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Developmental stress from early life challenges impacts adult phenotype across a range of species. However, the potential transgen-
erational consequences for adult phenotype are largely unknown. Additionally, the possible impacts of natural hatch/birth order and 
natal brood composition in unmanipulated broods/litters on adult performance has been understudied. This experiment takes a novel 
approach to studying developmental stress by integrating and assessing multiple potential stressors and multiple secondary sexual 
traits simultaneously in order to determine how these influence both social and genetic reproductive success. Male zebra finches 
were colony-reared on high- or low-quality diets; as adults, they reproduced competitively on an intermediate diet. Male visual orna-
ments (beak color and cheek patch size) were found to be reliable signals of developmental stress, since they showed high sensitivity 
to multiple early conditions and predicted reproductive success. Contrary to the nutritional stress hypothesis, early diet did not impact 
song traits investigated. Male reproductive success was impacted by diet history, male hatch order, and natal brood traits of males’ 
fathers, with daughter and son production sensitive to different subsets of identified reproductive stressors. Notably, diet influenced 
only son production and the hatch orders of males and their fathers influenced only daughter production. Findings suggest that the 
sexes respond differently to early life conditions, which may influence subsequent sex allocation patterns. Despite good general cor-
respondence in patterns of social and genetic reproductive success, males that sired 1 or more extra-pair offspring achieved higher 
fitness through greater son production.

Key words: developmental stress hypothesis, extra-pair paternity, Taeniopygia guttata, transgenerational fitness effects, visual 
ornamentation

INTRODUCTION
Environmental conditions experienced in early life may have last-
ing consequences for both survival and reproduction (Lindstrom 
1999; Metcalfe and Monaghan 2001; Spencer and MacDougall-
Shackleton 2011), with unfavorable conditions resulting in lower 
resource allocation to both somatic maintenance (small body 
dimensions, poor immunity) and reproduction (less-developed 
secondary sexual traits, fewer offspring) (Metcalfe and Monaghan 
2001; Blount et al. 2003; Naguib and Nemitz 2007; Tschirren et al. 
2009; Tilgar et al. 2010). Developmental stress may result from a 
variety of  challenges, including poor early nutrition (Nilsson and 
Gardmark 2001) resource competition among siblings and other 
conditions that result in elevated stress hormone levels (Mousseau 
and Fox 1998; Crino et  al. 2017). Traits whose adult expres-
sion is significantly influenced by early life conditions may signal 
information about an individual’s history and/or ability to cope 

with developmental stress. Secondary sexual traits, in particular, 
appear to be good candidates as indicators of  male mating qual-
ity (Andersson 1994) if  their expression meaningfully reflects the 
effects of  early life conditions on male contributions to either direct 
fitness (e.g., via parental caregiving) and/or indirect fitness (by sig-
naling heritable quality) of  their mates.

The idea that adult secondary sexual trait expression reflects 
early life conditions forms the basis of  the nutritional stress hypoth-
esis, which posits that passerine song is an indicator of  dietary con-
ditions experienced during development (Nowicki et al. 1998). This 
hypothesis is based on the premise that successful acquisition of  
learned song traits requires conditions favorable to brain develop-
ment (Nowicki et al. 2002). A key prediction is that individuals that 
experience less nutritional stress during development have a fitness 
advantage. To date, only one empirical study has investigated fit-
ness consequences arising from diet-induced variation in song traits 
(Woodgate et al. 2012), although several studies have reported rela-
tionships between repertoire size and reproductive success not tied 
specifically to diet (Eens et al. 1991; Hasselquist et al. 1996; Gil and 
Slater 2000; Reid et al. 2005).Address correspondence to K. M. Wilson. E-mail: kkmurphy@uci.edu.
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The developmental stress hypothesis (Spencer et  al. 2003; 
Buchanan et al. 2003; Spencer and MacDougall-Shackleton 2011), 
an expansion of  the nutritional stress hypothesis, more broadly 
considers how secondary sexual traits other than song may reflect 
developmental conditions and impact fitness. Several experiments 
that manipulated avian brood size have found that natal clutch 
traits can influence developmental stress: enlarged brood size (De 
Kogel and Prijs 1996; De Kogel 1997; Nicolaus et  al. 2009) and 
late hatch order (Zach 1982; Saino et al. 2001; Bowers et al. 2011; 
Gilby et al. 2012) can result in reduction of  body size and second-
ary sexual trait expression, which in turn can have fitness conse-
quences (Drummond and Rodriguez 2013; Dey et  al. 2014). To 
date, however, possible effects of  natural (unmanipulated) brood 
size and hatch order variation have not been studied in this context 
(MacDougall-Shackleton 2015). We expected to find correspon-
dence with results of  brood manipulation studies in that birds from 
larger broods and later hatch order would experience higher devel-
opmental stress. Brood composition—the number of  male versus 
female siblings—may also have consequences for individual quality, 
because resource allocation to the sexes often differs (Clutton-Brock 
et al. 1985; Badyaev et al. 2002; Nicolaus et al. 2009) and the con-
sequences of  sibling competition may differ for males and females 
(Bowers et al. 2011; Braasch et al. 2014; Stauffer et al. 2018).

While intergenerational parental effects resulting from environ-
mental conditions that breeders experience as adults have long been 
known (Mousseau and Fox 1998; Badyaev 2005), there is growing 
awareness that an individual’s early life conditions can also impact 
its offspring, which implies the occurrence of  multigenerational (or 
“transgenerational”) effects (Burton and Metcalfe 2014; Krause 
and Naguib 2014). Thus, for example, studies across a range of  
taxa have shown that parental early life experiences can affect off-
spring growth (Lummaa and Clutton-Brock 2002; Naguib and Gil 
2005; Taborsky 2006; Alonso-Alvarez et  al. 2007; Saastamoinen 
2013). However, relatively few studies to date have followed off-
spring into adulthood to investigate impacts on adult phenotype 
and fitness (but see Naguib et al. 2006). Also, compared to mater-
nal effects, paternal effects have received little attention (Uller 2008; 
McAdam et al. 2014), but are likely important, especially in species 
that exhibit bi-parental care (see Moreno et al. 1997 for example in 
pied flycatchers).

To obtain a more complete understanding of  the impact of  
stressors and secondary sexual traits on sexual selection, we mea-
sured extra-pair reproductive success as well as within-pair success. 
While a few previous studies have assessed extra-pair paternity 
(EPP) in a caged “choice” test setting (e.g., Houtman 1992; 
Forstmeier 2007), our study was conducted in a colony setting more 
natural for this species (Zann 1996). This design is superior, because 
conditions such as density and sexual conflict may influence ten-
dencies for birds to seek and accept extra-pair mates (Petrie and 
Kempenaers 1998).

In sum, using a captive population of  zebra finches (Taeniopygia 
guttata castanotis), a socially monogamous species, we sought here to 
investigate consequences of  an experimentally applied stressor (diet 
quality of  male subjects during development), as well as the unma-
nipulated natal brood traits of  males and their parents on male 
adult phenotype and reproductive success. The secondary sexual 
traits included in our study had previously been shown to have roles 
in mate choice: song (Holveck and Riebel 2007), beak color (Burley 
and Coopersmith 1987; Price and Burley 1993b; Simons and 
Verhulst 2011), and cheek patch size (Naguib and Nemitz 2007; 
Tschirren et al. 2012). Given that parents often invest differentially 

in male and female offspring (Trivers and Willard 1973; West 2009) 
and that the sexes may respond differently to early life conditions 
(Clutton-Brock et  al. 1985; Metcalfe and Monaghan 2001; Tilgar 
et al. 2010), we included consideration of  separate effects of  male 
and female siblings. We predicted that greater expression of  acous-
tic and visual secondary sexual traits would have a positive effect 
on reproductive success components (Trivers 1972; Andersson and 
Iwasa 1996; Kokko et  al. 2002) and that the expression of  these 
traits would be negatively affected by developmental stressors, in 
accordance with the developmental stress hypothesis predictions. 
By comparing the effects of  multiple early life stressors on multiple 
secondary sexual traits and considering the implications for both 
genetic and social reproductive success, we are able to illustrate 
how developmental stress can shape sexual selection.

METHODS
Founder rearing conditions and experiment 
initiation

The 64 adult founders (32 of  each sex) of  this breeding experi-
ment (generation 1) were produced in 2012 in 1 of  3 outdoor avi-
ary populations (each also composed of  32 birds of  each sex), each 
of  which was supplied a different diet (generation 0). The aviaries 
were of  identical size and physical layout. To reduce the poten-
tial for unintended differences between populations to influence 
the results, these 3 populations were established from a pool of  
birds derived from 3 aviaries in the previous generation (genera-
tion −1). A  stratified random design was used to balance assign-
ment of  birds across flights while minimizing opportunities for 
double-first-cousin pairings. Within generations, all populations 
reproduced over the same time course and the age range of  found-
ers was standardized; across generations, founder density was held 
constant and effective population size was standardized as closely 
as possible. In generation 0, male founders of  the current experi-
ment (generation 1) were reared in aviaries held on either the HI 
(daily hen’s egg supplement) or LO (no hen’s egg supplement) diet, 
whereas females were reared on the typical diet used in previous 
generations (LAB diet: thrice weekly egg supplement). All birds 
received green vegetables thrice weekly and ad libitum supplies of  
water, a commercial mix of  ripe grass seed for estrildines, cuttlefish 
bone, and ground oyster shell. To prevent developmental compen-
sation for short- and medium-term exposure to a particular early 
diet (Arnold et al. 2007; Krause and Naguib 2015), all birds were 
kept on their natal diet until they were selected as breeders for 
generation 1.

