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Table S1. Summary of sources of data used in the meta-analysis examining associations between reproductive effort and oxidative damage 

Species L/F O/E R MR? Tissues and markers Reference 

Birds       

Alectoris rufa  F O HS N Erythrocyte MDA Alonso-Alvarez et al. (2010) 

Ficedula albicollis F O CS N Blood ROM Markó et al. (2011) 

Hirundo rustica F O BS Y Blood ROM Costantini et al. (2014a) 

Mammals       

Ovis aries F O LS N Blood MDA Nussey et al. (2009) 

Tamias striatus F O LS N Blood MDA Bergeron et al. (2011) 

Lasiopodomys brandtii L E LS Y+N Blood MDA, PC; liver MDA, PC Xu et al. (2014) 

Meriones unguiculatus L E LS N Blood PC Yang et al. (2013) 

Mus musculus (house mouse) L E LM N Blood MDA; liver MDA, OG, PT, muscle OG, PT Garratt et al. (2011) 

Mus musculus (house mouse) L E LS Y Heart OG, PT; liver PC, OG, PT; muscle OG, PT Garratt et al. (2013) 

Mus musculus (house mouse) L E LS Y Heart OG, PT; liver OG, PT King et al. (2013) 

Mus musculus (C57 Black 6) L O LS N Blood ROM Stier et al. (2012) 

L/F, laboratory or field; O/E, observational or experiment (i.e. individuals drawn from the same populations or social groups and allocated randomly to breeding 

and non-breeding groups); R, measure of reproductive effort: BS – brood size, CS – clutch size, HS – hatching success, LM – litter mass, LS – litter size; MR?, 

manipulation of reproductive effort (Yes or No; Y+N, study includes both manipulated and non-manipulated sub-groups); Tissues and markers, blood is plasma 

or serum: MDA – malondialdehyde determined using high-performance liquid chromatography or spectrophotometric ‘TBARS’ method, OG – oxidised 

glutathione, PC – protein carbonyls, PT – protein thiols, ROM – reactive oxygen metabolites. 
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Table S2. Summary of sources of data used in the meta-analysis examining associations between reproductive state (breeders compared with non-breeders) 

and oxidative damage 

Species L/F O/E SR MR? Tissues and markers Reference 

Birds       

Diomedia exulans F O LY–I N Blood MDA Costantini et al. (2014b) 

Plocepasser mahali F O LY N Blood MDA Cram et al. (2014) 

Acrocephalus sechellensis F O LY N Blood ROM van de Crommenacker et al. (2011) 

Mammals       

Bubalus bubalis L O F N Follicle PC Jan et al. (2014)* 

Mungos mungo F O P N Blood MDA, PC Authors’ unpublished data† 

Oryctolagus cuniculus (New Zealand White) L E P N Liver MDA Tomruk et al. (2010)‡ 

Tamiasciurus hudsonicus F O LC N Blood PC Fletcher et al. (2012)§ 

Tamias striatus F O LC N Blood MDA Bergeron et al. (2011)¶ 

Meriones unguiculatus L E LC N Blood MDA, PC, PT; liver MDA, PC, PT Yang et al. (2013) 

Rattus norvegicus (Wistar) L E LC N Kidney MDA, PC da Silva et al. (2013)** 

Rattus norvegicus (Holtzman) L E LC N Liver MDA; kidney MDA Upreti et al. (2002)†† 

Rattus norvegicus (Sprague Dawley) L E P N Blood MDA, PC; Liver MDA Cederberg et al. (2001) 

Mus musculus (house mouse) L E LC N Liver MDA, OG, PT; muscle MDA, OG, PT Garratt et al. (2011) 

Mus musculus (house mouse) L E LC Y‡‡ Heart OG, PT; liver OG, PC, PT; muscle OG, PT Garratt et al. (2013) 

Mus musculus (C57 Black 6) L O LC N Blood ROM Stier et al. (2012) 

Lasiopodomys brandtii L E LC N Blood MDA, PC; liver MDA, PC Xu et al. (2014) 

Myodes glareolus L E LC+P N Heart MDA, PC; kidney MDA, PC; liver MDA, PC; muscle MDA Oldakowski et al. (2012) 
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Table S2 (continued)       

Species L/F O/E SR  Tissues and markers Reference 

Mammals       

Fukomys damarensis L O LC N Blood MDA, PC; heart MDA, PC; kidney MDA, PC; liver MDA, 

PC; muscle MDA, PC 

Schmidt et al. (2014)§§ 

L/F, laboratory or field; O/E, observational or experiment (i.e. individuals drawn from the same populations or social groups and allocated randomly to breeding and non-breeding groups); SR,  stage of 

reproduction: F – ovarian follicle, , LC – lactation, LC+P – both lactating and pregnant; LY – laying, LY–I – spanning laying and incubation periods, P – pregnant; MR?, manipulation of reproductive 

effort (Yes or No; Y+N, study includes both manipulated and non-manipulated sub-groups); Tissues and plasma, blood is plasma or serum: MDA – malondialdehyde determined using high-performance 

liquid chromatography or spectrophotometry, OG – oxidised glutathione, PC – protein carbonyls, PT – protein thiols, ROM – reactive oxygen metabolites.  

