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Abstract 

The environmental conditions experienced during early life may influence the capacity to 

face trade-offs during adulthood. Adverse early conditions may increase oxidative stress 

of adults, which could in turn affect to its reproductive output and survival. It has been 

hypothesized that the larger the reproductive investment, the higher the oxidative stress 

level. We tested this and the potential influence of early development oxidative stress 

conditions on the way in which individuals afford that reproductive cost. The antioxidant 

(glutathione) levels of captive zebra finches (Taeniopygia guttata) were manipulated 

during early development. In adulthood, the males were individually housed in cages with 

other male or with a female. Males and females were separated by a grille only allowing 

visual and acoustic contact. Before the social manipulation, birds from both sexes whose 

antioxidant levels were reduced showed redder bills compared to controls, females also 

being heavier. We assume that males housed with females should invest more in 

reproductive traits such as sexual signals. We predicted that the males enduring lower 

early antioxidant levels and housed with a female should experience the highest 

oxidative damage compared to other male groups. Contrarily to our prediction, the early 

environment did not directly affect to the focus male, but across the partner. Males 

housed with a female rose circulating carotenoid levels, but only when that female 

endured low antioxidant amounts during growth. We suggest that male carotenoid 

mobilization could be related to the higher attractiveness of those females. However, no 

difference in male bill redness was detected. Surprisingly, males housed with females 

from any early condition group decreased their plasma lipid peroxidation levels. This 

unpredicted result did however agree with recent experiments in rodents, also under 

captivity. Nevertheless, we show here that the difference can be due to body mass gain 

and higher plasma lipid (triglycerides) levels among males housed with males. The 

findings highlight the importance of considering the housing conditions when studying 

oxidative stress-related life history trade-offs.  

Key words 

Early development conditions, oxidative stress, cost of reproduction, sexual signaling, 

carotenoids, social context, status signaling theory. 
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Introduction  

The environmental conditions experienced during early development may exert strong 

effects on the adult phenotype thanks to developmental plasticity (West-Eberhard 2003). 

It is also known that the earlier the age at which the environmental conditions affect the 

organism, the stronger and long-lasting the effects on the adult phenotype (Metcalfe and 

Monaghan 2001; Rinaudo and Wang 2012). These early development effects may 

influence a large number of traits of adults, including morphology, physiology and 

behavior (e.g. Spencer et al. 2003; Naguib and Nemetz 2007; Rinaudo and Wang 2012). 

Among all these modifications, it has been shown that adverse early conditions may 

increase oxidative stress in adulthood (e.g. Luo et al. 2006; Tarry-Adkins et al. 2009; 

Metcalfe and Alonso-Álvarez 2010).  

Oxidative stress is usually defined as the imbalance between the production of 

pro-oxidative compounds by the cell metabolism and immune system and the state of the 

antioxidant machinery (Halliwell and Gutteridge 2007). Oxidative stress has attracted the 

attention of biomedicine as it is associated with important diseases in humans (e.g. 

cancer) and accelerated senescence in different organisms (Kirkwood and Austad 2000; 

Halliwell and Gutteridge 2007; Yan 2014). 

Early development conditions may influence the survival prospects, but also the 

reproductive investments (e.g. Lindstrom 1999; Vincenzi et al. 2013; Zedrosser et al. 

2013). Reproduction is an energy-demanding process that usually implies a cost for the 

individual in terms of a decline in subsequent fecundity or survival (Reznick 1992; 

Stearns 1992, 2011). It is commonly postulated that individuals of iteroparous species 

face a trade-off between investing limiting resources to self-maintenance vs. current 

reproduction (Stearns 1992; Roff 1992; Alonso-Álvarez and Velando 2012). The oxidative 

stress could be a component of that reproductive cost (Salmon et al. 2001; Alonso-

Álvarez et al. 2004a). However, its role in the trade-off is less evident because higher 

oxidative stress could merely arise from an increase in cell metabolism, that is, by 

generating higher levels of pro-oxidative molecules, and not by involving resources 

(Alonso-Álvarez et al. 2004a). Nonetheless, the antioxidant molecules could act as 

limiting resources. Thus, a trade-off in the investment of dietary antioxidants (e.g. some 

vitamins and carotenoids) in protecting the organism (the soma) vs. in defending 

reproductive components such as gametes (e.g. sperm protection) or embryos (e.g. in 
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the egg yolk) was also suggested (Blount et al. 2000; Velando et al. 2008; Pike et al. 

2009). 

The oxidative cost of reproduction has recently been questioned as a 

consequence of inconsistencies among the few studies experimentally testing the 

hypothesis (reviewed in Stier et al. 2012; Metcalfe and Monaghan 2013 and Speakman 

and Garratt 2013). One of the main criticisms is the scarcity of studies testing the result 

of the oxidative imbalance, that is, the oxidative damage on the main biomolecules 

(Metcalfe and Monaghan 2013). We should, nonetheless, consider the more abundant 

literature on the role of oxidative stress in the production of secondary sexual traits, 

which are indeed a component of the reproductive investment.  

Sexual secondary traits should be costly when they evolve as signals of individual 

quality. Only the better individuals would be able to optimally express these traits, a fact 

that should assure its reliability as signals of individual condition (i.e. the handicap theory, 

Zahavi 1975; Grafen 1990). A trade-off between investing antioxidants to the production 

of sexual signals and self-maintenance was accordingly proposed (Møller et al. 2000; 

Metcalfe and Alonso-Álvarez 2010). Such a trade-off is mostly be based on the fact that 

certain pigments used in many yellow-to-red secondary sexual traits (i.e. carotenoids) as 

well as other antioxidants used in protecting them from oxidative bleaching (e.g. vitamin 

A, C and E) are only obtained by the diet, being scarce in food and also acting as 

powerful antioxidants (Møller et al. 2000; Hartley and Kennedy 2004; Pérez-Rodriguez 

2009). Melanins in sexual signals have similarly been related to oxidative stress. The 

synthesis of yellowish-to-reddish melanins (pheomelanins) depends on the availability of 

sulfur-containing amino acids in the diet, which are simultaneously required for 

synthesizing an important intracellular antioxidant (i.e. glutathione; Galván and Alonso-

Álvarez 2009; Galván and Solano 2009), whereas the synthesis of grey-to-black 

melanins (eumelanins) requires low glutathione levels to be triggered, and a good 

availability of alternative antioxidants to compensate that effect (Galvan and Alonso-

Álvarez 2008). 

The few number of studies experimentally assessing the overall cost of 

reproduction in terms of oxidative damage (reviewed in Stier et al. 2012, Metcalfe and 

Monaghan 2013 and Speakman and Garratt 2013) did not address how early 

development condition influence the outcome. However, several studies analyzed the 
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impact of early oxidative stress conditions on the oxidative costs associated to the adult 

expression of antioxidant-dependent sexual signals involved in mate choice (i.e. Alonso-

Álvarez and Galván 2011; Orledge et al. 2012; Romero-Haro and Alonso-Álvarez 2015). 

Nonetheless, other selection contexts independent of the sex of the animal (e.g. Tobias 

et al. 2012) could also be involved.  

Signals revealing dominance and/or fighting ability in any intra- or inter-sexual 

contexts may reduce the costs of combats with a predictable outcome (Smith and Harper 

2003; Searcy and Nowicki 2005). The status signaling hypothesis (i.e. Rohwer 1975) 

predicts escalated conflicts when both opponents maintain similar signaling level (e.g. 

Chaine et al. 2011). Animals could avoid this by modulating their investment in signal 

expression. For instance, males can increase coloration to signal superior quality to deter 

rivals (e.g. Dijkstra et al. 2007), but also reduce signaling to avoid conflicts with more 

powerful opponents (e.g. Candolin 1999).  