Apart from diet variation, the rearing protocol for all founders 
and their parents was the same: populations were founded at stan-
dard densities (64 adults), and once offspring in these populations 
reached 45(±3) days of  age (when sexual dichromatisms become 
apparent), they were caught and housed in single-sex cages at stan-
dard densities within their natal flights until they reached 100 days 
of  age. This procedure was implemented to provide develop-
ing birds visual and acoustic contact with adults; such contact is 
important for imprinting on visual and acoustic traits (Immelmann 
1975; Bolhuis 1991; Bischof  et  al. 2002). During this time span, 
males learn songs and both sexes develop mate preferences (Eales 
1989; ten Cate et  al. 1993; Zann 1996). Data were collected for 
the unmanipulated candidate stressors considered: hatch order and 
number/sex of  surviving siblings for all male founders and their 
social parents. After 100 days of  age, birds were housed indoors in 
cages until selected for this study.
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In spring 2013, 16 males from each of  the HI and LO diet treat-
ments and 32 females reared on the LAB diet were selected for the 
study. All founders had wild-type plumage and were judged to be 
in excellent overall condition. No more than 2 siblings per family 
(Nfamilies = 23 for males, 24 for females) were selected. All birds were 
previously unmated; age varied between 6 and 13  months at the 
start of  the experiment and did not differ between treatments (P 
> 0.5).

Six weeks prior to the start of  breeding, all founders were placed 
on the LAB diet. Birds were uniquely color-banded for identifica-
tion with colors previously established not to impact mate prefer-
ence. Prior to release, several size traits and secondary sexual traits 
were measured: mass, tarsus length, head width, cheek patch size, 
and beak color. Song recordings were also made at this time. In 
order to assign genetic parentage to offspring, a 25 μL blood sam-
ple was collected from the brachial vein of  each founder and sus-
pended in DMSO solution (Seutin et al. 1991).

Founders were housed in a single (80 m3) aviary flight and 
allowed to freely pair and breed. Approximately 2.5 nest cups were 
available for each breeding pair; nesting material (grass and feath-
ers) was provided daily. At the end of  the experiment, breeding was 
suspended by removing clutches initiated more than 150 days after 
release and before eggs could have hatched. The population was 
then kept intact until the last-hatched offspring reached 100  days 
of  age.

Secondary sexual trait measures

Both cheek patches were measured for each male founder. Birds 
were hand-held so that a cheek patch was parallel to and on the 
same plane as a measuring ruler and photographed when feather 
posture was relaxed. Photographs were taken under standard 
illumination using a Canon® EOS camera. Cheek patch area 
was measured using ImageJ software (U.S. National Institutes of  
Health, Bethesda, MD) by a person not aware of  male diet treat-
ment. In order to further standardize measurements, one individual 
held all birds, and another person took all photographs and made 
measurements. Analyses were based on the average size of  both 
cheek patches, as well as the negative absolute size difference (- | 
left – right |) of  cheek patches (“cheek patch symmetry”).

Beak color was measured using the Munsell® Book of  Color, 
Glossy Finish Collection (X-Rite, Inc., Grand Rapids, MI). This 
color system describes the hue, value and chroma of  beak color. 

Males were held in a standard position and their beak color was 
compared to the color chips. When beak color fell between 2 chips, 
scores were interpolated. These scores (hue, value, and chroma) 
were then used to generate a single index of  beak color (Burley 
et al. 1992) in which the highest score is assigned to beaks that are 
perceived by humans as the reddest, darkest, and brightest. Females 
prefer males with high beak color scores (Burley and Coopersmith 
1987; Simons and Verhulst 2011). Ultraviolet reflectance of  male 
beaks is minimal, and spectrophotometer-based scores have been 
found to correlate well with Munsell® scores (Bolund et al. 2010).

Zebra finches produce a single, highly stereotyped song motif  
(alternatively referred to as “song phrase”; Riebel 2009) that shows 
considerable variation among individuals and is the unit of  song in 
our analyses. The number of  motifs delivered in any given bout of  
song is highly variable (Zann 1996). Songs were recorded using the 
following procedures: individually caged males were placed in a sound 
attenuation chamber containing a separate cage of  2 unfamiliar 
stimulus females. Sound was recorded on Mac OS X using an Audio 
Technica model AT 2020 condenser microphone and Garageband 
software. Males were recorded until they produced at least 3 songs 
and 10 motifs. The silence between songs was spliced from record-
ings, and MP4 files were converted to WAV files using Free Convert 
(XillSoftware Company, New York, NY); motifs were visualized in 
Sound Analysis Pro 2011 (SAP11) (Tchernichovski and Mitra 2004).

For each male, we selected a total of  5 recorded motifs for anal-
ysis, using several guidelines to maximize the number of  songs 
sampled. The selected motifs came from at least 3 different songs, 
with no more than 2 motifs from any one song. Songs that were too 
noisy to permit syllable identification were excluded. In order to 
avoid classifying introductory syllables as part of  a male’s motif, the 
first motif  of  every song was also excluded.

All motifs were initially scored to identify the range of  syllable 
types present in the population. No syllable type was found to be 
unique to a specific diet treatment. Following criteria previously 
established for syllable classification (Williams and Staples 1992; 
Leadbeater et  al. 2005), syllable boundaries were identified by 
silence surrounding a unit of  sound or by abrupt changes in ampli-
tude or harmonic qualities (sound morphology). Through these 
criteria, 12 unique syllable types were identified (Figure 1). The 
2 observers that identified these syllable types then independently 
assessed male motifs using this classification and no interobserver 
discrepancies occurred.
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Figure 1
Effect sizes (±SE) of  z-transformed candidate developmental stressors on z-transformed overall male trait expression, including acoustical secondary sexual 
traits (stereotypy, total syllables, proportion of  unique syllables), visual secondary sexual traits (cheek patch size and symmetry, beak color), and body size traits 
(head width, tarsus length, and mass). *P ≤ 0.05; **P ≤ 0.01); ***P ≤ 0.001; ****P < 0.0001). Data from Table 2.
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Two measures of  song complexity (total syllable number 
[Nowicki et  al. 1998; Spencer et  al. 2003] and proportion of  
unique syllables [Holveck and Riebel 2007]) and one measure of  
song performance (stereotypy [Holveck and Riebel 2007]) were 
used to assess male song quality. While several studies have ana-
lyzed song rate as a potential metric of  male zebra finch quality 
(ten Cate and Mug 1984; Houtman 1992; Collins et  al. 1994; 
Birkhead et al. 1999; Forstmeier 2007; Riebel 2009; but see David 
et  al. 2013), this measure varies with female attractiveness and 
male satiation (Riebel 2009; Ritschard and Brumm 2012), which 
were not controlled for in this experiment. The number of  syl-
lables in each selected motif  was averaged across the 5 motifs for 
each male in order to calculate total syllable number. The “propor-
tion of  unique syllables” was calculated as the number of  unique 
syllables divided by total number of  syllables. In order to account 
for individual male differences in syllable morphology, syllables 
were scored as unique if  their between-motif  variation was visually 
assessed to be less than their within-motif  variation, as determined 
by 2 scorers.

Variation across each male’s motifs was assessed using the ste-
reotypy coefficient described by Holveck and Riebel (2007). All 5 
motifs were compared in a pairwise fashion, and syllable changes 
(additions, deletions, and substitutions) between them were quan-
tified. The resulting stereotypy coefficient describes the overall 
variation among motifs on a scale of  0 to 1, with 1 indicating that 
all motifs have exactly the same syllable number and order, and 
0 indicating that all syllables of  all motifs are different (equation 
below). Stereotypy coefficient values varied from 0.727 to 1 for this 
population.

Stereotypy coefficient = 1− [(Σ changes) / (Σ motifs− 1) (Σ syllables)]

Breeding and reproductive success measures

Throughout the experiment, nests were censused each morning, at 
which time egg and hatchling numbers were recorded and every 
new egg and hatchling were individually marked in order to track 
lay order and hatch order. If  2 offspring hatched on the same day, 
the heavier hatchling was considered older, on the assumption it 
had been provisioned over a longer interval. Each nestling received 
a uniquely numbered metal leg band before fledging. Active nests 
were observed weekly in order to assign social parents to each 
clutch. When offspring reached 45(±3) days of  age, a single 25 μL 
blood sample was collected from the brachial vein. Measures of  
male reproductive success were based on offspring that survived to 
at least 45 days of  age and included the number of  reared offspring 
(“social parentage”) and the number of  offspring sired (“genetic 
parentage”), and EPP.

Genetic parentage assignment

Genotyping was performed for founders and offspring using 8 
highly polymorphic microsatellite loci (Tgu1, Tgu3, Tgu4, Tgu5, 
Tgu8, Tgu9, Tgu10, and Tgu12) that have been established for 
zebra finches (Forstmeier et  al. 2007). For each sample, DNA was 
extracted using phenol-chloroform-isoamyl extraction and ethanol 
precipitation (Milligan 1998). DNA was then amplified for each 
locus using PCR. Each PCR sample had a volume of  10 μL and 
included the specific forward and reverse primers (one of  which 
was fluorescently labeled) corresponding to each microsatellite locus 
(Integrated DNA Technologies, Coralville, IA). PCR began with 
denaturing for 5 min at 95 °C, followed by 32 cycles at 95 °C (40 s 

denaturing), 53 °C (40 s annealing), and 72 °C (60 s extension) and 
ended with an extension step of  7 min at 72 °C. Analyses were com-
pleted using an ABI 3100 Genetic Analyzer (Applied Biosystems). 
Data were analyzed using Genemapper 4.0 (Applied Biosystems).

