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effort could explain such results as Magellanic penguins 
adjust their foraging location to prey availability perform-
ing longer foraging trips during incubation than during 
chick rearing which increases the energy costs and there-
fore imbalance penguins oxidative status. Our results show 
the importance of examining physiological markers such as 
oxidative stress to assess differences during the breeding 
cycle and how the behaviour at sea could explain such dif-
ferences in seabirds.

Introduction

Reproduction is one of the most energy-demanding life-
history stages, nest construction and defences, egg incuba-
tion or chick feeding are energetically costly behaviours 
(Green et  al. 2009); however, life-history demands might 
limit energy allocation to the different activities (Stearns 
1992). To maximize fitness during reproduction, animals 
are assumed to specifically allocate energy to reproduction, 
growth, and metabolism (Roff 1992; Davies et  al. 2012). 
Therefore, the relationship between individual costs and 
reproductive behaviour is a major topic in the study of life-
history strategies.

Birds are iteroparous, that is, adults reproduce repeat-
edly during life, and each reproductive attempt includes 
distinct stages, such as egg laying, incubation and chick 
rearing. Energy demand in each stage is different due to the 
specific requirements, for example, thermal conditions dur-
ing incubation or increased foraging when rearing chicks. 
Previous studies in some penguin species like the Little 
penguin (Eudyptula minor) have shown chick rearing to be 
the most energetically expensive period of the annual ener-
getics cycle (Gales and Green 1990). On the other hand, it 
has been demonstrated that egg formation and incubation 

Abstract  It is expected that activities which require a 
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oxidative unbalance during chick rearing since involves 
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located in Estancia San Lorenzo (42°05′S, 63°49′W), Pen-
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tus unbalanced showing significantly lower antioxidant lev-
els than those rearing chicks. Moreover, oxidative damage 
did not show any significant variation between both breed-
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oxidants can be explained as they have probably depleted 
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also generate costs (see Astheimer and Grau 1985 for ener-
getic consequences of egg formation in Adélie penguin, 
Pygoscelis adeliae), and trade-offs between incubation and 
chick rearing have also been reported in seabirds (Heaney 
and Monaghan 1996). In contrast, another study found 
similar energy expenditure between incubation and chick 
rearing in females of Macaroni penguins (Eudyptes chryso-
lophus; Green et al. 2009).

Oxidative stress is one of the multiple physiological 
consequences of reproduction (Harshman and Zera 2007; 
Costantini 2008; Dowling and Simmons 2009; Monaghan 
et  al. 2009). Normal metabolic activities, such as aerobic 
cell respiration, produce a variety of free radicals as reac-
tive oxygen species (ROS), which according to the free 
radical theory (Harman 1956), damage biomolecules (e.g., 
lipids, proteins and DNA) unless quenched by antioxidants 
(Balaban et al. 2005; Metcalfe and Alonso-Alvarez 2010). 
The accumulation of oxidative damage over time has been 
suggested to be one of the causal agents of ageing, because 
full biological mitigation efficiency (protection and repair 
systems) is not achieved (Beckman and Ames 1998; Finkel 
and Holbrook 2000). Therefore, oxidative stress is defined 
as disturbance in the pro-oxidant-antioxidant balance in 
favour of the former, leading to biomolecular damage 
caused by reactive species attacking the constituent parts of 
living organisms (Halliwell and Gutteridge 2007).

The relationship between the cost of reproduction and oxi-
dative stress has been addressed in several animal species (see 
Alonso-Alvarez et  al. 2004; Wiersma et  al. 2004; Beaulieu 
et al. 2011; Ołdakowski et al. 2012; Costantini et al. 2014a; 
Xu et al. 2014), but the taxonomic variation in reproductive 
strategies results in oxidative stress costs to reproduction 
having various roles (Costantini 2014). Reproductive costs 
compromise future reproduction, self-maintenance, and/or 
growth (Stearns 1989). It has been hypothesized that a heavy 
investment in reproduction would generate an oxidative cost 
resulting in faster somatic deterioration, reducing life expec-
tancy unless antioxidant defenses increase, because resources 
allocated to reproduction are not invested in oxidative stress 
defense (Alonso-Alvarez et  al. 2004; Wiersma et  al. 2004; 
Beaulieu et  al. 2011; Ołdakowski et  al. 2012). However, 
experimental support for this hypothesis has not been clearly 
demonstrated (Metcalfe and Monaghan 2013; Speakman and 
Garratt 2014) due to inadequate experimental designs which 
reflect individual quality or access to resources (see Beaul-
ieu et al. 2011; Ołdakowski et al. 2012) and its focused on 
antioxidants rather than oxidative damage or repair (see 
Alonso-Alvarez et  al. 2004; Wiersma et  al. 2004; Christe 
et al. 2012). Lately, a few experimental demonstrations have 
fulfilled previous biases, although evidence in favour of an 
oxidative cost of reproduction is still vague (Costantini et al. 
2014b; Wegmann et al. 2015). Moreover, environmental con-
ditions or individual quality may stimulate self-maintenance, 

