org/10.1002/bies.950190611
http://dx.doi.org/10.1002/bies.950190611
http://dx.doi.org/10.1016/j.anbehav.2008.05.027
http://dx.doi.org/10.1016/j.anbehav.2008.05.027
http://dx.doi.org/10.1016/j.anbehav.2008.05.027
http://dx.doi.org/10.1111/j.1749-6632.1975.tb29266.x
http://dx.doi.org/10.1111/j.1749-6632.1975.tb29266.x
http://dx.doi.org/10.1111/j.1749-6632.1975.tb29266.x
http://dx.doi.org/10.1086/589456
http://dx.doi.org/10.1086/589456
http://dx.doi.org/10.1086/589456
http://dx.doi.org/10.1086/589456
http://dx.doi.org/10.1037/0033-2909.112.1.155
http://dx.doi.org/10.1007/s00265-006-0206-0
http://dx.doi.org/10.1007/s00265-006-0206-0
http://dx.doi.org/10.1007/s00265-006-0206-0
http://dx.doi.org/10.1590/S1415-47572008000300002
http://dx.doi.org/10.1590/S1415-47572008000300002
http://dx.doi.org/10.1098/rspb.2014.0276
http://dx.doi.org/10.1098/rspb.2014.0276
http://dx.doi.org/10.1098/rspb.2014.0276
http://dx.doi.org/10.1098/rspb.2014.0276
http://dx.doi.org/10.1016/j.clinbiochem.2003.11.015
http://dx.doi.org/10.1016/j.clinbiochem.2003.11.015
http://dx.doi.org/10.1016/j.clinbiochem.2003.11.015
http://dx.doi.org/10.1079/BJN2000296
http://dx.doi.org/10.1079/BJN2000296
http://dx.doi.org/10.3758/BRM.41.4.1149
http://dx.doi.org/10.3758/BRM.41.4.1149
http://dx.doi.org/10.3758/BRM.41.4.1149
http://dx.doi.org/10.1038/35041687
http://dx.doi.org/10.1038/35041687
http://dx.doi.org/10.1242/jeb.02244
http://dx.doi.org/10.1242/jeb.02244
http://dx.doi.org/10.1016/j.tree.2005.08.001
http://dx.doi.org/10.1016/j.tree.2005.08.001
http://dx.doi.org/10.1002/ajhb.20590
http://dx.doi.org/10.1002/ajhb.20590
http://dx.doi.org/10.1002/ajhb.20590
http://dx.doi.org/10.1007/s001140050759
http://dx.doi.org/10.1007/s001140050759
http://dx.doi.org/10.1007/s001140050759
http://dx.doi.org/10.1111/j.1365-2435.2009.01635.x
http://dx.doi.org/10.1111/j.1365-2435.2009.01635.x
http://dx.doi.org/10.1111/j.1365-2435.2009.01635.x
http://dx.doi.org/10.2217/epi.11.71
http://dx.doi.org/10.2217/epi.11.71
http://dx.doi.org/10.1073/pnas.1301817110
http://dx.doi.org/10.1073/pnas.1301817110
http://dx.doi.org/10.1073/pnas.1301817110
http://dx.doi.org/10.1016/S0003-2697(02)00387-1
http://dx.doi.org/10.1016/S0003-2697(02)00387-1
http://dx.doi.org/10.1016/S0003-2697(02)00387-1
http://dx.doi.org/10.1111/jeb.12136
http://dx.doi.org/10.1111/jeb.12136
http://dx.doi.org/10.1111/jeb.12136
http://dx.doi.org/10.1038/35041682
http://dx.doi.org/10.2307/4087240
http://dx.doi.org/10.2307/4087240
http://dx.doi.org/10.1016/j.foodchem.2012.01.092
http://dx.doi.org/10.1016/j.foodchem.2012.01.092
http://dx.doi.org/10.1242/jeb.098004
http://dx.doi.org/10.1242/jeb.098004
http://dx.doi.org/10.1242/jeb.098004
http://dx.doi.org/10.1242/jeb.096826
http://dx.doi.org/10.1242/jeb.096826
http://dx.doi.org/10.1242/jeb.096826
http://dx.doi.org/10.1016/S1096-4959(02)00100-8
http://dx.doi.org/10.1016/S1096-4959(02)00100-8
http://dx.doi.org/10.1016/S1096-4959(02)00100-8
http://dx.doi.org/10.1016/S1095-6433(00)00336-6
http://dx.doi.org/10.1016/S1095-6433(00)00336-6
http://dx.doi.org/10.1016/S1095-6433(00)00336-6
http://dx.doi.org/10.1111/j.1365-2435.2010.01750.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01750.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01750.x
http://dx.doi.org/10.1016/S0169-5347(01)02124-3
http://dx.doi.org/10.1016/S0169-5347(01)02124-3
http://dx.doi.org/10.1111/j.1461-0248.2008.01258.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01258.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01258.x
http://dx.doi.org/10.1098/rstb.2007.0011
http://dx.doi.org/10.1098/rstb.2007.0011
http://dx.doi.org/10.1098/rspb.2013.2822
http://dx.doi.org/10.1098/rspb.2013.2822
http://dx.doi.org/10.1098/rsbl.2010.0421
http://dx.doi.org/10.1098/rsbl.2010.0421
http://dx.doi.org/10.1098/rsbl.2010.0421
http://dx.doi.org/10.1111/j.1365-2435.2011.01856.x
http://dx.doi.org/10.1111/j.1365-2435.2011.01856.x
http://dx.doi.org/10.1111/j.1365-2435.2011.01856.x
http://dx.doi.org/10.1016/j.anbehav.2014.12.029
http://dx.doi.org/10.1016/j.anbehav.2014.12.029
http://dx.doi.org/10.1016/j.anbehav.2014.12.029
http://dx.doi.org/10.1002/ece3.82
http://dx.doi.org/10.1002/ece3.82
http://dx.doi.org/10.1002/ece3.82
http://dx.doi.org/10.1007/s11154-012-9211-y
http://dx.doi.org/10.1007/s11154-012-9211-y
http://dx.doi.org/10.1007/s11154-012-9211-y
http://dx.doi.org/10.1046/j.1365-2435.2003.00752.x
http://dx.doi.org/10.1046/j.1365-2435.2003.00752.x
http://dx.doi.org/10.1086/657038
http://dx.doi.org/10.1086/657038
http://dx.doi.org/10.1086/657038
http://dx.doi.org/10.1016/j.tree.2012.06.006
http://dx.doi.org/10.1016/j.tree.2012.06.006
http://dx.doi.org/10.1016/j.tree.2012.06.006
http://dx.doi.org/10.1016/j.fct.2008.07.015
http://dx.doi.org/10.1016/j.fct.2008.07.015
http://dx.doi.org/10.1016/j.fct.2008.07.015
http://dx.doi.org/10.1021/jf00121a008
http://dx.doi.org/10.1021/jf00121a008
http://dx.doi.org/10.1021/jf00121a008
http://dx.doi.org/10.1002/bies.201000132
http://dx.doi.org/10.1002/bies.201000132
http://dx.doi.org/10.1002/bies.201000132
http://dx.doi.org/10.1016/j.freeradbiomed.2009.07.014
http://dx.doi.org/10.1016/j.freeradbiomed.2009.07.014
http://dx.doi.org/10.1016/j.freeradbiomed.2009.07.014


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