Allele frequencies, non-exclusion probabilities, heterogeneity, 
and parentage were calculated and assigned using CERVUS 3.0 
(Kalinowski et  al. 2007). The mean observed heterozygosity was 
0.846, which does not differ significantly from the mean expected 
heterozygosity (0.854). There were no departures from Hardy–
Weinberg equilibrium at any of  the 8 loci, or for all loci combined. 
The mean number of  alleles per locus was 14.25 (SD  =  3.06), 
and the non-exclusion probability for the first parent (mother) was 
0.001 and for the second parent (father) was < 0.0001.

The founders and offspring included in genotyping results had 
signals for at least 6 of  the 8 loci. Out of  192 offspring that were 
genotyped, 19 were excluded from further analyses. Six offspring 
were excluded because fewer than 6 loci could be determined and 
the birds were no longer available for blood resampling. Another 
6 offspring were excluded because they were reared by same-sex 
pairs. Lastly, 7 offspring were excluded because they were attended 
by only one social parent. A  total of  28 offspring were not gen-
otyped because they could not be fit on 2 plates (192 specimens) 
allotted for genetic analyses and were assumed to be genetic off-
spring of  their social parents. EPP rates were estimated from a 
sample of  173 offspring, which is considered an appropriate sample 
size for such analysis (Griffith et al. 2002). Offspring were classified 
as conspecific brood parasites when neither social parent was found 
to be a genetic parent.

Statistical analyses

Pearson’s correlations were performed to assess occurrence of  
phenotypic correlations in male trait expression. The same tests 
were used to quantify relationships among candidate developmen-
tal stressors (parents’ natal clutch traits as well as male subjects’ 
natal clutch traits, and male natal diets), male adult traits (head 
width, tarsus length, mass, song stereotypy, total syllable number, 
proportion of  unique syllables, beak color, cheek patch size, and 
symmetry), and reproductive success (genetic/ social/extra-pair 
production of  sons and daughters). Potential developmental stress-
ors were coded for analysis such that higher values were assigned 
to states predicted to impose greater stress (LO diet, greater num-
ber of  siblings of  each sex for males and their parents, and later 
hatch order of  males and their parents). Four males (3 HI and 1 
LO) were excluded from analyses of  reproductive success because 
they formed same-sex pairs.

The effect of  select candidate stressors on male adult traits and 
reproductive success was further analyzed when correlation coeffi-
cients generated from Pearson analyses were significant at α ≤ 0.10. 
In order to reduce the influence of  correlations among dependent 
variables, all variables were first z-transformed and male identity was 
included in models as a random effect. Linear mixed effect models 
were then performed to assess the effect of  candidate stressors on male 
adult traits and reproductive success (α = 0.05). Linear mixed effect 
models were also used in analyses in which phenotype was partitioned 
into 3 components (acoustic traits, visual traits, size traits), and repro-
ductive success was partitioned into son and daughter production.

The same approach was used to evaluate influences of  male phe-
notypic traits on reproductive success. Here, the a priori expecta-
tion was that higher trait values (generating positive effects) would 
contribute to reproductive performance.
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Two-sample t-tests with equal variance were used to assess differ-
ences in reproductive success between males that did or did not sire 
extra-pair offspring.

Based on Shapiro-Wilks tests and visual assessment of  quan-
tile–quantile plots, 5 variables were transformed prior to analyses: 
syllables per motif  (squared), the proportion of  unique syllables 
(raised to the fourth power), cheek patch size (z-transformed), cheek 
patch symmetry (square root prior to being multiplied by −1) and 
beak color (z-transformed, then cubed). All measured variables are 
reported here. Analyses were performed in STATA 14 (StataCorp 
LP, College Station, TX).

RESULTS
The 3 male size traits were positively intercorrelated, but the 6 sec-
ondary sexual traits were not intercorrelated (Table 1). Results for 
analyses using residual cheek patch can be found in the supplement 
(Supplementary Table S1).

Of  the 173 genotyped offspring, 145 had the same genetic and 
social parents and 23 were categorized as extra-pair offspring (EPP 
rate  =  13.3%). Five offspring were scored as conspecific brood 
parasites and these offspring were produced by 5 different genetic 
pairs. The 23 extra-pair offspring were sired by 10 males (range: 
1–7 offspring), 4 of  which lost paternity to another male.

Stressor effects on male phenotype

Two candidate stressors had negative overall effects on male phe-
notype expression: diet and male hatch order (Figure 1; Table 
2). Tests to assess which aspects of  the male phenotype (acoustic, 
visual, and/or size traits) were impacted by candidate stressors indi-
cated that diet, paternal hatch order and the number of  sisters in 
the natal brood of  male’s father negatively impacted visual traits, 
and the numbers of  sisters in the natal broods of  male’s mothers 
positively impacted visual traits (Figure 2b). Hatch order negatively 
impacted male body size (Figure 2c) and no candidate stressors 
impacted acoustic traits (Figure 2a).

Stressor effects on male reproductive success

Two potential stressors were found to have overall negative effects 
on reproductive success: diet and male hatch order (Figure 3; Table 
3). Male hatch order and that of  his father negatively impacted 

daughter production (Figure 4a), whereas diet quality negatively 
impacted son production (Figure 4b). Results for the effects of  can-
didate stressors on the total number of  offspring produced can be 
found in the supplement (Supplementary Table S2 and Figure S3).

Effects of male traits on reproductive success

Three of  the 9 phenotypic traits measured in males were found 
to be positive predictors of  the collective measures of  male repro-
ductive success cheek patch size, cheek patch symmetry and beak 
color (Figure 5, Table 4). Cheek patch symmetry and beak color 
positively predicted both daughter and son production whereas 
cheek patch size and head width predicted production of  sons only 
(Figure 6). The proportion of  unique syllables in a male’s song was 
a negative predictor of  the production of  daughters; that is, males 
with a lower proportion of  unique syllables produced more daugh-
ters (Figure 6a). Results for the effects of  adult male traits on the 
total number of  offspring produced can be found in the supplement 
(Supplementary Table S3 and Figure S4).

Additional reproductive success results

The correlations among genetic and social reproductive mea-
sures (total offspring [r  =  0.91], sons [r  =  0.92] and daughters 
[r = 0.90]) were all highly significant (PC: Ps < 0.005). Males that 
sired extra-pair offspring tended to produce more offspring overall 
(2-sample t-test with equal variance: t = −2.05, df = 26, P = 0.051) 
(Supplementary Figure S2); this pattern resulted from their siring 
a greater number of  sons (t = −3.16, df = 26, P = 0.004), but not 
more daughters (t = −0.67, df = 26, P = 0.52).

DISCUSSION
A strong focus of  recent research on developmental stress centers 
on the influence of  early nutritional conditions on the adult expres-
sion of  bird song (e.g., MacDougall-Shackleton and Spencer 2012; 
Woodgate et  al. 2012; Schmidt et  al. 2013; Kriengwatana et  al. 
2014), under the rubric of  the nutritional stress hypothesis (Nowicki 
et al. 1998; 2002). Our findings support the profitability of  broad-
ening the scope of  this hypothesis to consider stressors other than 
nutrition and secondary sexual traits other than song. Results here 
and elsewhere (e.g., Gorissen et al. 2005; Holveck et al. 2008) indi-
cate that the early life conditions of  individuals (notably hatch 

Table 1
Correlations among secondary sexual traits and size traits of  males

Variable Stereotypy
Total song 
syllables

Proportion 
of  unique 
syllables

Beak 
color

Cheek 
patch size

Cheek patch 
symmetry

Head 
width

Tarsus 
length Mass

Stereotypy 1.00
Total song syllables 0.156 1.00        
Proportion of  unique 
syllables

0.32 −0.105 1.00       

Beak color −0.011 0.053 −0.307 1.00      
Cheek patch size 0.306 0.020 0.112 0.1867 1.00     
Cheek patch symmetry −0.048 −0.188 −0.041 0.205 0.029 1.00    
Head width 0.342 0.106 −0.015 0.130 0.370* −0.036 1.00   
Tarsus length 0.150 −0.069 0.020 −0.042 0.315 −0.222 0.510** 1.00  
Mass 0.257 0.134 −0.119 0.116 0.403* 0.135 0.512** 0.463** 1.00

Unshaded boxes indicate correlations among secondary sexual traits; light gray shading indicates correlations between secondary sexual traits and size traits; 
and dark gray shading indicates correlations among size traits. Pearson’s correlation coefficient values reported for N = 32; family N = 23.
*P < 0.05. **P < 0.01.
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Figure 2
Effect sizes (±SE) of  z-transformed candidate developmental stressors on z-transformed adult male expression of  (a) acoustical secondary sexual traits 
(stereotypy, total syllables, proportion of  unique syllables), (b) visual secondary sexual traits (cheek patch size and symmetry, beak color), and (c) body size traits 
(head width, tarsus length, and mass). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P < 0.0001. Data from Table 2.