Here, we analyzed the hypothesis that reproduction (at least some reproductive 

components) implies a cost in terms of oxidative damage, early development conditions 

influencing the way in which individuals afford that cost. We used a captive population of 

zebra finches (Taeniopygia guttata). In this bird species, the color of the bill is generated 

by carotenoid pigments (McGraw and Toomey 2010), and color intensity play a role in 

mate choice and reproductive decisions (Simons et al. 2011a, and references therein). 

We studied the effects of partially inhibiting the synthesis of a key intracellular antioxidant 

(glutathione) on a large sample of birds (N = 409) during their first days of life. We 

previously described (i.e. Romero-Haro and Alonso-Álvarez 2015) that these birds 

produced redder bills, females being also heavier at adulthood than controls. We 

proposed that such findings revealed a higher investment in early reproduction, 

considering the life history trade-off theory (Braendle et al. 2011) and assuming that early 

oxidative stress should reduce life expectancy (see the Harman’s [1956] free radical 

theory of aging; see also e.g. Sohal and Orr 2012 and Barja 2013).  

In the present study, we manipulated the social environment of a large subsample 

(n = 262) of those adult birds, testing the consequences on the color, morphology and 

oxidative stress level of males (n = 144). We firstly verified that the morphological and 

color differences described on the whole of the sample (i.e. Romero-Haro and Alonso-

Álvarez 2015) remained in the subsample. Afterwards, each male was housed in a cage 
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with other male as a partner or, instead, with a female. The two birds in each cage were 

separated by a grille that allowed visual, acoustic and even some physical contact. We 

predict that males housed with a female should experience reproductive costs compared 

to males paired with same-sex birds. We assume that reproductive costs should be 

circumscribed to the production of primary (e.g. Mantei et al. 2008) or secondary (e.g. 

Gautier et al 2008) sexual traits, but not to copulation, nest building, nestling feeding, 

protection, etc. On the basis of Gautier et al.’s (2008) findings on the same species we 

also predict that males housed with females should invest stronger in bill coloration and, 

accordingly, circulate more carotenoid pigments in blood. The same birds should 

experience higher levels of oxidative stress due to allocation of antioxidants to 

mechanisms involved in color generation, and lose more body mass due to higher energy 

demands compared to males housed with males. We predict that males that supported 

lower antioxidant levels during early life should be constrained to afford these 

investments (Metcalfe and Alonso-Álvarez 2010), paying relatively higher oxidative costs, 

and perhaps losing more body mass during the experiment. Alternatively, the same 

individuals could invest more in sexual signaling to obtain short-term fitness returns at the 

expense of the antioxidant status and body mass (e.g. Lee et al. 2014). Furthermore, 

since the bill color also reveals the female fecundity (Simons et al 2012a), the male 

reproductive investment should be higher when housed with the redder females (i.e. 

those enduring low glutathione levels in early life) to obtain better fitness returns. Finally, 

the results could also be affected by the early development conditions of the partner, but 

independently of its sex. In that case, males faced with individuals of their same early 

condition treatment should share a similar signaling level and, hence, similar social 

status. Following the status signaling theory (Rohwer 1975), such males could change 

their signaling level or pay costs derived from a higher conflict level (here as increased 

oxidative stress or body mass loss).  

 

Material and methods 

Experimental design 

The study was performed in indoor aviaries located at Dehesa Galiana experimental 

facilities (Ciudad Real, Spain). Eighty randomly formed zebra finch pairs were placed in 

breeding cages (0.6 x 0.4 x 0.4 m) with a nestbox (11 x 13 x 13cm), receiving water and 
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food (a commercial mix of seeds; KIKI, Callosa de Segura, Spain) ad libitum. 

Temperature (mean 22 ± 1ºC) and light-dark daily cycles (16L: 8D) were controlled for. 

The pairs bred over a five-month period. Twelve pairs did not breed during the 

experiment, 22 pairs reproduced once, 22 pairs reproduced twice, 21 three times and 

three pairs produced four broods. Reproduction was monitored every two days. 

The chronogram is shown in Fig. 1. The early environment of the birds was 

manipulated when nestlings reached a minimum body mass of 3 g (mean ± SE: 4.82 g ± 

0.03). Half of the nestlings in a brood were randomly assigned to a treatment receiving 

DL-buthionine-S,R-sulfoximine (BSO; Sigma, ref. B2640) diluted in sterilized serum (n = 

206) and the other half (n = 203) received sterilized serum only (controls). Details are 

fully described in Romero-Haro and Alonso-Álvarez (2015). Briefly, we randomly 

allocated a treatment to the heaviest chick in a brood and then successively alternated 

the treatment category among its siblings (e.g., control, BSO, control, BSO). The BSO 

dose was previously calculated from a pilot experiment that was, in turn, based on a 

previous work in great tit (Parus major) nestlings (Galvan and Alonso-Álvarez 2008). The 

pilot study involved ten breeding zebra finch pairs and 26 nestlings. Total glutathione 

(tGSH) in erythrocytes was determined in 14d old pilot nestlings (below). The dose 

producing a moderate but significant decrease in tGSH was chosen (i.e. 50 mg BSO per 

mL of serum). In the definitive experiment, a volume of 0.06 mL of the solution or serum 

only was subcutaneously injected in the back every two days from six to twelve days old 

(i.e., four injections; see also Galvan and Alonso-Álvarez 2008). Thus, BSO chicks 

received a total of 12 mg BSO. A blood sample was collected for each bird eight days 

after the start of the injection (14d old). 
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Fig. 1. Chronogram showing the different steps of the experiment. Birds were always housed in 

cages excepting the period from independence to the start of the social environment 

experiment. 

Males and females were separately housed in different rooms (2.80 x 3 x 2.50 m 

each one) when they approximately reached 40 days of age (mean ± SE: 39d ± 0.12), i.e. 

an age where all the birds were independent (Zann 1996; Alonso-Álvarez et al. 2006). 

The aviaries had also controlled temperatures (mean 22 ± 1ºC), food and water ad 

libitum, and were not acoustically isolated. 

Birds were placed in cages when they reached about 100 days of age (mean ± 

SE: 97.8 days ± 0.84). The cages (60 cm width, 28 cm long and 27 cm high) were 

symmetrically divided by a grille producing two identical compartments that included 

water and food (see above) ad libitum. One bird was placed at each side of the cage, 

birds in the same cage being in visual contact (Fig. 2). Some cages included one male 

and one female (mixed social environment), whereas other cages included two males 

only. The males were randomly assigned to one of the two social environments. The 

early condition treatments (BSO or control) were balanced between males in different 

social environments (see Results). Birds placed in the same cage had not the same 

parents. 
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Fig. 2. Male with a female partner in a cage divided by a grille. 

Thirty six cages were distributed in four rooms (2.80 x 3 x 2.50 m each one). Two 

rooms included mixed social environment cages (12 cages each one, fig. 3B), whereas 

the other two rooms included males only (six cages each one, fig. 3A). The two types of 

rooms were situated in parallel and alternated in the space (i.e. mixed, male-only, mixed 

and male-only environments). Each room housed twelve males, the total number of birds 

in each social environment differing due to females only. The cages in each aviary were 

hung in two opposing walls, half of them in each one. Hence, in addition to the bird in the 

other side of its cage, each male was able to see another six males in the other side of 

the room, that is, independently of the type of environment (Fig. 3). Alternatively, if we 

would have equalized the total number of birds (males or females) per aviary (e.g. 24 

birds per room), males in the male-only environment would have been exposed to the 

double of males than mixed social environment males. In that case, the effect of the 

female presence could have not been distinguished from the effect of different male 

density (e.g. different levels of aggressive displaying).  