*Cyclic compared with acyclic individuals.  

†N=60 breeders and 34 non-breeders for MDA, N=50 breeders and 33 non-breeders for PC.  

‡Non-radiofrequency radiation-exposed controls.  

§Non-supplemented controls.  

¶Data are residuals from an analysis that corrected for age, age-squared and season.  

**Data for 6-month-old animals (peak fecundity).  

††Data for d14 post-partum (peak lactation).  

‡‡Breeders had experimentally enlarged litter size (8 pups, being a mean of 2.2 more pups than the litter size they gave birth to).  

§§Sample sizes vary from 4 to14 depending on tissue and marker.  
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Appendix S1. Evaluating the importance of phylogeny in the meta-analysis 

In order to assess whether phylogenetic relatedness influenced the relationship between 

reproduction and oxidative damage, we reproduced the analyses carried out in Comprehensive 

Meta-Analysis (CMA) software using R (R Development Core Team, 2014), utilising the 

MCMCglmm package (Hadfield, 2010). This software is able to fit mixed-effects models in a 

Bayesian framework that includes both random variables and relatedness effects (i.e. 

phylogenies, pedigrees, distance matrices, time series, etc.). Response variables were effect sizes 

as calculated by CMA. Estimates for ‘all-tissue-all-marker’ models fit a global intercept with no 

fixed-effect moderators, a weighting of each data point by its sampling variance, and a random 

intercept of study scaled by the inverse relatedness matrix estimated from phylogenies. As the 

number of studies and observations was relatively low, phylogenetic models could only be 

conducted on the entire data sets: in order to calculate effects for individual tissues, rather than 

subsetting data for each tissue type, we added a fixed-effect moderator of tissue to the ‘all-tissue-

all-marker’ models described above (the alternative approach of subsetting data resulted in 

models that did not converge due to the low number of data points, studies and species per 

tissue). We were not able to calculate ‘specific-tissue-specific-marker’ effect sizes using a fixed-

effect interaction between tissue and marker, as some combinations of tissue and marker do not 

exist, so the model cannot fit full-factorial combinations of the two. All models were run for 

10,000,000 iterations, with a burnin of 1,000,000 iterations and a thinning interval of 500. Proper 

uninformative priors were used on fixed effects, random effects and residuals [fixed effects ~ 

Normal(µ=0, σ=1010); random effects and residuals ~ Inverse Wishart(V=1, ν=0.002)]. Chains 

mixed well with low autocorrelation and consistent outputs from multiple runs.  
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Outputs from these models can be found in Table S3. Coefficients in normal font are 

derived from phylogenetic models, while coefficients in italics are derived from models with the 

phylogeny removed. Posterior distributions for phylogeny were dominated by the prior and 

shrunk towards zero in all cases, which indicates very little support for a phylogenetic 

component in all models (Hadfield, 2010). 

We further estimated the importance of phylogeny using the equation h=σ2
phylogeny/( 

σ2
phylogeny+ σ2

study+ σ2
units). h >0.75 generally indicates strong similarities among closely related 

species and therefore strong support for phylogeny, whilst h <0.5 generally indicates weak 

support (Simons, Cohen & Verhulst, 2012). There is one h-estimate for each model (four in total: 

one for each ‘all-tissues-all-markers’ model and one for the ‘individual-tissues-all-markers’ 

model for reproductive versus non-reproductive individuals). In all cases there was weak support 

for phylogeny, and these values are likely even to be overestimates given that prior-dominated 

posterior distributions have a mean variance that will far exceed the mode. 

Results for global intercepts were qualitatively similar to CMA results for ‘all-tissues-all-

markers’ models. The ‘individual-tissues-all-markers’ posterior estimates all spanned zero, and 

differences in estimates for individual tissues when compared to CMA output are a byproduct of 

necessarily estimating these using a fixed-effect moderator rather than subsets of data. 