Table 2
Correlations among developmental stressors and male traits (secondary sexual traits and size traits)

Male trait Diet
Male hatch 
order

Male 
brothers

Male 
sisters

Maternal 
hatch order

Maternal 
brothers

Maternal 
sisters

Paternal hatch 
order

Paternal 
brothers

Paternal 
sisters

Stereotypy −0.226 −0.368* −0.221 0.135 0.007 −0.001 −0.118 0.244 −0.259 −0.145
Total syllables −0.263 0.013 −0.073 −0.137 0.065 −0.277 0.177 0.116 −0.308 0.302
Proportion of  unique 
syllables

0.128 0.137 −0.265 0.191 −0.031 0.361 −0.146 0.112 −0.117 0.247

Cheek patch size −0.476** −0.255 −0.033 0.416* −0.316 0.069 0.466* −0.241 −0.004 −0.354
Cheek patch symmetry −0.187 −0.092 0.216 −0.042 0.040 0.257 0.287 −0.237 0.154 −0.113
Beak color −0.473** −0.250 0.165 −0.123 0.196 −0.054 0.206 −0.357 −0.156 −0.453*
Head width −0.244 −0.418* 0.259 0.321 −0.196 −0.135 0.155 0.003 0.010 −0.075
Tarsus length 0.010 −0.067 0.139 0.126 −0.287 −0.209 0.151 0.091 −0.117 0.272
Mass −0.551** −0.241 0.130 0.256 0.290 −0.163 0.011 0.207 −0.242 0.033

Pearson’s correlation coefficient values reported for N = 28 (family N = 23).
*P < 0.05. **P < 0.01.
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order) and perhaps natal conditions experienced by their parents 
(hatch order and brood composition) can serve as early stressors 
with significant impacts on offspring fitness.

Qualitatively, there was little difference in the tendency of  males’ 
secondary sexual traits to influence patterns of  social and genetic 
reproductive success (Table 4). Thus, while accounting for genetic 
reproductive success is important for understanding the evolution-
ary significance of  developmental stressors, social parentage can 
often serve as an acceptable proxy. We found that visual second-
ary sexual traits were more consistent predictors of  components of  
reproductive success, including production of  both daughters and 
sons, than were acoustic traits (Table 4; Figures 5 and 6). In addi-
tion, since daughter production was not influenced by males’ early 
life diet, this result suggests differential survival of  male offspring 
of  the diet treatments and possible sex allocation by HI males and 
their mates (Burley 1986; Booksmythe et al. 2017).

The level of  production of  extra-pair offspring found here (13%) 
is very similar to that reported (12–15.3%) in other laboratory 
studies in which male variation in attractiveness was not manipu-
lated outside the naturally occurring range (Tschirren et al. 2012); 
wild populations have lower rates (1.7–2.4%; Birkhead et al. 1990; 
Griffith et al. 2010). Size traits predicted son production, especially 
via EPP (Supplementary Figure S2), suggesting that females may 
choose extra-pair partners using male traits different from those 
employed in social mate choice. In conjunction with the finding of  
sex allocation (that HI-diet males and males with extra-pair repro-
ductive success produced more sons), results support the conclusion 
that multiple sets of  male traits are under sexual selection in this 
species.

Given that it has long been known for a wide range of  species 
that parental effects (Mousseau and Fox 1998) and—for birds—
hatch order (Both et  al. 1999; Bowers et  al. 2011) can have long-
term influences on phenotype and fitness, it is surprising that 
intergenerational influences and early life experiences on adult 
sexual signal expression have not been widely considered (but see 
Soma et  al. 2006; Gil et  al. 2006; Holveck et  al. 2008). Though 
confounding aviary effects are possible, we found that diet and male 
hatch order had negative impacts on both male traits and repro-
ductive success (Figures 1–4). Also, male hatch order appears to 
have transgenerational fitness consequences, influencing the num-
ber of  granddaughters produced (Figure 4a). In contrast to the 
significant hatch order effects, no equivalent patterns were found 
for male brood size/composition, suggesting that—for studies in 
which clutch/brood size is not experimentally manipulated—zebra 
finches are more readily able to reduce variation in offspring qual-
ity through tactical adjustment of  clutch/brood size (Roff 2002; 
Vedder et al. 2017) than they can offset costs that accrue specifically 
to offspring of  late hatch order (Figures 2 and 3).

A paradoxical finding was that the number of  sisters in the natal 
broods of  males’ mothers had a positive effect on male visual trait 
expression, whereas the number of  sisters in the natal broods of  
males’ fathers had a negative effect (Figure 1). A  possible expla-
nation for contrasting grand-parental influences is exemplified by 
results of  an experiment in which condition of  half  of  the female 
zebra finches breeding in a large aviary was manipulated by clip-
ping of  flight feathers after pair formation, whereas condition of  
their mates was not (Foster and Burley 2007). In that study, con-
trol (unclipped) females tended to produce more female offspring 
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Figure 3
Effect sizes (±SE) of  z-transformed candidate developmental stressors on all z-transformed male reproductive success measures (genetic, social and extra-pair 
production of  sons and daughters). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P < 0.0001. Data from Table 3.

Table 3
Correlations among developmental stressors and reproductive measures

Reproductive measure Diet
Male hatch 
order

Male 
brothers

Male 
sisters

Maternal hatch 
order

Maternal 
brothers

Maternal 
sisters

Paternal hatch 
order

Paternal 
brothers

Paternal 
sisters

Genetic daughters −0.029 −0.356 −0.029 −0.163 −0.367* −0.049 0.251 0.425* 0.047 −0.308
Genetic sons −0.446* −0.201 0.234 0.064 −0.195 −0.016 0.489* −0.364 −0.127 −0.306
Social daughters 0.009 −0.327* −0.112 −0.189 −0.232 0.033 0.187 −0.325 0.051 −0.347
Social sons −0.422* −0.209 0.133 −0.089 −0.133 −0.099 0.542** −0.211 −0.258 −0.284
Extra-pair daughters −0.238 −0.324 0.185 0.057 −0.272 −0.291 −0.177 −0.273 −0.209 −0.137
Extra-pair sons −0.356 −0.207 0.138 0.390* 0.162 0.000 0.321 0.072 −0.055 −0.150

Pearson’s correlation coefficient values reported for N = 28; family N = 23.
*P < 0.05. **P < 0.01.
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Table 4
Correlations among male traits (secondary sexual traits and size traits) and reproductive measures

 Acoustic secondary sexual traits Visual secondary sexual traits Body size traits

Reproductive measure Stereotypy Total syllables
Proportion of  
unique syllables

Cheek patch 
size

Cheek patch 
symmetry Beak color Head width

Tarsus 
length Mass

Genetic daughters −0.006 −0.009 −0.370 0.267 0.450* 0.430* 0.021 0.015 −0.135
Genetic sons 0.169 −0.017 −0.083 0.490** 0.510** 0.547** 0.314 0.163 0.207
Social daughters −0.072 −0.089 −0.432* 0.168 0.449* 0.300 −0.016 −0.046 −0.113
Social sons 0.189 −0.014 −0.171 0.343 0.471* 0.510** 0.196 0.027 0.126
Extra-pair daughters 0.222 0.293 −0.144 0.242 0.049 0.456* 0.309 0.062 0.104
Extra-pair sons 0.246 0.304 −0.019 0.378* 0.037 0.157 0.499** 0.376* 0.357

Pearson’s correlation coefficient values reported for N = 28; family N = 23.
*P < 0.05. **P < 0.01.
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Effect sizes (±SE) of  z-transformed influential male body size and secondary sexual traits on all z-transformed male reproductive success measures (genetic, 
social and extra-pair production of  sons and daughters). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P < 0.0001. Data from Table 4.
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Figure 4
Effect sizes (±SE) of  z-transformed candidate developmental stressors on z-transformed (a) daughter production (genetic, social and extra-pair) and (b) son 
production (genetic, social and extra-pair). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P < 0.0001. Data from Table 3.
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than did females whose feathers were shortened, largely as a result 
of  lower daughter mortality (although unclipped females also had 
larger clutch sizes). In this species, female hatchlings generally 
appear more vulnerable to mortality resulting from early stress-
ors including food (Burley et al. 1989; deKogel 1997); also, female 
fecundity is proportional to body mass at fledging (Martins 2004), 
perhaps because adult females are capital breeders (draw protein 
from pectoral muscle for breeding [Jones and Ward 1976; Houston 
et  al. 1995]). Parental feeding rates collected during Foster and 
Burley’s experiment indicated that control females, which main-
tained higher body mass, provisioned female-biased broods more. 
Collectively, findings suggest that the positive impact of  number 
of  female brood mates in the males’ maternal lineage results from 
females having been in relatively good physiological condition at 
the time they produced the mothers of  the males in the current 
experiment. That the opposite pattern was found in the paternal 
lineage is consistent with evidence indicating that daughters benefit 
relatively more from high maternal physical condition than do sons. 
This study further contributes to this idea since the number of  sis-
ters, but not the number of  brothers, were found to contribute to 
male developmental stress.

The suggestion that early life stressors may exert greater viabil-
ity/fecundity selection on females does not conflict with the result 
found here that male early diet failed to influence daughter pro-
duction. Rather, the logic developed here suggests that—other 
things being equal—females in very good condition make greater 
investments in daughters because of  positive effects on their sur-
vival and fecundity; investigation of  this possibility would require 
manipulation of  the diet in the maternal lineage. By contrast, the 
current study suggests that high paternal condition as revealed by 
secondary sexual trait expression leads to enhanced investment in 
son production because of  the sexually selected benefits sons may 
accrue. Of  course, the extent to which both members of  a breed-
ing pair share similar sex allocation tactics will likely vary among 

circumstances (Burley 1988; Foster and Burley 2007; Mainwaring 
et al. 2011); predicting consequences of  manipulating reproductive 
quality of  both sexes simultaneously would be more difficult.

Additional studies of  transgenerational effects on both sexes are 
clearly needed to develop a picture of  their overall impact on indi-
vidual fitness across a range of  taxa. We suggest that investigation 
of  transgenerational effects on the developmental trajectories of  
male zebra finches, and the impact of  trajectories on fitness, might 
help clarify and extend the findings reported here.