 

Fig. 3. (A) One wall in a room of only male environment, there are six males and (B) one wall in a 

room of mixed environment, there are six males and six females. 



9 

 

All the birds were exchanged among cages and rooms after 15 days from being 

placed in the cages, the social environment being maintained for each bird, but not the 

identity of the partners. The early environment treatment of the partner was maintained. 

These changes were made to reduce the habituation to the partner and a potential 

influence of the room. The experiment was replicated three times including 48 males in 

each replicate (n = 144 males). These males were a randomly chosen subsample (76 

control and 68 BSO males) of the birds described above (N = 208 males). Seven females 

died during the course of the experiment apparently due to natural causes (see Results), 

being substituted by females maintaining the same early treatment category. In total, the 

females used as partners for the experiment were also a randomly taken part (n = 118; 

59 control and 59 BSO females) of the whole of the sample (N = 191). Another ten birds 

died earlier (before 14d old) and could not be molecularly sexed and used for the 

coupling experiment (Romero-Haro and Alonso-Álvarez 2015). 

All the individuals here used were weighed just before being placed in the cages 

and again at the end of the study (30 days after; Fig. 1). The tarsus length was measured 

at the start of this period. Similarly, a blood sample from the jugular vein and color 

measurements (below) were taken for each bird at the time of being placed in the cages 

and 30 days later. The blood samples were stored at 4ºC in Eppendorf tubes after 

extraction, and centrifuged at 5.000 g within 4 hours. The plasma was then removed and 

the buffy coat discarded by pipetting. Plasma and erythrocyte (RBC) fractions were 

separately stored at -80ºC. Birds were released to outdoor aviaries at the end of the 

study in order to be studied during lifetime. 

The present study was approved by the Bioethical Committee of Consejo Superior 

de Investigaciones Científicas (CSIC) and Animal Experimentation Ethical Committee of 

the Universidad de Castilla La Mancha (UCLM, Albacete, Spain; approval number: 1201-

08) as well as supervised by the veterinary staff of the Instituto de Investigación en 

Recursos Cinegéticos (IREC). 

 

Color measurements 

A digital picture of the upper surface of the upper mandible was obtained by placing the 

bird in a decubitus prone position. A Nikon D3100 (objective: Nikkor DX 18-55mm) 
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camera was always used, and high-resolution pictures (3456×2304 pixels) were 

obtained. The focus and diaphragm of the camera were fixed (i.e. the automatic functions 

were not used). All the images were obtained under standardized light conditions, by 

placing the camera at the same position and distance from the bird by using a 

reproduction base including lights (Repro Base RB260 2x11W 6000ºK; Kaiser 

Fototechnik, Buchen).The birds were always positioned on a grey standard background 

in order to avoid reflections, and a standard red chip was placed close to the bird’s head 

(both by Kodak, NY). Pictures from some individuals could not be analyzed due lack of 

focus or a bad bird position (initial measure: 17 males and 7 females; final measure 15 

males and 7 females). Adobe photoshop CS3 was used for image measurements. All the 

measures were performed by a technician blind to birds’ identity. Mean RGB values for 

redness analyses were obtained per duplicate in a subsample, being repeatable (r = 

0.91, P = 0.001, n = 68; by following Lessells and Boag [1987], here and thereafter). The 

hue values were calculated from RGB data by using the Foley and Van Damm (1984) 

algorithm. Lower hue values denoted redder colors.  

 

Plumage traits 

One picture of the breast was also obtained for adults by placing the animal in a 

decubitus supine position. The same camera and light conditions were used. The area of 

the black bib was only measured in males, as females do not exhibit a conspicuous bib 

(Zann 1996). Pictures from three individuals could not be analyzed due to a bad bird 

position. Adobe Photoshop CS3 was used for area measurements. Two variables of the 

bib were taken: the homogeneous black zone only (selected manually), and the total area 

including the horizontal black stripes (using the magic wand tool in Adobe with a fixed 

tolerance). In addition, one picture of the both flanks was obtained for male adult birds 

only (it is also a sexually dimorphic trait) by placing the animal in lateral position and 

raising the wing. The same camera and light conditions were used. The number of white 

spots in each flank was counted and the average from both wings was calculated. All 

these measures were taken by a technician blind to birds’ identity. 
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Glutathione quantification 

Briefly, the blood pellet in the tube was thawed and immediately diluted (1:10 w/v) and 

homogenized in a stock buffer (0.01M PBS and 0.02M EDTA), working on ice to avoid 

oxidation. Three working solutions were created in the same stock buffer as follows: 0.3 

mM NADPH (solution I), 6 mM DTNB (solution II), and 50 units of glutathione reductase 

mL-1 (solution III). An aliquot (250 µL) of homogenate of blood cells was vortexed with 

250 µL phosphate buffer and 0.5 mL of diluted trichloroacetic acid (10% in H2O) three 

times, for 5 s each time, within a 15-min period. In the meantime, samples were 

protected from light and refrigerated to prevent oxidation. The mixture was then 

centrifuged (1,125 g for 15 min at 6ºC), and the supernatant removed. Subsequent steps 

were performed in an automated spectrophotometer (A25-Autoanalyzer, Biosystems, 

Barcelona, Spain). Solutions I and II were mixed at a ratio of 7:1 v/v, respectively. One-

hundred sixty μL of this new mixture was automatically added to 40 μL of sample (i.e., 

supernatant) in a cuvette. Then, 20 μL of solution III was added after 15 s, and the 

absorbance at 405 nm was monitored after 30 and 60 s. The change in absorbance was 

used to determine total glutathione (tGSH) levels by comparing the output with the results 

from a standard curve generated by serial dilution of glutathione from 1 mM to 0.031 mM. 

Results are given in mM per gram of pellet. Previous studies in other bird species (i.e. 

Alonso-Álvarez et al. 2010) reported that tGSH levels assessed twice are highly 

repeatable (r =0.89 and 0.92, respectively, n = 25). 

 

Plasma total carotenoids 

Plasma aliquots (5 μL) were diluted in ethanol (1:10) in 0.6 mL tubes. Tubes were 

vortexed for 3 min. The flocculent protein was precipitated by centrifuging at 1500g for 10 

min at 4ºC. The absorbance of the supernatant was determined at446 nm in a Biotek 

microplate reader (PowerWave XS2, Bio-Tek Instruments Inc., Winooski, VT). A standard 

curve of lutein (Sigma) was used for quantifying total carotenoids. A subsample assessed 

twice produced high repeatabilities (r = 0.87, P <0.001, n = 26). 
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Oxidative damage in blood lipids 

Plasma and RBC levels were assessed in separate laboratory sessions. The standard 

curve for calibration was prepared using a 1,1,3,3-tetraethoxypropane (TEP) stock 

solution (5 μM in 40% ethanol) serially diluted using 40% ethanol. Fifteen μL of a 

butylatedhydroxytoluene (BHT) solution (0.05% w/v in 95% ethanol), 120 μL phosphoric 

acid solution (0.44 M) and 30 μL thiobarbituric acid (TBA) solution (42 mM) were added 

to 15 μL of plasma or standards. For blood pellets, 50 μL BHT, 400 μL phosphoric acid 

solution and 100 μL TBA were added to 50 μL aliquots of homogenized RBC samples 

(diluted in a stock buffer; see the glutathione protocol above) or standards. All samples 

(plasma, homogenized RBC samples and standards) were capped and vortexed for 5s. 