Phylogenetic trees for each analysis are plotted in Figs S1 and S2. It was not possible to 

obtain reliable branch lengths due to the diversity of species analysed, so phylogenetic models 

are based on tree topology alone: Tetrapoda (Hedges, Moberg & Maxson, 1990), Aves (Sibley & 

Ahlquist, 1990), Mammalia (Song et al., 2012), Rodentia (Blanga-Kanfi et al., 2009). 
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Table S3. Evaluating the influence of phylogenetic relatedness on the relationship between reproduction and oxidative damage. Coefficients in normal font are 

derived from phylogenetic models, while coefficients in italics are derived from models with the phylogeny removed. 

 

Comparison 

 

Effect size 

 

Level of analysis 

 Effect size and 95% 

credible interval 

 

  Tissue Marker  Point 

estimate 

Lower  

limit 

Upper  

limit 

 Phylogeny 

(h) 

Nstudies 

Reproductive effort Fisher's Z 

 

 

All All  0.148 

0.150 
–0.076 

0.002 

  0.409 

  0.319 

 0.243 11 

 Hedges’ g 

 

 

All All  0.224 

0.214 
–0.127 

–0.044 

  0.692 

  0.509 

 0.275 11 

         

Reproducing versus non-reproducing Hedges’ g All All  –0.063 

–0.128 

–0.628 

–0.496 

  0.703 

  0.345 

 0.138 18 

        
  Muscle All  –0.094 

–0.100 

–1.337 

–1.008 

  1.187 

  0.730 

 0.273 4 

  Heart All  –0.405 

–0.426 

–1.659 

–1.514 

  0.804 

  0.433 

  3 

  Liver All  –0.546 

–0.508 

–1.610 

–1.128 

  0.536 

  0.140 

  9 

  Kidney All  –0.510 

–0.493 

–1.856 

–1.360 

  0.536 

  0.338 

  4 

  Follicle PC  –0.778 

–1.002 

–3.382 

–3.450 

  1.829 

  1.408 

  1 

  Blood All    0.618 

  0.596 
–0.360 

–0.060 

  1.764 

  1.246 

  11 

           

PC, protein carbonyls.
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Fig. S1. Phylogenetic tree for association between reproductive effort and oxidative damage. 

 

 

 

Fig. S2. Phylogenetic tree for categorical comparison of breeders versus non-breeders. 
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Appendix S2. Evaluating potential sources of bias in the meta-analysis 

 

(1) Publication bias 

We evaluated whether the significant results found in the meta-analyses might be an artefact of bias, 

using two methods: funnel plot, and ‘trim and fill’ (Borenstein et al., 2010; Sterne et al., 2005; 

Koricheva et al., 2014). These methods are unlikely to be informative where the number of studies 

is N < 5 (Sterne et al., 2005). Therefore, we were able to employ them in the analysis of oxidative 

damage in relation to reproductive effort (‘all-tissues-all-markers’: Z = 2.714 Nstudies = 11, P = 

0.007), and in the analyses of oxidative damage in breeders compared with non-breeders for the 

following individual tissue–marker combinations: liver protein carbonyls (Z = –2.638, Nstudies = 5, P 

= 0.008), and blood protein carbonyls (Z = 2.271, Nstudies = 6, P = 0.023). In all cases, we found no 

evidence to suggest that these results were confounded by publication bias. 

Funnel plots for the association between reproductive effort and oxidative damage (‘all-

tissues-all-markers’), and for the association between reproductive state (breeders compared with 

non-breeders) and liver protein carbonyls, and blood protein carbonyls, respectively, are shown in 

Figs S3–S5. On the x-axis the Hedges’ g point estimate is denoted by an open diamond; using ‘trim 

and fill’ the imputed point estimate is denoted by a filled diamond.  

For the association between reproductive effort and oxidative damage (‘all-tissues-all-

markers’), ‘trim and fill’ analysis suggested that one study may be missing (denoted by a black 

circle) to the left of the point estimate (Fig. S3). Inclusion of this imputed value marginally reduced 

Hedges’ g, i.e. if this study existed, there would be a slightly smaller effect size for the association 

between reproductive effort and oxidative damage. For liver protein carbonyls, ‘trim and fill’ 

analysis suggested that one study may be missing (denoted by a black circle) to the left of the point 

estimate (Fig. S4). Inclusion of this imputed value marginally reduced Hedges’ g, i.e. if this study 

existed, there would be a slightly greater effect size for the association between reproductive state 
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and oxidative damage. For blood protein carbonyls, ‘trim and fill’ analysis suggested that there 

were no missing studies (Fig. S5). 
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Fig. S3. Funnel plot for reproductive effort and oxidative damage (‘all-tissues-all-markers’). The 

Hedges’ g point estimate is denoted by an open diamond; using ‘trim and fill’ the imputed point 

estimate is denoted by a filled diamond. ‘Trim and fill’ analysis suggested that one study may be 

missing (denoted by a black circle) to the left of the point estimate. 