Developmental stress and secondary 
sexual traits

Acoustic traits
Contrary to nutritional stress hypothesis predictions, rearing diet 
did not influence song traits (Table 2; Figure 2). As discussed by 
MacDougall-Shackleton (2015), previous studies on zebra finches 
have been inconsistent in their findings regarding diet effects on 
song: a number of  studies have reported that several song traits 
are negatively affected by poor early diet (syllable number: Spencer 
et  al. 2003; peak frequency: Spencer et  al. 2003; Zann and Cash 
2008; song duration: Spencer et al. 2003; song rate: Zann and Cash 
2008; copy precision: Brumm et al. 2009), whereas some found no 
effect (syllable number: Zann and Cash 2008; Brumm et al. 2009; 
Kriengwatana et  al. 2014; unique syllable number: Kriengwatana 
et al. 2014; motif  duration: Brumm et al. 2009; song rate: Birkhead 
et al. 1999; Spencer et al. 2003), or positive effects (song duration: 
Zann and Cash 2008).

Kriengwatana and colleagues (2014) addressed the problem of  
inconsistencies among study results by suggesting that song traits 
play a smaller role in mate choice than visual traits in this species 
and that low intensity of  selection on song results in substantial 
song trait variability among populations. Our findings are consis-
tent with this idea, in the qualified sense that song quality may not 
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Effect sizes (±SE) of  z-transformed influential male body size and secondary sexual traits on z-transformed (a) daughter production (genetic, social and extra-
pair) and (b) son production (genetic, social and extra-pair). *P ≤ 0.05; **P ≤ 0.01; ***P≤ 0.001; ****P < 0.0001. Data from Table 4.
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be important in social mate choice, although several other functions 
of  song are recognized (species [Zann 1996; Riebel 2009], mate 
[Miller 1979a], and kin [Miller 1979b] recognition; stimulation 
of  female to pair [Dunn and Zann 1997, Tomaszycki and Adkins-
Regan 2006] and coordination of  pair activities [Elie et al. 2010]). 
The strongest support for the nutritional stress hypothesis has been 
found in species with few visual sexual dimorphisms, and for which 
song plays a major role in mate choice (swamp sparrows: Nowicki 
et al. 2002; European starlings: Buchannan et al. 2003; song spar-
rows: MacDonald et al. 2006; Schmidt et al. 2013; but see Müller 
et al. 2010 for no effect in canaries), suggesting that the relationship 
between song and nutritional stress may be more complicated for 
visually ornamented species than originally proposed. Additional 
studies that assess both acoustic and visual sexual dimorphisms 
will further our understanding of  the role developmental stress 
plays in shaping sexually selected traits in general, and song spe-
cifically. Since the effects of  undernutrition (from caloric restriction) 
can vary from those of  malnutrition (from nutrient deficiencies or 
imbalances—Morgane et al. 1993, 2002; Besson et al. 2016), it will 
be important going forward to address effects of  qualitatively dif-
ferent types of  food stressors. To date, almost all studies of  nutri-
tional stress in zebra finches have focused on undernutrition (except 
Birkhead et al. 1999 and this study).

While diet has been the focus of  most studies of  the nutritional 
stress hypothesis, a study by Holveck and colleagues (2008) manipu-
lated brood size in zebra finches in order to influence male quality. 
They found that male song stereotypy was higher for males that 
hatched earlier in their broods; similar effects have been reported 
in another estrildine, the Bengalese finch (Lonchura striata domestica; 
Soma et al. 2006, 2009). We did not find an overall effect of  hatch 
order on male song traits, although we did find a similar correlation 
to theirs between song stereotypy and hatch order (Table 2).

Interestingly, the proportion of  unique syllables negatively pre-
dicted reproductive success via daughter production (Figure 6a), 
suggesting that this trait may have a detrimental effect on male 
fitness, which is the opposite of  conventional expectations (but see 
Byers and Kroodsma 2009). The only prior study to explicitly test 
reproductive outcomes of  the developmental stress hypothesis for 
zebra finches also found that the proportion of  unique syllables 
in a male’s song was negatively associated with reproductive suc-
cess (Woodgate et  al. 2012, table A1). Perhaps there is a trait not 
yet considered or categorized as perceived by zebra finches that 
informs the cost associated with the proportion of  unique syllables. 
In any case, the relationship between song attractiveness and fit-
ness remains unclear, since female song preference was neither 
examined here nor by Woodgate et  al. (2012), and studies that 
have reported female preference for songs with greater number of  
unique syllables (Spencer et al. 2005; Holveck and Reibel 2007) did 
not assess male reproductive success. Future studies should assess 
female preferences for song traits and fitness effects of  these traits 
for males of  the same population.

Visual traits
Expression of  visual secondary sexual traits was sensitive to both 
diet quality and parental clutch traits. Collectively, visual traits 
contributed significantly to all measures of  fitness (Table 4) and 
exerted the largest impact of  the 3 phenotype categories on repro-
ductive success (Figures 5 and 6). These results are consistent with 
previous studies that found both female mate preferences for beak 
color (Burley and Coopersmith 1987; deKogel 1997; Simons and 
Verhulst 2011) and cheek patch size (Naguib and Nemitz 2007; 

Tschirren et al. 2012; Burley et al. 2018) as well as impacts of  these 
traits on social and/or genetic parentage (Price and Burley 1993b; 
Tschirren et  al. 2012). To our knowledge, the impact of  cheek 
patch size symmetry on attractiveness of  male zebra finches has not 
yet been studied.

Previous research has shown that beak color is heritable (Price 
and Burley 1993; Price 1996; Birkhead et al. 2006; Schielzeth et al. 
2012) and that it reflects breeding state (Burley et  al. 1992) and 
immune function (McGraw and Ardia 2003; Birkhead et al. 2006), 
such that redder beaks generally indicate better condition and 
immune response, at least in males. However, in wild zebra finches, 
male beak color expression is positively correlated with ectoparasite 
load (Burley et  al. 1991); this may reflect high circulating cortico-
steroid levels in response to stress (Roberts et  al. 2007; McGraw 
et al. 2011). Overall, then, male beak color appears to be a general 
quality indicator.

Despite its prominence in the visual phenotype and display rep-
ertoire of  male zebra finches, the cheek patch has received little 
attention by researchers. Nevertheless, results of  several previous 
studies do indicate that cheek patch size is a sexually selected trait 
(Price and Burley 1993b; Naguib and Nemitz 2007; Tschirren et al. 
2012), and females in the population from which birds used in this 
experiment were derived have been found to prefer males with 
large cheek patches (Burley et al. 2018). Findings here suggest that 
this secondary sexual trait is also a reliable signal of  developmental 
stress in males, since it, along with other visual secondary sexual 
traits, showed sensitivity to diet quality (Table 2; Figure 2b) and 
predicts offspring production (Table 4; Figure 6).

Our conclusion that cheek patch size is a meaningful indicator of  
developmental stress is supported by a small literature on the signifi-
cance of  the production of  pheomelanin, the pigment that produces 
chestnut-colored feathers (McGraw and Wakamatsu 2004). For species 
that normally express both pheomelanin and eumelanin (which pro-
duces grey and black feathers), eumelanin expression increases when 
levels of  glutathione, an important intracellular antioxidant (Wu et al. 
2004), are experimentally reduced, suggesting that pheomelanin-based 
plumage ornaments serve as honest indicators of  male quality under 
circumstances that generate high oxidative stress (Galván and Solano 
2009; Galván et  al. 2015). Moreover, the developing central nervous 
system competes with pheomelanogenesis for the essential amino acid 
cysteine (reviewed by Galván and Møller 2011), for which glutathione is 
the main physiological reservoir (Benedetto et al. 1981). Theory predicts 
that developing organisms selectively shunt limiting resources to tissues 
more critical to survival (Stearns 1989), so we would expect large cheek 
patch expression only when cysteine availability is high. In this context, 
it is notable that hen’s egg supplementation increases the availability 
of  methionine, a precursor to cysteine (Allen and Hume 1997), sug-
gesting that diet may influence allocation between nervous tissue and 
cheek patch plumage. In a previous study (Bonaparte et al. 2011), males 
cage-reared on the HI diet were found to have larger head widths than 
those reared on the LO diet, but that result was not found here (Table 2, 
Figure 2c). Investigation of  signal function of  cheek patch size and the 
potential trade-offs in developmental allocation to cheek patch size ver-
sus nervous system function are promising directions for future research.

Cheek patch symmetry appears less sensitive to early life stressors 
than other visual traits (Table 2). This result counters conventional 
expectations that early life conditions are predicted to influence 
trait asymmetry (Møller and Pomiankowski 1993; Swaddle 2003). 
However, we do not contend that variation in cheek patch sym-
metry meets the exacting criteria to be considered fluctuating 
asymmetry (Palmer and Strobeck 1992; Swaddle 2003). Indeed, 
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given lateralization of  brain function and display orientation dur-
ing courtship (Templeton et  al. 2014), it may well be that devia-
tions from perfect symmetry in display traits are nonrandom. 
Nonetheless, future studies should not ignore cheek patch symme-
try since it was a predictor of  reproductive success in this study.

Overall, results of  this experiment reinforce the view that visual 
secondary sexual traits are sexually selected traits in zebra finches. 
Because their expression shows sensitivity to multiple developmen-
tal stressors, beak color, and cheek patch size appear to serve as 
indicators of  male quality. Based on evidence from 2 populations 
that their expression is not phenotypically intercorrelated (Table 1; 
Burley and Price 1994; Burley et al. 2018), these traits provide infor-
mation on different aspects of  male quality. Additional research will 
be needed to clarify the range of  stressors, including the relative 
contribution of  transgenerational influences, that impact secondary 
sexual trait expression in this species.