Then the standards and samples were heated at 100° C for 1 h in a dry bath incubator to 

allow formation of MDA-TBA adducts. The reaction was stopped by placing samples and 

standards on ice for 5 min. Subsequently, n-butanol was added to each tube to extract 

the MDA-TBA complex. To plasma samples and their standards, 75 μL n-butanol were 

added, whereas 250 μL were added to homogenised RBC samples and their standards. 

Subsequently, tubes were vortexed for 60 s and centrifuged at 18000 G at 4ºC for 3 

minutes. Fifty μL of the plasma, RBC samples and standards of the upper (n-butanol) 

phase were moved to HPLC vials, which were immediately saturated with N2 to avoid 

oxidation. Samples and standards were injected into an Agilent 1100 Series HPLC 

system (Agilent Technologies, Waldbronn, Germany) fitted with a fluorescence detector 

set and a 5µm ODS-2 C-18 4.0 x 250 mm column maintained at 37ºC. The mobile phase 

was MeOH:KH2PO4 (50 mM) (40:60 v/v), running isocratically for 10 min at a flow rate of 

1 mL min-1. Data were collected at 515 nm (excitation) and 553 nm (emission). A 

subsample of RBC assessed twice produced high intrasession (r = 0.92, P <0.001, n = 

20) and intersession (r = 0.87, P <0.01, n = 20) repeatabilities. Similarly, a subsample of 

plasma samples assessed twice produced very high intrasession (r = 0.97, P <0.001, n = 

20) and intersession (r = 0.98, P <0.001, n = 20) repeatabilities. 

 

Plasma triglycerides  

Triglyceride levels were assessed in 5 μl of plasma by using the same Bio-Tek microplate 

reader (above) fixed at 505 nm. Repeatabilities in 45 samples assessed twice was high 

(TRG: r = 0.94, P <0.001). 
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Statistical analyses 

Generalized mixed linear models were used to analyze the influence of the early 

development treatment on the appearance (color and morphological variables) of the 

birds (both males and females) at the start of the social environment manipulation. In this 

order, the MIXED procedure in SAS software (9.3 v.) was used (SAS Institute; Littell et al. 

2006). The sex of the bird as well as the early development group (BSO-treated or 

control) were tested as fixed factors, also testing its interaction. Since some parents of 

the birds produced more than one brood, the identity of the brood where the focus male 

was born nested into the identity of the cage was included as a random term. 

Similar models were used when testing the influence of the early development and adult 

social environments on the focus male. Here, both the GLIMMIX and MIXED procedures 

in SAS software were used. The sex of the partner as well as the early development 

treatment of the focus male and the partner (BSO vs. control) were added as three fixed 

factors, testing all their interactions. Again, the identity of the brood where the focus male 

was born nested into the identity of the cage was included as a random term. To test 

mortality among focus males, the binomial distribution and logit link function were by the 

GLIMMIX procedure, testing the three fixed factors and interactions. The other variables 

were analyzed by using the MIXED procedure as they were normally distributed. In the 

case of models testing blood variables, the laboratory session was always included as an 

additional random factor. Initial and final samples of the same individual were always 

analyzed in the same laboratory session. The replicate of the experiment (three blocks) 

was added as an additional random factor. In the case of the body mass and blood 

variables, the effect of the social environment experiment and other factors and 

interactions were tested on the change (dependent variable) calculated by subtracting 

initial to final values (before and after the manipulation). At the start of that social context 

manipulation, the values of physiological variables (i.e. tGSH, carotenoids, MDA and 

triglycerides) did not differ between the different treatments (all p-values > 0.33), 

interactions between them being also non-significant (all p-values > 0.100). The body 

mass change was calculated as the proportion of change with regard to initial values 

(body mass gain). Alternatively, models testing the effects on the final measures as the 

dependent variable and controlling for the initial value as a covariate were also checked, 

providing virtually identical results. We finally chose to report the change as it 

summarizes not only the factor effects, but the time effects.  
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With regard to the covariates, in all the models the number of previous reproductive 

events of the parents, hatching order, hatching date (also as a squared term to control for 

quadratic relationships), brood size and age at the start of the social environment 

experiment were tested to control for confounding effects. Alternatives avoiding these 

covariates were also tested, and main p-values reported. The tarsus length was added in 

models testing size-corrected body mass (i.e. body condition). In the case of the bill hue, 

the hue of the reference chip was always non-significant (all p-values > 0.15) in models 

analyzing effects on the hue at the start and at the end of the experiment. Therefore, it 

was not tested as a covariate when analyzing the change in hue values. In the case of 

the black bib, the tarsus length and body mass at the time of the picture as well as the 

area of the reference chip (Kodak; see above) were all covariates for controlling body 

size and subtle focus variability, respectively. The change in plasma triglyceride levels 

was also added as a covariate to control for a confounding influence of the recent food 

intake on the model testing the change in plasma MDA (see Romero-Haro and Alonso-

Álvarez 2014).  

All the models were calculated from saturated ones, removing variables 

sequentially by a traditional backward stepwise procedure to reach the best-fitted final 

model including only terms at p < 0.10. The Akaike Information Criterion (AIC) and the 

forward stepwise procedure were also checked, reporting similar results. The hue values 

were log-transformed to meet the normality requirements. We reported all the terms in 

the model when factors and/or interactions showed p < 0.100. When non-significant, the 

tests of the factors and interactions are reported at the last step of the backward process, 

i.e. just before being removed. The reported means and standard errors (SE) are least 

square means and SEs obtained from the best fitted model. Degrees of freedom were 

calculated by the BETWITHIN option in SAS (Littell et al. 2006). Blood volume was not 

enough to perform all the analytical techniques in every individual, which could affect to 

sample size in some comparisons. LSD post hoc tests were used for pair-wise 

comparisons.  

 

Results 

Effectiveness of the BSO manipulation on early glutathione values  

The BSO treatment effectively reduced tGSH values at the nestling age (14d) (F1,247 = 

30.70, p < 0.001; mean ± SE: control: 4.77 ± 0.13 µmol/g; BSO-treated birds: 4.16 ± 0.13 

µmol/g). The sex of the bird and its interaction with the treatment were excluded as non-
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significant terms (both p > 0.12). No covariate exerted any significant influence (all p > 

0.20), excepting the age at the first injection (F1,247 = 9.99, p = 0.002; slope ± SE: -0.148 

± 0.047).  

 

Differences in the outward appearance of adult birds  

Among the birds used in the present study, the BSO treatment during early life influenced 

the bill hue of both sexes (F1,225 = 4.51, p = 0.035), BSO-treated individuals showing 

redder bills (lower hue) than controls (Fig. 4). The effect was independent of the sex 

(F1,225 = 72.29, p < 0.001; males: 0.979 ± 0.015, females:  1.163 ± 0.016) and sampling 

age (F1,225 = 30.87, p < 0.001; slope ± SE: -0.002 ± 0.001). The sex x BSO-treatment 

interaction was clearly non-significant (p = 0.915). The BSO treatment was also 

significant when the covariate was removed (p = 0.046).  
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Fig. 4. Differences in bill color in both sexes at the start of the social context 

manipulation. A lower hue indicates a redder color. Empty bars show data from control 

birds and full bars show data from birds that supported low antioxidant (glutathione) 

levels (BSO-treated birds) during early life. Sample sizes are shown over the bars. 

Least squared means ± se from the model. Values were controlled for the sex and two 

covariates (see Results). 