 

 

Fig. S4. Funnel plot for reproductive state and liver protein carbonyls. The Hedges’ g point estimate 

is denoted by an open diamond; using ‘trim and fill’ the imputed point estimate is denoted by a 

filled diamond. ‘Trim and fill’ analysis suggested that one study may be missing (denoted by a 

black circle) to the left of the point estimate. 
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Fig. S5. Funnel plot for reproductive state and blood protein carbonyls. The Hedges’ g point 

estimate is denoted by an open diamond; using ‘trim and fill’ the imputed point estimate is denoted 

by a filled diamond. 

 

 

(2) Systematic bias 

Where existing studies failed to detect an oxidative cost of reproduction, this might be because they 

focussed on laboratory-housed animals rather than natural populations, or because they gathered 

observational data rather than experimentally manipulated reproductive effort (Metcalfe & 

Monaghan, 2013; Selman et al., 2012). We evaluated whether there was any such evidence of 

systematic bias by excluding different subsets of data (laboratory studies; field studies; 

observational studies where animals had ‘self-selected’ whether to breed; experiments where 

breeders chose their own level of reproductive effort), and compared the results to the meta-

analyses based on the full data set as presented in the main text. Meta-analyses were carried out as 

described in the main article, except that we only made comparisons across tissues and markers in 

those instances where both categories of interest (e.g. laboratory versus field) were represented in 

the data set. In the case of blood, ‘individual-tissues-all-markers’ analyses for certain subsets of data 

revealed significant differences between breeders and non-breeders, whereas this analysis was 

marginally non-significant based on the full data set (P = 0.054). In order that the full results could 
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be compared, we carried out ‘individual-tissues-individual-markers’ analyses even where an initial 

‘individual-tissues-all-markers’ test result was P ≤ 0.05. 

For the association between reproductive effort and oxidative damage (‘all-tissues-all-

markers’), the results of the subsetted analyses were qualitatively similar to the analysis based on 

the full data set (Table S4). In the subsetted analysis excluding laboratory studies, the association 

between reproductive effort and oxidative damage was marginally non-significant (P=0.058). 

Similarly, in the subsetted analysis excluding observational studies, the association between 

reproductive effort and oxidative damage was non-significant. However the sign of the effect size in 

both of these analyses was the same as in the main analyses based on the full data set, so this is 

almost certainly due to the reduced sample size in these subsets of data. Interestingly, the 

conclusion that reproductive effort is positively associated with oxidative damage was not changed 

in an analysis excluding data for manipulated reproductive effort (Hedges’ g: 0.361; 95% 

confidence intervals: 0.047 and 0.674; Z = 2.254, Nstudies = 9, P = 0.024). By contrast, excluding 

data for breeders that had not experienced a manipulation of reproductive effort rendered this 

relationship non-significant (Table S4). A possible explanation for this discrepancy is that 

experimental manipulations of offspring number invariably occur after birth, by which point 

extensive physiological restructuring associated with transition to the reproductive state has already 

occurred. Females may not be able to readjust their physiology rapidly to the altered workload 

imposed by manipulation of offspring number, as discussed in the main text. However, there are 

other potential explanations for this discrepancy, and the issue is discussed in detail in the main text. 

For the association between reproductive state (breeders compared with non-breeders) and 

oxidative damage, the results of the subsetted analyses were broadly similar to the analyses based 

on the full data set (Table S4). However, blood protein carbonyls were not significantly higher in 

breeders compared with non-breeders. In the subsetted analysis that excluded observational studies, 

heart malondialdehyde and heart protein carbonyls were not significantly lower in breeders 

compared with non-breeders. This was almost certainly because of the reduced sample sizes in 
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these analyses, because in all instances the sign of the effect size was unchanged. In the subsetted 

analysis that excluded observational studies, liver malondialdehyde and kidney protein carbonyls 

showed a sign change. Similarly, in the subsetted analysis that excluded studies that had not 

manipulated reproductive effort, liver oxidised glutathione showed a sign change. Finally, in the 

subsetted analysis that excluded studies that had not manipulated reproductive effort, liver protein 

carbonyls were marginally (not significantly) lower in breeders compared with non-breeders (Table 

S4). In the analysis based on the full data set, this result had the same sign but was significant (P = 

0.008). However, we note these reduced data sets had only N = 1 study.  