SUPPLEMENTARY MATERIAL
Supplementary data are available at Behavioral Ecology online.

FUNDING
This research was supported by the University of  California, Irvine.

We thank Michelle Ontiveros Hernandez for collecting sonograms and 
blood samples; Ofer Tchernichovski for advice on SongAnalysisPro; Georg 
Striedter for use of  the sound chamber; John Avise for access to supplies 
and laboratory space for genotyping; Cole Symanski for cheek patch mea-
surements and phenotyping assistance; and students in Bio 199 for assis-
tance with colony maintenance. We also thank Wolfgang Forstmier for 
statistical advice and other suggestions to improve this manuscript as well as 
an anonymous reviewer for improving the manuscript.

Data accessibility: Analyses reported in this article can be reproduced using 
the data provided by Wilson et al. (2019).

Handling Editor: Luke Holman

REFERENCES
Allen LR, Hume ID. 1997. The importance of  green seed in the nitrogen 

nutrition of  the zebra finch Taeniopygia guttata. Aust J Ecol. 22:412–418.
Alonso-Alvarez C, Bertrand S, Sorci G. 2007. Sex-specific transgenerational 

effects of  early developmental conditions in a passerine. Biol J Linn Soc. 
91:469–474.

Andersson M. 1994. Sexual selection. Princeton (NJ): Princeton University 
Press.

Andersson M, Iwasa Y. 1996. Sexual selection. Trends Ecol Evol. 11:53–58.
Arnold  KE, Blount  JD, Metcalfe  NB, Orr  KJ, Adam  A, Houston  D, 

Monaghan  P. 2007. Sex-specific differences in compensation for poor 
neonatal nutrition in the zebra finch Taeniopygia guttata. J Avian Biol. 
38:356–366.

Badyaev AV. 2005. Stress-induced variation in evolution: from behavioural 
plasticity to genetic assimilation. Proc Biol Sci. 272:877–886.

Badyaev AV, Hill GE, Beck ML, Dervan AA, Duckworth RA, McGraw KJ, 
Nolan PM, Whittingham LA. 2002. Sex-biased hatching order and adap-
tive population divergence in a passerine bird. Science. 295:316–318.

Benedetto JP, Ortonne JP, Thivolet  J. 1981. Glutathione and types of  pig-
mentation in the skin of  the guinea-pig. J Med Lyon. 246:399.

Besson AA, Lagisz M, Senior AM, Hector KL, Nakagawa S. 2016. Effect 
of  maternal diet on offspring coping styles in rodents: a systematic review 
and meta-analysis. Biol Rev Camb Philos Soc. 91:1065–1080.

Birkhead TR, Burke T, Zann R, Hunter FM, Krupa AP. 1990. Extra-pair 
and intra-specific brood parasitism in wild zebra finches Taeniopygia gut-
tata, revealed by DNA fingerprinting. Behav Ecol Sociobiol. 27:315–324.

Birkhead TR, Fletcher F, Pellatt EJ. 1999. Nestling diet, secondary sexual 
traits and fitness in the Zebra Finch. Proc R Soc Lond B. 266:385–390.

Birkhead TR, Pellatt EJ, Matthews IM, Roddis NJ, Hunter FM, McPhie F, 
Castillo-Juarez H. 2006. Genic capture and the genetic basis of  sexually 
selected traits in the zebra finch. Evolution. 60:2389–2398.

Bischof  HJ, Geissler  E, Rollenhagen  A. 2002. Limitations of  the sensitive 
period for sexual imprinting: neuroanatomical and behavioral experiments 
in the zebra finch (Taeniopygia guttata). Behav Brain Res. 133:317–322.

Blount JD, Metcalfe NB, Arnold KE, Surai PF, Devevey GL, Monaghan P. 
2003. Neonatal nutrition, adult antioxidant defences and sexual attrac-
tiveness in the zebra finch. Proc Biol Sci. 270:1691–1696.

Bolhuis JJ. 1991. Mechanisms of  avian imprinting: a review. Biol Rev Camb 
Philos Soc. 66:303–345.

Bolund  E, Schielzeth  H, Forstmeier  W. 2010. No heightened condition 
dependence of  zebra finch ornaments–a quantitative genetic approach. 
J Evol Biol. 23:586–597.

Bonaparte KM, Riffle-Yokoi C, Burley NT. 2011. Getting a head start: diet, 
sub-adult growth, and associative learning in a seed-eating passerine. 
PLoS One. 6:e23775.

Booksmythe  I, Mautz  B, Davis  J, Nakagawa  S, Jennions  MD. 2017. 
Facultative adjustment of  the offspring sex ratio and male attractive-
ness: a systematic review and meta-analysis. Biol Rev Camb Philos Soc. 
92:108–134.

Both  C, Visser  ME, Verboven  N. 1999. Density-dependent recruitment 
rates in great tits: the importance of  being heavier. Proc R Soc Lond B. 
266:465–469.

Bowers EK, Sakaluk SK, Thompson CF. 2011. Adaptive sex allocation in 
relation to hatching synchrony and offspring quality in house wrens. Am 
Nat. 177:617–629.

Braasch A, Becker PH, Groothuis TG. 2014. Response of  testosterone and 
corticosterone plasma levels to the challenge of  sibling competition: a 
study in common terns. Gen Comp Endocrinol. 204:95–103.

Brumm H, Zollinger SA, Slater PJ. 2009. Developmental stress affects song 
learning but not song complexity and vocal amplitude in zebra finches. 
Behav Ecol Sociobiol. 63:1387–1395.

Buchanan  KL, Spencer  KA, Goldsmith  AR, Catchpole  CK. 2003. Song 
as an honest signal of  past developmental stress in the European starling 
(Sturnus vulgaris). Proc Biol Sci. 270:1149–1156.

Burley  N. 1986. Sex-ratio manipulation in color-banded populations of  
zebra finches. Evolution. 40:1191–1206.

Burley N. 1988. The differential-allocation hypothesis: an experimental test. 
Am Nat. 132:611–628.

Burley  N, Coopersmith  CB. 1987. Bill color preferences of  zebra finches. 
Ethology. 76:133–151.

Burley  NT, Hamedani  E, Symanski  C. 2018. Mate choice decision rules: 
trait synergisms and preference shifts. Ecol Evol. 8:2380–2394.

Burley NT, Price DK, Zann RA. 1992. Bill color, reproduction and condi-
tion effects in wild and domesticated zebra finches. Auk. 109:13–23.

Burley NT, Tidemann SC, Halupka K. 1991. Bill colour and parasite loads 
of  zebra finches. In: Loye JE, Zuk M, editors. Bird-Parasite interactions. 
Oxford: Oxford University Press. p. 359–376.

Burley  N, Zann  RA, Tidemann  SC, Male  EB. 1989. Sex ratios of  zebra 
finches. Emu.89:83–92.

Burton  T, Metcalfe  NB. 2014. Can environmental conditions experienced 
in early life influence future generations? Proc Biol Sci. 281:20140311.

Byers BE, Kroodsma DE. 2009. Female mate choice and songbird song rep-
ertoires. Anim Behav. 77:13–22.

ten Cate CJ, Mug G. 1984. The development of  mate choice in zebra finch 
females. Behaviour. 90:125–150.

ten Cate CJ, Vos DR, Mann N. 1993. Sexual imprinting and song learning: 
two of  one kind? Neth J Zool. 43:34–45.

Clutton-Brock  TH, Albon  SD, Guinness  FE. 1985. Parental investment 
and sex differences in juvenile mortality in birds and mammals. Nature. 
313:131–133.

Collins SA, Hubbard C, Houtman AM. 1994. Female mate choice in the 
zebra finch- the effect of  male beak color and male song. Behav Ecol 
Sociobiol. 35:21–25.

Crino  OL, Klaassen  van  Oorschot  B, Crandell  KE, Breuner  CW, 
Tobalske BW. 2017. Flight performance in the altricial zebra finch: devel-
opmental effects and reproductive consequences. Ecol Evol. 7:2316–2326.

David M, Auclair Y, Dall SR, Cézilly F. 2013. Pairing context determines 
condition-dependence of  song rate in a monogamous passerine bird. 
Proc Biol Sci. 280:20122177.

De  Kogel  CH. 1997. Long-term effects of  brood size manipulations on 
morphological development and sex-specific mortality of  offspring. J 
Anim Ecol. 66:167–178.

840

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article-abstract/30/3/830/5351588 by U

niversity of C
alifornia, Irvine user on 18 July 2019



Wilson et al. • Early life and transgenerational stressors

De Kogel CH, Prijs HJ. 1996. Effects of  brood size manipulations on sexual 
attractiveness of  offspring in the zebra finch. Anim Behav. 51:699–708.

Dey  CJ, O’Connor  C, Quinn  JS. 2014. Hatching order affects offspring 
growth, survival and adult dominance in the joint-laying Pukeko Porphyrio 
melanotus melanotus. Ibis. 156:658–667.

Drummond H, Rodríguez C. 2013. Costs of  growing up as a subordinate 
sibling are passed to the next generation in blue-footed boobies. J Evol 
Biol. 26:625–634.

Dunn AM, Zann RA. 1997. Effects of  pair bond and the presence of  con-
specifics on singing in captive zebra finches. Behaviour. 134:127–142.

Eales  LA. 1989. The influences of  visual and vocal interaction on song 
learning in zebra finches. Anim Behav. 37:507–508.