Among males, the black area of the bib did not differ between BSO treatments 

(F1,132 = 0.77, p = 0.381). When the area of the bib included the black stripes the same 

result was attained (F1,136 = 0.02, p = 0.313). The mean number of flank white spots did 

not differ between treatments (F1,135= 0.06, p = 0.801). 
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Initial body mass showed a significant interaction between the BSO treatment and 

sex (F1, 247= 6.70, p = 0.010; Fig. 5). BSO-treated females were heavier than control 

females (p = 0.003), whereas males did not differ (p = 0.530). On the other hand, among 

BSO birds, females were heavier than males (p < 0.001), whereas no sex-related 

difference was observed among controls (p = 0.720). The hatching order of each bird 

was also retained in the model (F1, 247= 15.76, p < 0.001; slope ± SE: 0.227 ± 0.057). The 

interaction remained significant when the covariate was removed (p = 0.020). 
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Fig. 5. Initial body mass at the start of the social context manipulation. Empty bars 

show data from control birds and full bars show data from birds that supported low 

antioxidant (glutathione) values (BSO-treated birds) during early life. Sample sizes 

are shown over the bars. Least squared means ± se from the model. Values were 

controlled for the hatching order of each bird (see Results). 

The results on body mass were similar when controlling for body size variability 

(usually defined as body condition). A significant interaction between BSO treatment and 

sex was again detected (F1,246 = 8.85, p = 0.003; tarsus length: F1,246 = 158.8, p < 0.001; 

slope ± SE: 1.262 ± 0.100; brood size: F1,246 = 3.16, p = 0.077, slope ± SE: 0.142 ± 

0.080). BSO females showed a better condition than control females (p = 0.005; means ± 

SE: BSO: 14.52 ± 0.146 g, n = 59; control: 13.99 ± 0.156, n = 50), whereas males did not 

differ (p = 0.170). On the other hand, among BSO birds, females had better condition 

than males (p < 0.001, means ± SE: BSO males: 13.73 ± 0.137, n = 68, females see 

above), whereas no sex-related difference was observed among controls (p = 0.791). 

The interaction was significant also when removing the brood size covariate (p = 0.005). 

Finally, tarsus length did not show any difference between BSO and control birds (BSO x 

sex interaction:  F1,244 = 0.20, p = 0.653; BSO: F1,246= 0.61, p = 0.434). 
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Effects of early conditions and type of partner on focus males 

In the case of the change in the hue of the bill, only the early development treatment 

showed a trend to significance (F1,111 = 3.78, p  = 0.054). This was due to a stepper 

increase in redness (i.e. a stronger decline in hue) among controls (-1.798 ± 0.476, n = 

61) compared to BSO-treated males (-1.413 ± 0.479, n = 53). The only other term 

remaining in the model was the sampling age at the start of the social context 

manipulation (F1,111 = 10.86, p  < 0.001; slope± SE: 0.031 ± 0.009; when it is removed the 

treatment effect shows: p = 0.076). This effect was however due to the initial difference 

described above, BSO-treated birds being redder at the beginning of the study (when the 

initial hue value is added as a covariate the experimental effect fades: p > 0.12; see also 

Fig. 6A). Other factors and interactions were non-significant (p > 0.10). 

The change in plasma levels of carotenoid pigments, however, showed a 

significant interaction between the sex and BSO treatment of the partner (F1,124 = 4.63, p 

= 0.033; Fig. 6B). Males coupled with a BSO female showed significantly higher pigment 

levels than males coupled with a control female (p = 0.016), other pair-wise comparisons 

being non-significant (p > 0.12). Other terms in the model were removed also at p > 0.12, 

excepting each factor (i.e. not the interaction: both p > 0.90) and the brood size of the 

bird (F1,124 = 5.78, p = 0.018; slope ± SE: 0.195 ± 0.081). 
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Fig. 6. (A) Changes in the hue values of the bill (the lower the increase, the 

redder becomes the trait) and (B) in plasma carotenoid levels of males 

depending on the sex and early development treatment of their partners. Empty 

and full bars show data from males housed with control and BSO-treated 

partners, respectively. Sample sizes over the bars. Least squared means ± se 

from the model. See description of models in Results. 

  

With regard to other physiological variables, no factor or interaction exerted a 

significant effect on tGSH change (all p-values > 0.12). In the case of lipid peroxidation, 

the sex of the partner showed a borderline significant effect (F1,133 = 3.88, p = 0.051) on 

plasma MDA change, with lipid peroxidation increasing in males coupled with other male, 

and males coupled with a female showing the opposite (Fig. 7). Other factors, 

interactions and covariates were eliminated (all p-values > 0.10).  
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Fig. 7. Change in plasma levels of lipid peroxidation (malondialdehydes; MDA) 

in male zebra finches housed with a male or a female partner. Sample sizes are 

shown over the bars. Least squared means ± se from the model. 

The effect of the sex of the partner on the change in MDA levels seems to be 

explained by the change in plasma triglyceride levels. First, the sex of the partner 

affected to the change in circulating triglycerides (F1,123 = 9.39, p = 0.003) with the same 

sign (Fig. 8). The brood size of the focus male was retained in the model (F1,123 = 4.46, p 

= 0.037; slope ± SE: 17.64 ±  8.36), though the effect remained (p = 0.004) when it was 

removed. Furthermore, when the change in MDA values was controlled for the change in 

triglyceride levels (F1,123= 17.57, p < 0.001; slope ± SE: 0.009 ± 0.002), the sex of the 

partner became non-significant (F1,123 = 1.47, p = 0.227).  

  

Fig. 8. Change in plasma triglyceride levels in male zebra finches housed with a 

male or a female partner. Sample sizes are shown over the bars. Least squared 

means ± se from the model. Values were controlled for the brood size of the 

male (see Results). 
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In the case of body mass variability, the model showed an interaction between the 

BSO treatment of both the focus male and the partner (F1,130 = 8.51, p = 0.004; Fig 9). 

The focus BSO males increased weight when faced to control partners compared to BSO 

males facing BSO partners (p = 0.007). Also, BSO males coupled with a control bird 

gained more body mass compared to control males faced to a control partner (p = 0.020). 

Finally, control males coupled with a BSO bird tended to gain more body mass than BSO 

males coupled with a BSO bird (p = 0.078). Other pair-wise comparisons showed p > 

0.18.  
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Fig. 9. Body mass gain of males depending on the early development treatment 

of the focus individual and their partners. Empty and full bars show data from 

males housed with control and BSO-treated partners, respectively. Sample 

sizes are shown over the bars. Least squared means ± se from the models. 

See other terms in the model in Results. 

In the last model, the sex of the partner also showed a trend to significance (F1,130 

= 3.70, p = 0.056). Males coupled with other male gain more body mass than males 

coupled with females (Fig. 10). The hatching date was retained in the model (F1,130 = 

17.62, p < 0.001; slope ± SE: -0.066 ± 0.016). The significance of the interaction and the 

sex of the partner did not change when the hatching date covariate is removed (p = 0.007 

and 0.056, respectively). Variability in body mass change was independent of body size 

as tarsus length was removed as a non-significant covariate (always p > 0.30). 



21 

 

66

70

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

With a male partner With a female partner

B
o

d
y
 m

a
s
s
 g

a
in

 (
%

)

 

Fig. 10. Body mass gain of male zebra finches housed with another male or a 

female partner. Sample sizes are shown over the bars. Least squared means ± 

se from the models. See other terms in the model in Results. 

 

DISCUSSION 

Contrarily to our predictions, the early environment did not directly influence the 

phenotype of the focus male, but across the partner: (1) males housed with a female 

partner increased circulating carotenoid pigments, but only when that female was treated 

with BSO during development; and (2) male body mass change was larger when both the 

focus male and its partner belong to the same early development treatment. 