decreasing oxidative damage (Costantini et al. 2014a). Sev-
eral studies relating oxidative stress and reproduction have 
focused on the chick rearing period (for examples, see Cos-
tantini 2014), and little attention has been paid concerning 
the oxidative costs of incubation. However, some studies 
have recently included this period in their studies showing, 
for instance, that oxidative status of incubating Iberian Pied 
Flycatchers (Ficedula hypoleuca iberiae) females did relate 
to egg-attendance behaviour (López-Arrabé et al. 2014), and 
diet quality could affect more the oxidative status of pigeons 
(Columba livia) during chick feeding than while incubation 
(Costantini 2010). In this study, we tested whether two dif-
ferent breeding periods, incubation and chick rearing, which 
demand different energy requirements due to differential 
reproductive behaviour result in an oxidative imbalance in a 
penguin species.

Penguins offer an excellent opportunity for such study due 
to dramatic differences in effort between those two reproduc-
tive stages. In penguins, chick-rearing is the most energeti-
cally expensive period and is particularly extreme towards 
the end of this stage due to chick growth demands (Gales and 
Green 1990). Magellanic penguins (Spheniscus magellani-
cus) breed in large colonies, placing their nests on the sur-
face or underground (digging burrows), and frequently under 
bushes (Bertellotti 2013). After mating, females lay two eggs 
and then, share incubation with the males for around 40 days 
in which both adults go to the sea alternatively (Williams 
1995; Bertellotti 2013). Chicks usually hatch in mid-to-late 
November remaining in the nest around 29  days in which 
parents alternate feeding visits and guard duties, and followed 
by an unattended period of 40–70 days until chicks become 
independent (Williams 1995; Bertellotti 2013).

Since more activity should increase ROS production 
unless antioxidant defences rise, the stronger investment 
during chick rearing should trigger susceptibility to oxi-
dative stress (Alonso-Alvarez et al. 2004; Costantini et al. 
2008; but see Salin et al. 2015 and Speakman and Garratt 
2014 for recent contrasting results showing how complicate 
the link might be). Therefore, we hypothesized that during 
the chick rearing period, which involves a high parental 
investment in activities as chick feeding and greater nest 
protection, oxidative stress should be higher than during 
incubation. Specifically, we predicted higher oxidative 
damage and lower antioxidant defences during chick rear-
ing than during incubation.

Methods

Fieldwork

Fieldwork was conducted in the Magellanic penguin 
colony located in Estancia San Lorenzo (42°05′S, 
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63°51′W), Peninsula Valdes, Argentina, during the 
breeding season of 2014–2015 (November and Decem-
ber of 2014; Fig.  1). The total population size of the 
colony is estimated at about 58,000 breeding pairs 
(Bertellotti 2013). Sixty-five adults were captured at 
the nest, 37 incubating and 28 rearing chicks (26 for 
non-protein thiols due to the lack of two samples). 
All the sampled penguins were nesting under shrubs 
incubating two eggs or rearing two chicks, in order 
to avoid uneven parental efforts. Eggs and chicks 
were kept safe while adults were being handled. After 
manipulation, adults were replaced in the nest, and 
their resumption of care of eggs or chicks was con-
firmed. Immediately after capture, a blood sample was 
taken with a heparinized capillary tube after pricking 
a peripheral foot vein with a sterilized needle. Then, 
they were kept in a cooler and later centrifuged at 
12,000  rpm for 15  min to separate plasma from red 
blood cells, both of which were frozen at −20 °C until 
lab processing. In addition, adults were weighted (to 
the nearest 50 g with a spring balance) and bill length 
and depth were measured (to the nearest 0.1 mm) with 
a digital calliper. Finally, sex was obtained by means 
of discriminant functions based on morphometry (Ber-
tellotti et al. 2002).