Eens M, Pinxten R, Verheyen RF. 1991. Male song as a cue for mate choice 
in the European starling. Behaviour. 116:210–238.

Elie  JE, Mariette  MM, Soula  HA, Griffith  SC, Mathevon  N, Vignal  C. 
2010. Vocal communication at the nest between mats in wild zebra 
finches: a private vocal duet? Anim Behav. 80:597–605.

Forstmeier W. 2007. Do individual females differ intrinsically in their pro-
pensity to engage in extra-pair copulations? PLoS One. 2:e952.

Forstmeier  W, Schielzeth  H, Schneider  M, Kempanaers  B. 2007. 
Development of  polymorphic microsatellite markers for the zebra finch 
(Taeniopygia guttata). Mol Ecol Notes. 7:1026–1028.

Foster VS, Burley NT. 2007. Sex allocation in response to maternal condi-
tion: different tactics of  care-giving by male and female zebra finches. 
Ethology. 113:511–520.

Galván I, Møller AP. 2011. Brain size and the expression of  pheomelanin-
based colour in birds. J Evol Biol. 24:999–1006.

Galván I, Solano F. 2009. The evolution of  eu- and pheomelanic traits may 
respond to an economy of  pigments related to environmental oxidative 
stress. Pigment Cell Melanoma Res. 22:339–342.

Galván I, Wakamatsu K, Camarero PR, Mateo R, Alonso-Alvarez C. 2015. 
Low-quality birds do not display high-quality signals: the cysteine-phe-
omelanin mechanism of  honesty. Evolution. 69:26–38.

Gil D, Naguib M, Riebel K, Rutstein A, Gahr M. 2006. Early condition, 
song learning, and the volume of  song brain nuclei in the zebra finch 
(Taeniopygia guttata). J Neurobiol. 66:1602–1612.

Gil D, Slater PJB. 2000. Multiple song repertoire characteristics in the wil-
low warbler (Phylloscopus trochilus): correlations with female choice and off-
spring viability. Behav Ecol Sociobiol. 47:319–326.

Gilby AJ, Sorato E, Griffith SC. 2012. Maternal effects on begging behavior: 
an experimental demonstration of  the effects of  laying sequence, hatch 
order, nestling sex and brood size. Behav Ecol Sociobiol. 66:1519–1529.

Gorissen  L, Snoeijs  T, Duyse  EV, Eens  M. 2005. Heavy metal pollution 
affects dawn singing behaviour in a small passerine bird. Oecologia. 
145:504–509.

Griffith  SC, Holleley  CE, Mariette  MM, Pryke  SR, Svedin  N. 2010. 
Low level of  extrapair parentage in wild zebra finches. Anim Behav. 
79:261–264.

Griffith  SC, Owens  IP, Thuman  KA. 2002. Extra pair paternity in birds: 
a review of  interspecific variation and adaptive function. Mol Ecol. 
11:2195–2212.

Hasselquist D, Bensch S, von Schantz T. 1996. Correlation between male 
song repertoire, extra-pair paternity and offspring survival in the great 
reed warbler. Nature. 381:229.

Holveck  MJ, de  Castro  ACV, Lachlan  RF, ten  Cate  C, Riebel  K. 2008. 
Accuracy of  song syntax learning and singing consistency signal early 
condition in zebra finches. Behav Ecol. 19:1267–1281.

Holveck MJ, Riebel K. 2007. Preferred songs predict preferred males: con-
sistency and repeatability of  zebra finch females across three tests. Anim 
Behav. 74:297–309.

Houston  DC, Donnan  D, Jones  PJ, Hamilton  ID, Osborne  X. 1995. 
Changes in the muscle condition of  female zebra finches during egg 
laying and the role of  protein storage in bird skeletal muscle. Ibis. 
137:322–329.

Houtman  AM. 1992. Female zebra finches choose extra-pair copulations 
with genetically attractive males. Proc R Soc Lond B. 249:3–6.

Immelmann K. 1975. Ecological significance of  imprinting and early learn-
ing. Annu Rev Ecol Sys. 6:15–37.

Jones PJ, Ward P. 1976. The level of  reserve protein as the proximate fac-
tor controlling the timing of  breeding and clutch size in the Red billed 
Quelea Quelea quelea. Ibis. 118:547–574.

Kalinowski ST, Taper ML, Marshall TC. 2007. Revising how the computer 
program CERVUS accommodates genotyping error increases success in 
paternity assignment. Mol Ecol. 16:1099–1106.

Kokko H, Brooks R, McNamara JM, Houston AI. 2002. The sexual selec-
tion continuum. Proc Biol Sci. 269:1331–1340.

Krause  ET, Naguib  M. 2014. Effects of  parental and own early develop-
mental conditions on the phenotype in zebra finches (Taeniopygia guttata). 
Evol Ecol. 28:263–275.

Krause  ET, Naguib  M. 2015. Zebra finch males compensate in plum-
age ornaments at sexual maturation for a bad start in life. Front Zool. 
12(Suppl 1):S11.

Kriengwatana  B, Wada  H, Schmidt  KL, Taves  MD, Soma  KK, 
MacDougall-Shackleton  SA. 2014. Effects of  nutritional stress during 
different developmental periods on song and the hypothalamic-pituitary-
adrenal axis in zebra finches. Horm Behav. 65:285–293.

Leadbeater  E, Goller  F, Riebel  K. 2005. Unusual phonation, covarying 
song characteristics and song preferences in female zebra finches. Anim 
Behav. 70:909–919.

Lindström  J. 1999. Early development and fitness in birds and mammals. 
Trends Ecol Evol. 14:343–348.

Lummaa V, Clutton-Brock T. 2002. Early development, survival and repro-
duction in humans. Trends Ecol Evol. 17:141–147.

MacDonald IF, Kempster B, Zanette L, MacDougall-Shackleton SA. 2006. 
Early nutritional stress impairs development of  a song-control brain 
region in both male and female juvenile song sparrows (Melospiza melodia) 
at the onset of  song learning. Proc Biol Sci. 273:2559–2564.

MacDougall-Shackleton  SA. 2015. Developmental stress and birdsong: 
integrating signal function and development. Curr Opin Behav Sci. 
6:104–110.

MacDougall-Shackleton  SA, Spencer  KA. 2012. Developmental stress 
and birdsong: current evidence and future directions. J Ornithol. 
153:S105–S117.

Mainwaring MC, Lucy D, Hartley IR. 2011. Parentally biased favouritism 
in relation to offspring sex in zebra finches. Behav Ecol Sociobiol. 65: 
2261–2268

Martins TLF. 2004. Sex-specific growth rates in zebra finch nestlings: a pos-
sible mechanism for sex ratio adjustment. Behav. Ecol. 15:174–180.

McAdam  AG, Garant  D, Wilson  AJ. 2014. The effects of  others’ genes: 
maternal and other indirect genetic effects. In: Charmantier A, Garant D, 
Kruuk LEB, editors. Quantitative genetics in the wild. Oxford (UK): 
Oxford University Press. p. 84–103.

McGraw KJ, Ardia DR. 2003. Carotenoids, immunocompetence, and the 
information content of  sexual colors: an experimental test. Am Nat. 
162:704–712.

McGraw  KJ, Lee  K, Lewin  A. 2011. The effect of  capture-and-handling 
stress on carotenoid-based beak coloration in zebra finches. J Comp 
Physiol A Neuroethol Sens Neural Behav Physiol. 197:683–691.

McGraw  KJ, Wakamatsu  K. 2004. Melanin basis of  ornamental feather 
colors in male zebra finches. Condor. 106:686–690.

Metcalfe NB, Monaghan P. 2001. Compensation for a bad start: grow now, 
pay later? Trends Ecol Evol. 16:254–260.

Miller DB. 1979a. The acoustic basis of  mate recognition by female zebra 
finches (Taeniopygia guttata). Anim Behav. 27:376–380.

Miller DB. 1979b. Long-term recognition of  father’s song by female zebra 
finches. Nature. 280:389–391.

Milligan BG. 1998. Total DNA isolation. In: Hoelzel AR, editor. Molecular 
genetic analysis of  populations: a practical approach. Oxford: Oxford 
University Press. p. 28–64.

Møller AP, Pomiankowski A. 1993. Fluctuating asymmetry and sexual selec-
tion. Genetica. 89:267–279.

Moreno  J, Potti  J, Merino  S. 1997. Parental energy expenditure 
and offspring size in the pied flycatcher Ficedula hypoleuca. Oikos.  
79:559–567.

Morgane  PJ, Austin-LaFrance  R, Bronzino  J, Tonkiss  J, Díaz-Cintra  S, 
Cintra L, Kemper T, Galler  JR. 1993. Prenatal malnutrition and devel-
opment of  the brain. Neurosci Biobehav Rev. 17:91–128.

Morgane  PJ, Mokler  DJ, Galler  JR. 2002. Effects of  prenatal protein 
malnutrition on the hippocampal formation. Neurosci Biobehav Rev. 
26:471–483.

Mousseau TA, Fox CW. 1998. The adaptive significance of  maternal effects. 
Trends Ecol Evol. 13:403–407.

Müller  W, Vergauwen  J, Eens  M. 2010. Testing the developmental 
stress hypothesis in canaries: consequences of  nutritional stress on 
adult song phenotype and mate attractiveness. Behav Ecol Sociobiol. 
64:1767–1777.

Naguib M, Gil D. 2005. Transgenerational effects on body size caused by 
early developmental stress in zebra finches. Biol Lett. 1:95–97.