Independently of early conditions, and in spite of the cited changes in circulating 

pigments, males coupled with females and those from the male-only social context did 

not differ in bill color. Nevertheless, when compared to the last group, males housed with 

females showed an unexpected decrease in plasma lipid peroxidation. This result seems 

to be explained by the change in the level of circulating lipids (plasma triglycerides), 

which paralleled the lipid peroxidation change.  

As mentioned, our analyses did not detect any significant change in bill color other 

than a reduction of the initial difference due to early BSO exposure (see also Romero-

Haro and Alonso-Álvarez 2015). The disappearance of that effect could merely be 

consequence of a regression to the mean effect (e.g. Kelly and Price 2005) and/or to a 

lower demand of carotenoids for enduring the flying effort (they were passed from large 

aviaries to cages for this experiment) allowing color fullness and reducing variability. In 

support of this last possibility, Blount and Matheson (2006) have experimentally shown 

that carotenoids are required for flight responses in zebra finches. 
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In any event, the lack of a significant effect associated with the sex of the partner 

contrasts with a very similar experiment performed by Gautier et al (2008) also in zebra 

finches. That study reported higher bill redness of males housed with females. Several 

reasons may explain this discrepancy. First, the studies could have differed in statistical 

power. The difference was, nevertheless, in favor of our study. Following Cohen’s (1992) 

conventions, our experiment was able to detect medium size effects (at power 80% and 

0.05 alpha-threshold), whereas Gautier et al (2008) was only able to detect small effects 

(i.e. 48 vs 72 males for each social group in Gautier et al [2008] and here, respectively). 

Second, procedures for assessing color differed. Gautier et al (2008) used a color 

scoring (9 values) established from subjectively comparing bill color with a color chart. 

Analyses of digital pictures should comparatively be more accurate, increasing the 

possibilities of detecting smaller effects. Moreover, similar finding were also attained 

when color was assessed by using a Minolta 2600d spectrophotometer on a subsample 

(unpublished data). Hence, this explanation would be unlikely. Third, the partners were 

here exchanged after 15 days to avoid habituation and favor sexual stimulation. This 

could have generated some stress, constraining the allocation of carotenoid antioxidants 

to sexual signals. In zebra finches mate separation induces a rapid rise of blood 

corticosterone levels (i.e. the physiological stress hormone in birds; Remage-Healey et al 

2003), high corticoid levels being also associated with high oxidative stress in vertebrates 

(reviewed in Costantini et al. 2011).  Nonetheless, Remage-Healey et al. (2003) also 

showed that corticosterone recovered initial values after 24h from reunion. We also know 

that male bill redness in zebra finches augments in only three days after an artificial 

increase in blood testosterone levels (Ardia et al. 2010). Therefore, even if partner 

separation transiently constrained color changes, the 15 day period after the partner 

exchange should have been enough to reveal a consistent color modification. Finally, we 

cannot discard that zebra finch populations could genetically differ in phenotypic plasticity 

(e.g. Price 2006; Nussey et al. 2007; Porlier et al. 2012), with our males being unable to 

quickly respond to the female presence in terms of coloration. 

 In contrast to the lack of effects on bill redness, males housed with BSO-treated 

females increased the circulating levels of carotenoid pigments. If male carotenoid-based 

coloration did not change, what was the end use of carotenoids mobilized in blood in that 

treatment? At the start of the social experiment BSO-treated females were redder and 

heavier than control females. These differences could have stimulated male 
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endocrinology, rising testosterone levels (see e.g. Pinxten et al. 2003), which has been 

associated with immunodeficiency (Peters 2007) and low resistance to oxidative stress 

(Alonso-Álvarez et al. 2007). In that case, the immune-stimulant (Chew and Park 2004) 

and antioxidant properties (Simons et al. 2012b) of carotenoids could have served to 

combat those effects and any other one related to sexual trait production. Thus for 

instance, among primary sexual traits, it has been shown that carotenoids can be 

allocated to avian sperm (Rowe et al. 2012) probably also to protect spermatozoids from 

oxidative insults (Helfenstein et al. 2010). Secondary sexual traits other than bill color 

could also have required carotenoids. Traits needing high oxygen consumption could 

have demanded antioxidant mobilization (first proposed by Metcalfe and Alonso-Álvarez 

2010), including carotenoids. Accordingly, in European starlings (Sturnus vulgaris) a high 

carotenoid availability increased the song rate (van Hout et al. 2011).  

 In any event, if higher carotenoid levels in males housed with BSO females 

indicates higher antioxidant demands, this could have also been revealed by the lipid 

peroxidation values. But in this case, only the effect of the female presence (i.e. not the 

early development treatment of the female) was significant. Males housed with a female 

showed lower plasma lipid peroxidation (MDA) than male paired with other male. 

Assuming that the presence of a female triggers some reproductive investment (Gautier 

et al. 2008) and, accordingly, leads to some costs, the result seems to be contradictory. 

However, the finding agrees with recent studies showing that reproduction may not imply 

increased, but reduced, oxidative damage. We here present two tables showing an 

updated review of those articles experimentally testing the impact of reproduction on 

oxidative damage levels in animal species. We can see that an important number of 

studies in rodents comparing reproductive animals with those prevented to reproduce 

(Table 1) or those manipulating the litter size to increase the reproductive effort (Table 2) 

have reported such a counterintuitive effect. This contradicts the hypothesis that 

reproduction increases oxidative stress, which was initially supported by studies showing 

that a extrinsic source of free radicals have a stronger effect on the longevity of 

reproductive fruit flies compared to non-reproducing ones (Salmon et al. 2001; Wang et 

al. 2001). These results also contradict other experiments in birds showing that 

reproduction impairs the capacity of erythrocytes to avoid hemolysis when faced to an in 

vitro free radical attack (Alonso-Álvarez et al. 2004b; Losdat et al. 2011; Christie et al. 

2012). Although this last measure might partially serve to estimate the degree of 
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oxidative damage in the erythrocyte membrane (higher damages favoring hemolysis), 

and although it has also been linked to zebra finch mortality (Alonso-Álvarez et al. 2006), 

it should not be strictly defined as a measure of oxidative damage (Halliwell and 

Gutteridge 2007) and, hence, must be interpreted with caution. On the other hand, 

decreased oxidative damage in reproductive animals could reveal some hormetic 

(compensatory) response (Costantini et al. 2010), which could perhaps not be afforded in 

any environmental condition. Here, we must consider the information obtained from other 

variables.  

 Same birds showed lower levels of circulating triglycerides, MDA differences 

fading when corrected for triglyceride variability. Could the lower oxidative damage of 

males housed with females thus be considered as an artifact? We have previously 

showed that plasma triglyceride concentration positively correlate with plasma MDA 

values in zebra finches (Romero-Haro and Alonso-Álvarez 2014). We suggested that 

recent lipid intake or mobilization from storage sites (mainly the liver in birds) may 

influence plasma MDA variability (Romero-Haro and Alonso-Álvarez 2014). The idea has, 

nonetheless, been broadly documented by biomedicine. Thus for instance, it is very well 

stablished that pregnant women endure higher serum levels of lipid peroxidation when 

compared to non-pregnant women (Little et al. 1999; Ozkan et al. 2012), and that this is 

accompanied by an increase in serum lipids (e.g. Toescu et al. 2002; Sarandöl et al. 