Laboratory analyses

Oxidative balance in blood plasma was measured with both 
oxidant and antioxidant components using d-reactive oxy-
gen metabolites (d-ROM) and oxy-adsorbent tests (Diacron 
International, Grosseto, Italy), respectively. The d-ROM 
test measures plasmatic hydroperoxydes, a type of reactive 
oxygen metabolite (ROM) resulting from oxidative damage 
(attack of ROS on organic substrates such as amino acids, 
proteins, nucleotides, etc.). The oxy-adsorbent test meas-
ures the total plasma antioxidant capacity (OXY), quan-
tifying the contribution of a large section of exogenously 
and endogenously synthesised antioxidants by adding a 
highly potent oxidant, hypochlorous acid (HCLO). Then 
the unreacted HCLO radicals can be measured photometri-
cally, because they react with a chromogenic substrate, see 
Beaulieu et al. (2010) for a similar approach. Both d-ROM 
and oxy-adsorbent test procedures were carried out fol-
lowing Beaulieu et  al. (2010) with minor modifications, 
such as using a vortex machine (15 s) and short spins for 
thawed plasma and mixtures (plasma-reagent, calibrator-
reagent and blank-reagent), and incubation with shaking 
(speed 6 of 10) in an Amersham Bioscience Hybridiza-
tion Oven/Shaker for better homogenization. Absorbance 
was read with a spectrophotometer at 37  °C and shaking 

Fig. 1   Map of the study area: a Argentina. b The dot marks the loca-
tion of the San Lorenzo penguin rookery. The foraging distribution 
of Magellanic penguins (Spheniscus magellanicus) during incubation 

is circled (Wilson et al. 2005). The striped circle shows the foraging 
area during chick rearing (Sala et al. 2012a)
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(medium speed) the microplate for a minute before read-
ing at a wavelength of 490  nm (Multi-Mode Microplate 
Reader, Synergy™ HT, BioTek). Measurements are 
expressed as mg H2O2 dL−1 and µmol HClO mL−1 sample 
for the d-ROM and oxy-adsorbent tests, respectively. Both 
d-ROMs and oxy-adsorbent tests were performed using 
microplates where all treatments were evenly distributed 
together with duplicates per each sample, blanks and cali-
brators. Repeatability was calculated for both tests and per 
each plate, d-ROMs and OXY repeatabilities were 98.6% 
(plate I), 97.7% (plate II), 89.2% (plate I) and 85.2% (plate 
II), respectively. Intra-assays coefficients of variation for 
OXY and d-ROMs for plate I and II were 6.41, 10.44, 
12.28 and 8.20%, respectively; and inter-assay coefficients 
of variation for OXY and d-ROMs were 23% and 5.08%.

Total non-protein thiols concentration was determined 
by assessing the thiols group capacity (–SH) for reducing 
5-5′dithiobis-nitrobenzoic acid (DTNB) in plasma. Plasma 
(3  µL) was homogenized with 1  ml HCLO4, then centri-
fuged for 20 min at 3000 rpm and neutralized with Na3PO4 
(0.44  M) to pH7 before adding 50  µL of DTNB 6  mmol 
in NaHCO3 0.5%  w/v. Absorbance was read at 412  nm 
after 30 s (ε 13.6 mmol−1 cm−1). In addition, kidney pro-
tein extracts were used as positive controls and the reac-
tion buffer as blanks. Results are expressed as mmol L−1 of 
total non-protein thiols.

Statistical analyses

All variables were normally distributed (Kolmogorov–
Smirnov test >0.05). Statistical analyses included general 
linear mixed models (GLMMs). GLMMs were performed 
on OXY, ROM, non-protein thiol groups and weight (gr) 
with breeding periods (incubation and guard phase) and 
sex as fixed factors as well as its interaction, and individ-
ual, pair and the plate used in the laboratory analyses as 
random. The mean square (MS) and the degrees of free-
dom (df) of the error terms were estimated following the 
Kenward & Roger method (Kenward and Roger 1997). 
All P-values below 0.05 were considered significant. We 
used the R packages lme4 and lmerTest (Kuznetsova et al. 

2014; Bates et  al. 2015) run under version 3.3.1 to per-
form the GLMMs (R Core Team 2014).

Results

Our results showed that adults during incubation had 
lower antioxidant defences than while rearing chicks. 
Antioxidant defences, total antioxidant capacity (OXY) 
and non-protein thiols, were significantly lower dur-
ing incubation (Table  1; Figs.  2, 3). Furthermore, nei-
ther sex nor the interaction between sex and breeding 
period showed any significant effect in the level of anti-
oxidant defences (Table  1). Oxidative damage (ROM) 
did not show significant differences in any factor ana-
lysed between periods (Table  1). Finally, adults during 
incubation were significantly heavier than while rearing 
chicks (F1,48.714  =  18.429, P  <  0.001; incubation and 
chick rearing mean weight ±  SD =  4248.65 ±  774.46 
g, n  =  37 and 3691.67  ±  532.64  g, n  =  27, respec-
tively). Moreover, male weighted significantly more than 