841

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article-abstract/30/3/830/5351588 by U

niversity of C
alifornia, Irvine user on 18 July 2019



Behavioral Ecology

Naguib M, Nemitz A. 2007. Living with the past: nutritional stress in juve-
nile males has immediate effects on their plumage ornaments and on 
adult attractiveness in zebra finches. PLoS One. 2:e901.

Naguib M, Nemitz A, Gil D. 2006. Maternal developmental stress reduces 
reproductive success of  female offspring in zebra finches. Proc Biol Sci. 
273:1901–1905.

Nicolaus M, Michler SP, Ubels R, van der Velde M, Komdeur  J, Both C, 
Tinbergen JM. 2009. Sex-specific effects of  altered competition on nest-
ling growth and survival: an experimental manipulation of  brood size 
and sex ratio. J Anim Ecol. 78:414–426.

Nilsson J, Gardmark A. 2001. Sibling competition affects individual growth 
strategies in marsh tit, Parus palustris, nestlings. Anim Behav. 61:357–365.

Nowicki S, Peters S, Podos J. 1998. Song learning, early nutrition and sexual 
selection in songbirds. Am Zool. 38:179–190.

Nowicki S, Searcy WA, Peters S. 2002. Brain development, song learning 
and mate choice in birds: a review and experimental test of  the “nutri-
tional stress hypothesis”. J Comp Physiol A  Neuroethol Sens Neural 
Behav Physiol. 188:1003–1014.

Palmer  AR, Strobeck  C. 1992. Fluctuating asymmetry as a measure of  
developmental stability: implications of  non-normal distributions and 
power of  statistical tests. Acta Zool Fennica. 191:57–72.

Petrie  M, Kempenaers  B. 1998. Extra-pair paternity in birds: explain-
ing variation between species and populations. Trends Ecol Evol. 
13:52–58.

Price  DK. 1996. Sexual selection, selection load and quantitative genetics 
of  zebra finch bill colour. Proc R Soc Lond B. 263:217–221.

Price  DK, Burley  NT. 1993a. Constraints on the evolution of  attrac-
tive traits: selection in male and female zebra finches. Am Nat. 
144:908–934.

Price  DK, Burley  NT. 1993b. Constraints on the evolution of  attractive 
traits: genetic (co)variance of  zebra finch bill colour. Heredity (Edinb). 71 
(Pt 4):405–412.

Reid  JM, Arcese  P, Cassidy  AL, Hiebert  SM, Smith  JN, Stoddard  PK, 
Marr  AB, Keller  LF. 2005. Fitness correlates of  song repertoire size in 
free-living song sparrows (Melospiza melodia). Am Nat. 165:299–310.

Riebel K. 2009. Song and female mate choice in zebra finches: a review. 
In: Naguib  N, Janik  V, Clayton  N, Zuberbuhler K, editors. Vocal 
communication in birds and mammals. London: Academic Press. p. 
197–238.

Ritschard M, Brumm H. 2012. Zebra finch song reflects current food avail-
ability. Evol Ecol. 26:810–812.

Roberts  ML, Buchanan  KL, Bennett  ATD, Evans  MR. 2007. Mate 
choice in zebra finches: does corticosterone play a role? Anim Behav. 
64:921–929.

Roff DA. 2002. Life history evolution. Sunderland (MA): Sinauer Associates.
Saastamoinen M, Hirai N, van Nouhuys S. 2013. Direct and trans-genera-

tional responses to food deprivation during development in the Glanville 
fritillary butterfly. Oecologia. 171:93–104.

Saino N, Incagli M, Martinelli R, Ambrosini R, Møller AP. 2001. Immunity, 
growth and begging behavior of  nestling barn swallows Hirundo rustica 
in relation to hatching order. J Avian Biol. 32:263–270.

Schielzeth H, Kempenaers B, Ellegren H, Forstmeier W. 2012. QTL link-
age mapping of  zebra finch beak color shows an oligogenic control of  a 
sexually selected trait. Evolution. 66:18–30.

Schmidt  KL, Moore  SD, MacDougall-Shackleton  EA, MacDougall-
Shackleton SA. 2013. Early-life stress affects song complexity, song learn-
ing and volume of  the brain nucleus RA in adult male song sparrows. 
Anim Behav. 86:25–35.

Seutin G, White BN, Boag PT. 1991. Preservation of  avian blood and tissue 
for DNA analysis. Can J Zool. 69:82–90.

Simons  MJ, Verhulst  S. 2011. Zebra finch females prefer males with 
redder bills independent of  song rate- a meta-analysis. Behav Ecol. 
22:755–762.

Soma  M, Hiraiwa-Hasegawa  M, Okanoya  K. 2009. Early ontogenetic 
effects on song quality in the Bengalese finch (Lonchura striata var. domes-
tica): laying order, sibling competition, and song syntax. Behav Ecol 
Sociobiol. 63: 363–370.

Soma  M, Takahas  M, Ikebuchi  M, Yamada  H, Suzuki  M, Hasegawa  T, 
Okanoya  K. 2006. Early rearing conditions affect the development of  
body size and song in Bengalese finches. Ethology. 112:1071–1078.

Spencer  KA, Buchanan  KL, Goldsmith  AR, Catchpole  CK. 2003. Song 
as an honest signal of  developmental stress in the zebra finch (Taeniopygia 
guttata). Horm Behav. 44:132–139.

Spencer  KA, Buchanan  KL, Leitner  S, Goldsmith  AR, Catchpole  CK. 
2005. Parasites affect song complexity and neural development in a song-
bird. Proc R Soc B Biol Sci. 272:2037–2043.

Spencer KA, MacDougall-Shackleton SA. 2011. Indicators of  development 
as sexually selected traits: the developmental stress hypothesis in context. 
Behav Ecol. 22:1–9.

Stauffer  J, Panda  B, Ilmonen  P. 2018. Telomere length, sibling competi-
tion and development of  antioxidant defense in wild house mice. Mech 
Ageing Dev. 169:45–52.

Stearns  SC. 1989. Trade-offs in life-history evolution. Funct Ecol. 
3:259–268.

Swaddle JP. 2003. Fluctuating asymmetry, animal behavior, and evolution. 
Adv Study Behav. 32:169–205.

Taborsky B. 2006. The influence of  juvenile and adult environments on life-
history trajectories. Proc Biol Sci. 273:741–750.

Tchernichovski  O, Mitra  PP. 2004. Sound analysis pro user manual. 
Available from: ofer.sci.ccny.cuny.edu/html/sound_analysis.html.

Templeton  JJ, McCracken  BG, Sher  M, Mountjoy  DJ. 2014. An eye for 
beauty: lateralized visual stimulation of  courtship behavior and mate 
preferences in male zebra finches, Taeniopygia guttata. Behav Processes. 
102:33–39.

Tilgar  V, Mand  R, Kilgas  P, Magi  M. 2010. Long-term consequences 
of  early ontogeny in free-living Great Tits Parus major. J Ornithol. 
151:61–68.

Tomaszycki ML, Adkins-Regan E. 2006. Is male song quality important in 
maintaining pair bonds? Behaviour. 143:549–567.

Trivers  RL. 1972. Parental investment and sexual selection. In: Campbell 
B, editor. Sexual selection and the descent of  man, 1871–1971. Chicago: 
Aldine. p. 136–179.

Trivers RL, Willard DE. 1973. Natural selection of  parental ability to vary 
the sex ratio of  offspring. Science. 179:90–92.

Tschirren  B, Postma  E, Rutstein  AN, Griffith  SC. 2012. When mothers 
make sons sexy: maternal effects contribute to the increased sexual attrac-
tiveness of  extra-pair offspring. Proc Biol Sci. 279:1233–1240.

Tschirren  B, Rutstein  AN, Postma  E, Mariette  M, Griffith  SC. 2009. 
Short- and long-term consequences of  early developmental condi-
tions: a case study on wild and domesticated zebra finches. J Evol Biol. 
22:387–395.

Uller  T. 2008. Developmental plasticity and the evolution of  parental 
effects. Trends Ecol Evol. 23:432–438.

Vedder O, Zhang H, Bouwhuis S. 2017. Early mortality saves energy: esti-
mating energetic cost of  excess offspring in a seabird. Proc R Soc B. 
284:20162724.

West SA. 2009. Sex allocation. Princeton (NJ): Princeton University Press.
Williams H, Staples K. 1992. Syllable chunking in zebra finch (Taeniopygia 

guttata) song. J Comp Psychol. 106:278–286.
Wilson  KM, Tatarenkov  A, Burley  NT. 2019. Data from: early life and 

transgenerational stressors impact secondary sexual traits and fitness. 
Dryad Digital Repository. doi:10.5061/dryad.6v52770.

Woodgate  JL, Mariette  MM, Bennett  ATD, Griffith  SC, Buchanan  KL. 
2012. Male song structure predicts reproductive success in a wild zebra 
finch population. Anim Behav. 83:773–781.

Wu G, Fang YZ, Yang S, Lupton JR, Turner ND. 2004. Glutathione metab-
olism and its implications for health. J Nutr. 134:489–492.

Zach R. 1982. Hatchling asynchrony, egg size, growth and fledging in tree 
swallows. Auk. 99:695–700.

Zann RA. 1996. The Zebra finch: a synthesis of  field and laboratory stud-
ies. New York: Oxford University Press.

Zann R, Cash E. 2008. Developmental stress impairs song complexity but 
not learning accuracy in non-domesticated zebra finches (Taeniopygia gut-
tata). Behav Ecol Sociobiol. 62:391–400.

842

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article-abstract/30/3/830/5351588 by U

niversity of C
alifornia, Irvine user on 18 July 2019