2004). We highlighted the importance of assessing the covariance between MDA and 

triglyceride concentrations to correctly interpret the lipid oxidative damage measurements 

(Romero-Haro and Alonso-Álvarez 2014). The proportion of oxidized lipids (triglyceride-

corrected MDA) could have a different functional significance that the absolute 

concentration of oxidized lipids (uncorrected MDA). In the last case, we should consider 

that MDA could not be an end-point molecule, and hence, high absolute concentrations 

would reveal the potential for future damages by following an oxidative cascade (Halliwell 

and Gutteridge 2007). In fact, biomedicine considers high uncorrected MDA values 

during pregnancy as a potential problem because it can lead to vascular diseases, the 

question of hyperlipaemia being considered as a mere risk factor (Toescu et al. 2002; 

Agarwal et al. 2012). In turn, corrected values could reveal the proportional level of 

damage among those lipids present everywhere in the organism and mobilized to blood 

as well as absorbed from the diet, its functional meaning being less clear.  
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But, why males with other male as a partner increased circulating lipids? The 

answer could arise from differences in energy balance associated with sexual behavior. 

Unfortunately, behavior was not registered. Nonetheless, body mass variability may shed 

some light on this. Firstly, body mass changes revealed that the same early development 

treatment in both members of a couple lead to body mass loss, particularly when both 

birds were BSO-individuals (i.e. birds with redder bills at the start of the study). The result 

agrees with the social status theory (Rohwer 1975) and the idea of an escalated conflict 

only among animals at a similar hierarchical level (e.g. Chaine et al. 2011). We should, 

however, consider that bill redness of zebra finches has not been linked to 

aggressiveness in any sex (Bolund et al. 2007). Nonetheless, we cannot discard BSO-

related differences in other signals such as certain behaviors including the song. With 

regard to its role in explaining MDA changes, body mass gain similarly revealed a trend 

to significance to lower values in males housed with a female compared to those paired 

with other male. Interestingly, when body mass gain is controlled for as a covariate in the 

model testing the change in MDA values, the factor sex of the partner became non-

significant (p = 0.103), body mass gain being positively correlated with MDA change 

(F1,131 = 19.25, p < 0.001; slope ± SE: 14.28 ± 3.25). This suggests that decreased MDA 

values in males housed with females were at least partially due to birds eating less 

and/or consuming more energy stores, reducing both body mass and blood triglyceride 

values (e.g. Jenni-Eiermann et al. 2002). The results also suggest that much caution 

must be taken when interpreting the oxidative cost of reproduction by testing blood lipid 

peroxidation under the particular limitations associated with captivity (Tables 1 and 2). 

For instance, we do not know how a higher availability for flying could have interacted 

with the treatments, but we know that flying effort in zebra finches increases the levels of 

a proxy of plasma oxidative damage (hydroperoxides; Costantini et al. 2012). In other 

words, the result of a trade-off between reproduction and self-maintenance should 

change under severe environmental conditions (Braendle et al. 2011).   

 

Conclusions 

The results suggest that reduced levels of intracellular antioxidants (glutathione) during 

early development had only a weak influence on how males endure the trade-offs related 

to the adult social environment and reproduction, at least under our housing conditions 
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and sampling periods. The experiment, however, revealed that the outward appearance 

and probably behavior of BSO-treated partners influenced the way in which males 

managed carotenoids and body mass reserves, suggesting that early oxidative 

conditions may exert a sort of indirect phenotypic effect (i.e. Hamilton and Ligocki 2012). 

Theoretical models predict that the indirect effects of interacting phenotypes influence the 

rate and direction of selection (Cheverud 2003; Bijma and Wade 2008). The potential 

relevance of such an influence is, in any case, beyond the scope of this study. On the 

other hand, our experiment reveals that the interaction with a female can favor the health 

of the male. This apparently contradictory finding (see above) should be interpreted with 

caution considering not only the captivity conditions, but the life history trajectory of 

individuals. The costs associated with any strategy to reduce oxidative damage at the 

first steps of reproduction (e.g. reducing lipid stores) could be paid at subsequent stages. 

In this order, we may hypothesize that selection could have favored reduced oxidative 

damage in certain reproductive phases as a way to endure future challenges. To 

consider this perspective when testing the oxidative cost of reproduction is imperative for 

future studies.  
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Table 1. Experimental studies comparing the levels of oxidative damage of individuals whose reproduction was prevented vs 

individuals allowed to reproduce. 

Species Sex Conditions Technique Tissue Result Sample size and design Age Reference 

MOLUSCS 
        

Crassostrea gigas MF* LAB MDA Gill (=) 41 non-reprod vs 37 reprod  
Beguel et al. 
2013 

         

AVES 
      

 
 

Taeniopygia guttata F LAB KRL 
Entire 
blood (=) 29 non-reprod vs 30 reprod  

Bertrand et al. 
2006 
  

M LAB KRL 
Entire 
blood (=) 29 non-reprod vs 30 reprod  

       
 

MAMMALS 

      
 

 Mus musculus  F LAB TBARS Heart (=) 62 non-reprod vs 49 reprod  
Brzek et al. 2014 
 

(Swiss-Webster 
mice) 

   
Kidney (=) 

 
 

    
Liver (=) 

 
 

 

   
OXDNA serum (=) 

 
 

 

Mus musculus F LAB MDA Liver (-) 8 non-reprod vs 9 reprod  

 
Garratt et al. 
2011 
 domesticus 

   
Muscle (-) 

 
 

    
Serum (=) 

 
 

 

   
PT Liver (-) 

 
 

 

    
Muscle (=) 

 
 

 

   
OG Liver (-) 

 
 

 

    
Muscle (=) 

 
 

 

Mus musculus  F LAB MDA Liver (-) 8 non-reprod vs 9 peak lact1   
Garratt et al. 
2011 

domesticus 
   

Muscle (=)   
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Liver (-) 8 non-reprod vs 8 post lact2 

  

    
Muscle (=)  

     PT Liver (=) 8 non-reprod vs 9 peak lact   

    Muscle (=)    

    Liver (=) 8 non-reprod vs 8 post lact   

    Muscle (-)    

   
OG Liver (=) 8 non-reprod vs 9 peak lact 

  

    
Muscle (=)  

  

    
Liver (=) 8 non-reprod vs 8 post lact 

  

    
Muscle (=)  

  

Mus musculus  M LAB MDA Liver (=) 8 non-reprod vs 10 reprod  
Garratt et al. 
2012 

domesticus    Muscle (=)    

    Serum (-)    

   PT Liver (=)    

   
OG Liver (=)  

  

Mus musculus F LAB PC Liver (=) 13 non-reprod vs 11 reduced3 

 

Garratt et al. 
2013 

domesticus 
   

Liver (-) 13 non-reprod vs 12enlarged4 

  

   
PT Heart (=) 18 non-reprod vs 16 reduced 

      Liver (=) 17 non-reprod vs 15 reduced   

    Muscle (=) 18 non-reprod vs 17 reduced   

   
 Heart (=) 18 non-reprod vs 15 enlarged  

 

   
 Liver (-) 17 non-reprod vs 13 enlarged  

 

   
 Muscle (=) 18 non-reprod vs 14 enlarged  

    OG Heart (=) 20 non-reprod vs 18 reduced   

    Liver (-)    

   
 Muscle (=) 17 non-reprod vs 17 reduced  

 

    
Heart (=) 20 non-reprod vs 15 enlarged  

 

    
Liver (=)   

 

    
Muscle (=) 17 non-reprod vs 15 enlarged  
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Ratus norvegicus  F LAB TBARS Brain (+) 12 non-reprod vs 18 reprod  Sainz et al. 2000 
(Sprague–Dawley 
rats) 

   
Kidney (+) 

 
 

 

    
Liver (=) 

 
 

 

    
Lung (+) 

   

    
Spleen (=) 

   

    
Thymus (=) 

   

    
Uterus (+) 