Table 1   Results of a general mixed ANOVA GLMM, examining the effects of Magellanic penguin breeding periods and sex on oxidative status 
(total antioxidant capacity, OXY; and oxidative damage, ROM) and non-protein thiols

Denominator degrees of freedom follow the Kenward–Roger approach to GLMM

Significant differences (P < 0.05) marked in bold. For more details see the “Methods” section

OXY ROM Non-protein thiols

Estimate DF F P Estimate DF F P Estimate DF F P

Period 13.935 1,48.35 4.907 0.032 −0.163 1,49.002 0.045 0.833 12.273 1,44.0 13.134 <0.001

Sex −6.944 1,43.077 1.134 0.293 −0.335 1,42.414 0.163 0.689 4.808 1,43.366 2.042 0.16

Period × sex 4.423 1,49.223 0.496 0.485 −0.852 1,49.196 1.242 0.271 0.619 1,43.829 0.035 0.853

Fig. 2   Total antioxidant capacity (OXY, µmol HClO  mL−1) differ-
ences between reproductive periods in Magellanic penguins (Sphenis-
cus magellanicus). Squares show model-predicted means ± standard 
errors
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females (F1,43.270 = 50.249, P < 0.001; male and female 
mean weight ± SD = 4440.71 ± 680.67 g, n = 35 and 
3498.28 ± 376.66 g, n = 29, respectively). Nevertheless, 
the interaction of sex and breeding period did not show 
significant differences for the weight of the penguins 
(F1,48.714 = 2.567, P = 0.116).

Discussion

Incubation and chick rearing require different energy 
demands due to the particular behaviour in each, such as 
maintaining thermal conditions during incubation or chick 
feeding after hatching. In penguins, energy expenditure 
during chick rearing seems to be high due to chick growth 
demands which oblige adults to go to sea and back to the 
colony very frequently to feed them (Davis et  al. 1989; 
Gales and Green 1990). On the contrary, incubation is 
considered a period of lower energy expenditure, although 
costs of egg formation and thermal demands of eggs dur-
ing incubation have been demonstrated (Astheimer and 
Grau 1985; Moreno and Carlson 1989; Monaghan and 
Nager 1997 and references therein; Reid et  al. 2000; Vis-
ser and Lessells 2001). Indeed, energy use during incuba-
tion and chick care from different penguin species showed 
that the former might be only 1–2 times the basal metabolic 
rate whereas the latest might be even four times (Croxall 
1982; Moreno and Sanz 1996). Based on these differences 
in activity, a higher oxidative cost would be expected dur-
ing the chick rearing period. Surprisingly, our results did 
not support this prediction. We found that both antioxidant 
defences analysed (OXY and non-protein thiols) were sig-
nificantly lower during incubation, although no difference 
was found for oxidative damage. Antioxidant defences 

contribute to the prevention of pro-oxidants and to their 
blockage once formed to avoid oxidative damage (Sies 
2007). Even though defences are essential, complete effi-
ciency is never achieved, and therefore, ROS might dam-
age biomolecules such as lipids, proteins and DNA (Beck-
man and Ames 1998; Sies 2007; Selman et al. 2012). The 
metabolic dynamics of oxygen radicals generates oxidants, 
decreases antioxidant defences and results in damage to the 
organism (Beckman and Ames 1998). Hence, our results 
suggest that incubation would be a more demanding situ-
ation in terms of oxidative balance, as we have found a 
reduction in the antioxidant defences probably as a con-
sequence of a limitation of oxidative damage by ROS. In 
contrast, a study on Macaroni penguins (E. chrysolophus) 
found similar energy expenditure throughout all the breed-
ing period including incubation and chick rearing (Green 
et  al. 2009). Furthermore, our results showed no signifi-
cant differences for sex or its interaction with breeding 
period, which suggests there is no sex-bias in oxidative sta-
tus in either of the studied periods in contrast with energy 
expenditure findings (Davis et al. 1989).