Interestingly, considering field studies only, there was no significant difference in blood 

markers of oxidative damage between breeders and non-breeders, whereas in laboratory studies 

blood levels of oxidative damage were markedly and significantly higher in breeders compared with 

non-breeders (Table S4). This finding seems at odds with the idea that oxidative costs of 

reproduction may be more difficult to detect in the laboratory than in the field. However, the sample 

of studies of natural populations includes both birds and mammals, whereas the sample of 

laboratory studies includes only mammals, so it could represent a taxonomic difference. 

 



 
 

Table S4. Results of the meta-analyses excluding subsets of data. For description of markers see Table S1. 

 

Comparison 

 

Level of analysis 

 Hedges’ g and 95%  

confidence interval 

  

Test of null 

 Tissue Marker  Point 

estimate 

Lower  

limit 

Upper  

limit 

 Z P Nstudies 

Excluding laboratory studies           

           

Reproductive effort All All  0.280 –0.009 0.570  1.896 0.058 5 

         

Reproducing versus non-

reproducing 

All All  0.139 –0.248 0.526  0.705 0.481 6 
        

 Blood All  0.139 –0.248 0.526  0.705 0.481 6 

  MDA  0.007 –0.384 0.398  0.037 0.971 4 

  ROM  –0.479 –1.053 0.096  –1.632 0.103 1 

  PC  0.645 –0.315 1.623  1.324 0.186 2 

Excluding field studies           

           

Reproductive effort All All  0.495 0.007 0.983  1.989 0.047 6 

         

Reproducing versus non-

reproducing 

All All  0.100 –0.550 0.751  0.303 0.762 12 
        

         
 Blood All  0.590 0.178 1.003  2.808 0.005 5 

  MDA  0.405 –0.026 0.836  1.842 0.065 4 

  ROM  0.824 –0.160 1.808  1.641 0.101 1 

  PC  1.020 –0.243 2.282  1.583 0.113 4 

Excluding observational 

studies* 

          

           

Reproductive effort All All  0.387 –0.096 0.871  1.570 0.117 5 

           

Reproducing versus non-

reproducing 

All All  0.266 –0.597 1.130  0.605 0.545 9 

           
 Heart All  –0.296 –0.796 0.203  –1.162 0.245 2 

  MDA  –0.625 –1.418 0.167  –1.546 0.122 1 

  PC  –0.566 –1.355 0.223  –1.406 0.160 1 

         

 Liver All  0.175 –1.013 1.363  0.289 0.773 8 

  MDA  0.197 –1.443 1.838  0.236 0.814 7 

  PC  –1.380 –2.480 –0.280  –2.459 0.014 4 
           

Table S4 continued.      

 

Comparison 

 

Level of analysis 

 Hedges’ g and 95%  

confidence interval 

  

Test of null 

 Tissue Marker  Point 

estimate 

Lower  

limit 

Upper  

limit 

 Z P Nstudies 

Excluding observational 

studies* 

          

           

Reproducing versus non-

reproducing 

Muscle All  –0.232 –0.677 0.212  –1.026 0.305 3 

  MDA  –0.441 –1.049 0.168  –1.418 0.156 2 
           
 Kidney All  –0.074 –1.576 1.428  –0.097 0.923 3 

  MDA  –0.872 –3.124 1.380  –0.759 0.448 3 
 

 PC  0.427 –0.491 1.346  0.911 0.362 2 

 
          

 Blood All  0.683 0.143 1.223  2.480 0.013 3 



 
 

  MDA  0.315 –0.190 0.819  1.223 0.221 3 
 

 PC  1.472 –0.020 2.963  1.934 0.053 3 

Excluding studies that did not 

manipulate reproductive 

effort 

          

          

           

Reproductive effort All All  0.123 –0.262 0.509  0.627 0.531 4 

           

Reproducing versus non-

reproducing 

All All  –0.346 –1.026 0.333  –1.000 0.317 1 
        

         
 Heart All  –0.097 –0.742 0.548  –0.296 0.768 1 

  OG  0.195 –0.430 0.820  0.613 0.540 1 

  PT  –0.390 –1.054 0.274  –1.151 0.250 1 
           
 Liver All  –0.656 –1.373 0.062  –1.790 0.073 1 

           

  OG  –0.344 –0.972 0.284  –1.073 0.283 1 

  PC  –0.791 –1.598 0.016  –1.921 0.055 1 

  PT  –0.832 –1.539 –0.126  –2.308 0.021 1 
           
 Muscle All  –0.132 –0.785 0.521  –0.396 0.692 1 

  OG  –0.084 –0.741 0.573  –0.251 0.802 1 

  PT  –0.180 –0.829 0.469  –0.544 0.586 1 

*The term observational study is used to refer to those studies where animals had self-selected whether or not to breed. 