   

Rattus norvegicus   F LAB PC Kidney (=) 10 non-reprod vs 10 reprod 3 months  
Da Silva et al. 
2013 

(Wistar rats) 
  

MDA Kidney (+) 
   

   
PC Kidney (=) 10 non-reprod vs 10 reprod 6 months  

 

   
MDA Kidney (=) 

   

   
PC Kidney (+) 10 non-reprod vs 10 reprod 12 months  

 

   
MDA Kidney (+) 

   

   
PC Kidney (-) 10 non-reprod vs 10 reprod 24 months  

 

   
MDA Kidney (-) 

   

Rattus norvegicus  M LAB OG Brain (=) 10 non-reprod vs 10 reprod 3 months  
Alabarse et al. 
2011a 

(Wistar rats) 
  

PC Brain (=) 
   

   
MDA Brain (=) 

   

   
OG Brain (+) 10 non-reprod vs 10 reprod 6 months  

 

   
PC Brain (+) 

   

   
MDA Brain (+) 

   

   
OG Brain (+) 10 non-reprod vs 10 reprod 12 months  

 

   
PC Brain (=) 

   

   
MDA Brain (+) 

   

   
OG Brain (-) 10 non-reprod vs 10 reprod 24 months  

 

   
PC Brain (=) 

   

   
MDA Brain (=) 
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Rattus norvegicus   M LAB OG Kidney (+) 10 non-reprod vs 10 reprod 3 months  
Alabarse et al. 
2011b 

(Wistar rats) 
  

PC Kidney (=) 
   

   
MDA Kidney (=) 

   

   
OG Kidney (=) 10 non-reprod vs 10 reprod 6 months  

 

   
PC Kidney (=) 

   

   
MDA Kidney (+) 

   

   
OG Kidney (=) 10 non-reprod vs 10 reprod 12 months  

 

   
PC Kidney (=) 

   

   
MDA Kidney (+) 

   

   
OG Kidney (-) 10 non-reprod vs 10 reprod 24 months  

 

   
PC Kidney (=) 

   

   
MDA Kidney (-) 

   

Rattus norvegicus   M LAB OG Testes (=) 10 non-reprod vs 10 reprod 3 months  
Salomon et al. 
2013 

(Wistar rats) 
  

PC Testes (=) 
   

   
MDA Testes (=) 

   

   
OG Testes (=) 10 non-reprod vs 10 reprod 6 months  

 

   
PC Testes (=) 

   

   
MDA Testes (-) 

   

   
OG Testes (=) 10 non-reprod vs 10 reprod 12 months  

 

   
PC Testes (=) 

   

   
MDA Testes (=) 

   

   
OG Testes (=) 10 non-reprod vs 10 reprod 24 months  

 

   
PC Testes (=) 

   

   
MDA Testes (=) 

   

Myodes glareolus F LAB TBARS Heart (=) 24 non-reprod vs 24 one litter 
 

Oldakowski et al. 
2012 

    
Kidney (-)  

  

    
Liver (=)  

  

    
Muscle (=)  
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M: male; F: female; LAB: captivity conditions. FIELD: study performed in the wild. MDA: malondyaldehydes measured by HPLC; TBARS: thiobarbituric 

reactive substances assessed by spectrophotometry; PC: protein carbonyls; PT: protein thiols; OG: oxidized glutathione; OXDNA: residues of oxidized DNA. 

(+): higher and (-) lower damage in reproducing animals, respectively, compared to non-reproducing ones. (=): non-significant. Results with a significant 

difference at P < 0.05. 

* Both sexes pooled. 1 and 2: peak of lactation and post lactation period, respectively. 3 and 4: experimentally enlarged and reduced litters, respectively.  

    
Heart (=) 24 non-reprod vs 24 two litters 

  

    
Kidney (-)  

  

    
Liver (=)   

 

    
Muscle (-)  

     PC Heart (=) 24 non-reprod vs 24 one litter   

    Kidney (=)    

   
 Liver (=)  

  

    
Heart (=) 24 non-reprod vs 24 two litters 

  

    
Kidney (=)  

  

    
Liver (=)  

  Lasiopodomys 
brandtii F LAB PC Liver (-) 7non-reprod vs 7 reprod  Xu et al. 2013 

    
Serum (+) 

 
 

 

   
TBARS Liver (=) 

 
 

 

    
Serum (=) 

 
 

 Meriones 
unguiculatus F LAB PC Liver (-) 30 non-reprod vs 36 reprod  Yang et al. 2013 

    
Serum (+) 

   

   
TBARS Liver (-) 

   

    
Serum (-) 
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Table 2. Experimental studies comparing the levels of oxidative damage of individuals whose brood or litter size was manipulated.  

Species Sex Conditions Technique Tissue Result Sample size and design Reference 

AVES 
       

Parus major MF FIELD AAPH 
Entire 
blood (+) 

84 reduced1, 76 unmanip2, 84 
enlarged3 Christe et al. 2012 

Parus major M FIELD AAPH 
Entire 
blood (+) 31 unmanip vs 34 enlarged Losdat et al. 2011 

Taeniopygia guttata F LAB AAPH 
Entire 
blood (+) 20 reduced vs 16 enlarged 

Alonso-Álvarez et al. 
2004 

 
M LAB AAPH 

Entire 
blood (=) 20 reduced vs 16 enlarged 

 Hirundo rustica MF FIELD dROMS Plasma (=) 32 reduced vs 42 enlarged Costantini et al. 2014 
        

MAMMALS 

       Mus musculus 
domesticus F LAB PC Liver (-) 11 reduced vs 12 enlarged Garratt et al. 2013 

   
PT Heart (=) 16 reduced vs 15 enlarged 

 

    
Liver (-) 15 reduced vs 13 enlarged 

 

    
Muscle (=) 17 reduced vs 14 enlarged 

 

   
OG Heart (=) 18 reduced vs 15 enlarged 

 

    
Liver (=) 18 reduced vs 15 enlarged 

 

    
Muscle (=) 17 reduced vs 15 enlarged 

 Mus musculus 
domesticus F LAB PT Heart (=) 18 reduced vs 18 enlarged Aloise King et al. 2013 

    
Liver (=) 

  

   
OG Kidney (=) 

  

    
Heart (=) 

  

   
OXDNA Urine (=) 

  Mus musculus F LAB dROMS Plasma (+) 4 reduced vs 4 enlarged  Plumel et al. 2014 

Myodes glareolus F LAB TBARS Heart (=) 24 one vs 24 two litters Oldakowski et al. 2012 

    
Kidney (=) 

  

    
Liver (=) 
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M: male; F: female; LAB: captivity conditions. FIELD: study performed in the wild. AAPH: resistance of erythrocytes to a free radical generator. dROMS: 

hydroperoxydes by spectrophotometry; MDA: malondyaldehydes by HPLC; TBARS: thiobarbituric reactive substances by spectrophotometry; PC: protein 

carbonyls; PT: protein thiols; OG: oxidized glutathione; OXDNA: residues of oxidized DNA. (+): higher and (-) lower damage in reproducing animals, 

respectively, compared to non-reproducing ones. (=): non-significant. Results with a significant difference at P < 0.05. 

1, 2 and 3: reduced, unmanipulated and enlarged broods or litters, respectively.  

 

 

 

 

 

 

    
Muscle (=) 

  

   
PC Heart (=) 

  

    
Kidney (=) 

  

    
Liver (=) 

  Lasiopodomys brandtii F LAB PC Liver (=) 8 reduced, 7 control, 7 enlarged  Xu et al. 2013 

    
Serum (=) 

  

   
TBARS Liver (=) 
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