Our results could be explained by a differential forag-
ing effort at sea, and thereby different energy expendi-
ture, which might result in an oxidative imbalance (Cos-
tantini et  al. 2008; Green et  al. 2009; Beaulieu et  al. 
2010). Different foraging efforts for incubation and 
chick rearing have been recorded in Magellanic pen-
guin throughout its distribution (Wilson et al. 2005; Sala 
et al. 2012a). At Isla Martillo, Beagle Channel, penguins 
made longer foraging trips during incubation than while 
brooding (Rey et  al. 2012). Similarly, incubating adults 
at Punta Tombo, Argentina, also showed longer foraging 
trips while brooding than during chick rearing, suggest-
ing increased probability of encountering their preferred 
prey (Walker and Boersma 2003). In our study area, this 
seems to be the case, as Magellanic penguins perform 
longer foraging excursions during incubation than dur-
ing chick rearing (Wilson et al. 2005; Sala et al. 2012a; 
Fig.  1). These excursions fit to the stocks of their main 
prey, anchovies. During the incubation period (October–
November), the main anchovy stock, the Bonaerense, is 
found from Southern Brazil to 41°S, while during chick 
rearing (December), the major anchovy stock is located 
in the central Patagonian maritime front area (41°S–47°S; 
Pastous Madureira et al. 2009; Pájaro et al. 2011). There-
fore, our results suggest that a greater foraging effort was 
made to feed on the Bonaerense stock during incubation, 
which would increase the metabolic rate and likely trig-
ger higher production of ROS resulting in oxidative dam-
age. However, we have not detected such situation proba-
bly due to the use of antioxidants resulting in a depletion 
of their own levels as our results show. Thus, feeding 
plasticity of Magellanic penguins as a consequence of the 

Fig. 3   Total differences in non-protein thiol groups (mmol  L−1) 
between reproductive periods in Magellanic penguins (Spheniscus 
magellanicus). Squares show model-predicted means  ±  standard 
errors
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availability of their prey (see Sala et al. 2012a, 2014; Sci-
oscia et al. 2014 for examples) could explain the oxida-
tive imbalance found between breeding periods. Previous 
studies have related energetically demanding activities 
which increase metabolic rate, with an oxidative imbal-
ance (Butler et  al. 2016; Ziomkiewicz et  al. 2016). For 
instance, Costantini et  al. (2008) found a close relation-
ship between the flight effort and the oxidative status in 
homing pigeons (C. livia). However, the precise mecha-
nism linking metabolic rate to increase oxidative damage 
is far to be simple and therefore more research is needed 
(Speakman and Garratt 2014; Salin et al. 2015).

Food deprivation during incubation shifts and its conse-
quences may also explain our results. Recent studies have 
showed the link between prolonged fasting and oxidative 
stress in birds. Indeed, a progressive body mass reduction 
and antioxidants depletion has been found in different spe-
cies during long-term fasting (Sylvie et al. 2012; Barbosa 
et  al. 2013; Schull et  al. 2016). However, this seems not 
be the case in our study as we did not found a lower body 
mass for incubating individuals as expected if they were in 
a prolonged fasting situation. Further, the minimum Magel-
lanic penguin weight occurs at the end of incubation (male 
3060  g and females 2300  g; P. D. Boersma, unpublished 
data in Williams 1995) which is considerably lower than 
the weight in our sampled birds during incubation. There-
fore, based on the weights of our sampled individuals, we 
assume that we sampled the incubating penguins at the 
beginning of fasting.

Our results might also be explained based on likely dif-
ferent diet composition between both study periods. Nutri-
tion influences the physiology of organisms in several 
ways. Diet is a source of antioxidants mitigating ROS dam-
age (Surai 2002; Hulbert 2005; Pamplona and Barja 2007). 
Dietary antioxidants (e.g., vitamins and carotenoids) have 
a major role in the entire antioxidant network, and because 
birds cannot synthesise carotenoids, its efficiency may be 
affected by its diet (Goodwin 1984; Catoni et al. 2008 and 
references therein; Cohen et  al. 2009). For instance, diet 
quality impacts on the oxidative status of birds (Costantini 
2010). However, we can rule out such explanation as in our 
study area, Magellanic penguins fed exclusively on ancho-
vies (Engraulis anchoita) in both study periods, accounting 
for 90 or more percent of the diet (Wilson et al. 2005; Sala 
et al. 2012b).

An alternative interpretation to the antioxidant findings 
is that these compounds are upregulated during the chick 
rearing period to cope with the higher free radical produc-
tion due to foraging effort or remobilization of antioxidants 
among tissues over the transition from incubation to the 
chick rearing phase. However, the likely differences in for-
aging during both periods as shown above seem to exclude 
this explanation.

Finally, our results show that no oxidative damage dif-
ferences were found between breeding periods. We sug-
gest that the antioxidant barrier could be the responsible of 
this situation as antioxidants have been acting by limiting 
oxidative damage producers and showing no differences 
between periods (Gaál et  al. 2006). In addition, since the 
detection of an oxidative cost of parental care might be 
affected by the sampling time (see Losdat et al. 2011), oxi-
dative damage differences could not be found due to a lack 
of time to become detectable or because damage have been 
cleaned up after its occurrence (Costantini et al. 2014b).

In conclusion, our results suggest that antioxidant 
defences (OXY and non-protein thiols) decrease during 
incubation for Magellanic penguins. Hence, plasticity in 
foraging behaviour of Magellanic penguins in response to 
the availability of prey around the breeding colony could be 
the most likely explanation triggering oxidative susceptibil-
ity between breeding periods due to a probable difference 
in the foraging effort. Further research integrating oxidative 
physiology and foraging ecology during breeding periods 
would be necessary to confirm our suggestion.

Acknowledgements  Export and import permits for biological sam-
ples were acquired from government authorities in both Argentina and 
Spain. We thank D. A. Saban and A. Medina Vanina for field assis-
tance and laboratory advice, respectively, Dominic L. Cram for help-
ful comments on an early version of the paper and finally, our thanks 
to E. Serrano-Davies for her help drawing the maps. Deborah Ful-
dauer corrected the English language usage. This study was funded by 
the Spanish Ministry of Economy and Competitiveness (CTM2011-
24427) and Multiannual Research Projects-CONICET (PIP 112-
20110100680). RCC received financial aid from an FPI and a mobil-
ity grant from the Spanish Ministry of Economy and Competitiveness 
(BES2012-059299 and EEBB-I-14-078877), and EC has a CONICET 
doctoral fellowship. This study is a contribution to the PINGUCLIM 
project.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  This article does not contain any studies with 
human participants. All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed. All 
animal handling and experimental procedures were approved by the 
Office of Tourism and Protected Areas of Chubut Province and Fauna 
and Flora Department, Argentina.

References

Alonso-Alvarez C, Bertrand S, Devevey G, Prost J, Faivre B, 
Sorci G (2004) Increased susceptibility to oxidative stress 
as a proximate cost of reproduction. Ecol Lett 7:363–368. 
doi:10.1111/j.1461-0248.2004.00594.x

http://dx.doi.org/10.1111/j.1461-0248.2004.00594.x


Mar Biol  (2017) 164:99 	

1 3

Page 7 of 8   99 

Astheimer LB, Grau CR (1985) The timing and energetic conse-
quences of egg formation in the Adélie penguin. Condor 
87:256–268. doi:10.2307/1366891

Balaban RS, Nemoto S, Finkel T (2005) Mitochondria, oxidants, 
and aging. Cell 120:483–495. doi:10.1016/j.cell.2005.02.001

Barbosa A, Palacios MJ, Negro JJ, Cuervo JJ (2013) Plasma carote-
noid depletion during fasting in moulting penguins. J Ornithol 
154:559–562. doi:10.1007/s10336-012-0918-z

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67:1–48

Beaulieu M, Ropert-Coudert Y, Le Maho Y, Ancel A, Criscuolo F 
(2010) Foraging in an oxidative environment: relationship 
between delta C-13 values and oxidative status in Adelie pen-
guins. Proc R Soc B Biol Sci 277:1087–1092. doi:10.1098/
rspb.2009.1881

Beaulieu M, Reichert S, Le Maho Y, Ancel A, Criscuolo F (2011) 
Oxidative status and telomere length in a long-lived bird fac-
ing a costly reproductive event. Funct Ecol 25:577–585. 
doi:10.1111/j.1365-2435.2010.01825.x

Beckman KB, Ames BN (1998) The free radical theory of aging 
matures. Physiol Rev 78:547–581

Bertellotti M (2013) Magellanic penguin. Patagonian Ambassador. 
Vazquez Mazzini Editores, Ciudad Autónoma de Buenos Aires

Bertellotti M, Tella JL, Godoy JA, Blanco G, Forero MG, 
Donázar JA, Ceballos O (2002) Determining sex of 
Magellanic penguins using molecular procedures 
and discriminant functions. Waterbirds 25:479–484. 
doi:10.1675/1524-4695(2002)025[0479:DSOMPU]2.0.CO;2

Butler MW, Lutz TJ, Fokidis HB, Stahlschmidt ZR (2016) Eat-
ing increases oxidative damage in a reptile. J Exp Biol. 
doi:10.1242/jeb.138875

Catoni C, Peters A, Martin Schaefer H (2008) Life history trade-
offs are influenced by the diversity, availability and interac-
tions of dietary antioxidants. Anim Behav 76:1107–1119. 
doi:10.1016/j.anbehav.2008.05.027

Christe P, Glaizot O, Strepparava N, Devevey G, Fumagalli L 
(2012) Twofold cost of reproduction: an increase in parental 
effort leads to higher malarial parasitaemia and to a decrease 
in resistance to oxidative stress. Proc R Soc B Biol Sci 
279:1142–1149. doi:10.1098/rspb.2011.1546

Cohen AA, McGraw KJ, Robinson WD (2009) Serum antioxidant 
levels in wild birds vary in relation to diet, season, life his-
tory strategy, and species. Oecol 161:673–683. doi:10.1007/
s00442-009-1423-9

Costantini D (2008) Oxidative stress in ecology and evolu-
tion: lessons from avian studies. Ecol Lett 11:1238–1251. 
doi:10.1111/j.1461-0248.2008.01246.x

Costantini D (2010) Effects of diet quality on serum oxidative 
status and body mass in male and female pigeons during 
reproduction. Comp Biochem Physiol A Mol Integr Physiol 
156:294–299. doi:10.1016/j.cbpa.2010.02.021

Costantini D (2014) Oxidative stress and hormesis in evolutionary 
ecology and physiology. A marriage between mechanistic and 
evolutionary approaches. Springer, Berlin

Costantini D, Dell’ariccia G, Lipp HP (2008) Long flights and age 
affect oxidative status of homing pigeons (Columba livia). J 
Exp Biol 211:377–381. doi:10.1242/jeb.012856

Costantini D, Bonisoli-Alquati A, Rubolini D, Caprioli M, Ambro-
sini R, Romano M, Saino N (2014a) Nestling rearing is 
antioxidant demanding in female barn swallows (Hirundo 
rustica). Naturwissenschaften 101:541–548. doi:10.1007/
s00114-014-1190-2

Costantini D, Casasole G, Eens M (2014b) Does reproduction 
protect against oxidative stress? J Exp Biol 217:4237–4243. 
doi:10.1242/jeb.114116

Croxall JP (1982) Energy costs of incubation and moult in petrels 
and penguins. J Anim Ecol 51:177–194. doi:10.2307/4318

Davies NB, Krebs JR, West SA (2012) An introduction to behav-
ioural ecology. Wiley-Blackwell, Chicester

Davis RW, Croxall JP, O’Connell MJ (1989) The reproductive ener-
getics of gentoo (Pygoscelis papua) and macaroni (Eudyptes 
chrysolophus) penguins at South Georgia. J Anim Ecol 58:59–
74. doi:10.2307/4986

Dowling DK, Simmons LW (2009) Reactive oxygen species as uni-
versal constraints in life-history evolution. Proc R Soc B Biol 
Sci 276:1737–1745. doi:10.1098/rspb.2008.1791

Finkel T, Holbrook NJ (2000) Oxidants, oxidative stress and the 
biology of ageing. Nature 408:239–247

Gaál T, Ribiczeyné-Szabó P, Stadler K, Jakus J, Reiczigel J, Kövér 
P, Mézes M, Sümeghy L (2006) Free radicals, lipid peroxida-
tion and the antioxidant system in the blood of cows and new-
born calves around calving. Comp Biochem Physiol B Bio-
chem Mol Biol 143:391–396. doi:10.1016/j.cbpb.2005.12.014

Gales R, Green B (1990) The annual energetics cycle of Lit-
tle penguins (Eudyptula minor). Ecol 71:2297–2312. 
doi:10.2307/1938641

Goodwin TW (1984) The biochemistry of the carotenoids. Volume 
II. Animals. Chapman and Hall, New York

Green JA, Boyd IL, Woakes AJ, Warren NL, Butler PJ (2009) 
Evaluating the prudence of parents: daily energy expenditure 
throughout the annual cycle of a free-ranging bird, the maca-
roni penguin Eudyptes chrysolophus. J Avian Biol 40:529–538. 
doi:10.1111/j.1600-048X.2009.04639.x

Halliwell BH, Gutteridge JMC (2007) Free radicals in biology and 
medicine. Oxford University Press, Oxford

Harman D (1956) Aging: a theory based on free radical and radia-
tion chemistry. J Gerontol 11(3):298–300

Harshman LG, Zera AJ (2007) The cost of reproduction: the devil 
in the details. Trends Ecol Evol 22:80–86. doi:10.1016/j.
tree.2006.10.008

Heaney V, Monaghan P (1996) Optimal allocation of effort between 
reproductive phases: the trade-off between incubation costs 
and subsequent brood rearing capacity. Proc R Soc B Biol Sci 
263:1719–1724. doi:10.1098/rspb.1996.0251

Hulbert AJ (2005) On the importance of fatty acid composi-
tion of membranes for aging. J Theor Biol 234:277–288. 
doi:10.1016/j.jtbi.2004.11.024

Kenward MG, Roger JH (1997) Small sample inference for fixed 
effects from restricted maximum likelihood. Biometrics 
53:983–997. doi:10.2307/2533558

Kuznetsova A, Brockhoff PB, Christensen RHB (2014) lmerTest: 
test for random and fixed effects for linear mixed effect mod-
els. R package version 2.0-20. https://cran.r-project.org/web/
packages/lmerTest/index.html

López-Arrabé J, Cantarero A, Pérez-Rodríguez L, Palma A, Moreno 
J (2014) Plumage ornaments and reproductive investment 
in relation to oxidative status in the Iberian Pied Flycatcher 
(Ficedula hypoleuca iberiae). Can J Zool 92:1019–1027. 
doi:10.1139/cjz-2014-0199

Losdat S, Helfenstein F, Gaude B, Richner H (2011) Reproductive 
effort transiently reduces antioxidant capacity in a wild bird. 
Behav Ecol 22:1218–1226. doi:10.1093/beheco/arr116

Metcalfe NB, Alonso-Alvarez C (2010) Oxidative stress as a life-
history constraint: the role of reactive oxygen species in shap-
ing phenotypes from conception to death. Funct Ecol 24:984–
996. doi:10.1111/j.1365-2435.2010.01750.x

Metcalfe NB, Monaghan P (2013) Does reproduction cause oxida-
tive stress? An open question. Trends Ecol Evol 28:347–350. 
doi:10.1016/j.tree.2013.01.015

http://dx.doi.org/10.2307/1366891
http://dx.doi.org/10.1016/j.cell.2005.02.001
http://dx.doi.org/10.1007/s10336-012-0918-z
http://dx.doi.org/10.1098/rspb.2009.1881
http://dx.doi.org/10.1098/rspb.2009.1881
http://dx.doi.org/10.1111/j.1365-2435.2010.01825.x
http://dx.doi.org/10.1675/1524-4695(2002)025%5B0479:DSOMPU%5D2.0.CO;2
http://dx.doi.org/10.1242/jeb.138875
http://dx.doi.org/10.1016/j.anbehav.2008.05.027
http://dx.doi.org/10.1098/rspb.2011.1546
http://dx.doi.org/10.1007/s00442-009-1423-9
http://dx.doi.org/10.1007/s00442-009-1423-9
http://dx.doi.org/10.1111/j.1461-0248.2008.01246.x
http://dx.doi.org/10.1016/j.cbpa.2010.02.021
http://dx.doi.org/10.1242/jeb.012856
http://dx.doi.org/10.1007/s00114-014-1190-2
http://dx.doi.org/10.1007/s00114-014-1190-2
http://dx.doi.org/10.1242/jeb.114116
http://dx.doi.org/10.2307/4318
http://dx.doi.org/10.2307/4986
http://dx.doi.org/10.1098/rspb.2008.1791
http://dx.doi.org/10.1016/j.cbpb.2005.12.014
http://dx.doi.org/10.2307/1938641
http://dx.doi.org/10.1111/j.1600-048X.2009.04639.x
http://dx.doi.org/10.1016/j.tree.2006.10.008
http://dx.doi.org/10.1016/j.tree.2006.10.008
http://dx.doi.org/10.1098/rspb.1996.0251
http://dx.doi.org/10.1016/j.jtbi.2004.11.024
http://dx.doi.org/10.2307/2533558
https://cran.r-project.org/web/packages/lmerTest/index.html
https://cran.r-project.org/web/packages/lmerTest/index.html
http://dx.doi.org/10.1139/cjz-2014-0199
http://dx.doi.org/10.1093/beheco/arr116
http://dx.doi.org/10.1111/j.1365-2435.2010.01750.x
http://dx.doi.org/10.1016/j.tree.2013.01.015


	 Mar Biol  (2017) 164:99 

1 3

 99   Page 8 of 8

Monaghan P, Nager RG (1997) Why don’t birds lay more 
eggs? Trends Ecol Evol 12:270–274. doi:10.1016/
S0169-5347(97)01094-X

Monaghan P, Metcalfe NB, Torres R (2009) Oxidative stress 
as a mediator of life history trade-offs: mechanisms, 
measurements and interpretation. Ecol Lett 12:75–92. 
doi:10.1111/j.1461-0248.2008.01258.x

Moreno J, Carlson A (1989) Clutch size and the costs of incubation 
in the pied flycatcher Ficedula hypoleuca. Ornis Scand 20:123–
128. doi:10.2307/3676879

Moreno J, Sanz JJ (1996) Field metabolic rates of breeding Chinstrap 
penguins (Pygoscelis antarctica) in the South Shetlands. Physiol 
Zool 69:586–598
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