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1  | INTRODUC TION

While the benefits of extra-pair paternity to males of pair-bonding 
species are broadly acknowledged, there is less agreement on 
possible benefits to females from extra-pair mating (Forstmeier 
et al., 2014; Griffith et al., 2002; Kempenaers & Schlicht, 2010). 
One hypothesis is that females can benefit by producing extra-
pair offspring that are of higher genetic quality (having “good 

genes”) compared to offspring produced from within-pair matings 
(Neff & Pitcher,  2005). While studies on birds have generated 
some support for this hypothesis (Forstmeier et al., 2002; Fossøy 
et  al.,  2008; Hasselquist et  al.,  1996; Houtman,  1992; Kawano 
et  al.,  2008), meta-analyses and modeling suggest that genetic 
benefits may be small or absent (Akçay & Roughgarden,  2007; 
Arnqvist & Kirkpatrick,  2005; Westneat & Stewart,  2003), and 
the potential for maternal effects (e.g., hatch order, egg hormone 
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level differences) to confound any genetic effects must be consid-
ered (Griffith et al., 2002; Jennions & Petrie, 2000; Kempenaers & 
Schlicht, 2010; Schmoll, 2011).

A likely source of confounding maternal effects is the differen-
tial allocation of resources to extra-pair offspring (EPOs) or clutches 
containing EPOs versus within-pair offspring (WPOs) or clutches 
containing only WPOs (Ferree et  al.,  2010; Magrath et  al.,  2009; 
Schmoll,  2011; Tschirren et  al.,  2012). Specifically, in species with 
biparental care, the differential allocation hypothesis predicts that 
a female will provide higher parental investment to offspring of 
an attractive or high-quality male—that is, one that she judges to 
possess “good genes”—than to an unattractive/low-quality male 
(Burley, 1988, 2019; Horvathova et al., 2012; Sheldon, 2000). This 
hypothesis, typically framed in the context of within-pair matings, 
is applicable to investment in EPOs if females seek extra-pair mat-
ings with males that are more attractive than their social mates, as 
some studies have found (Forstmeier et  al.,  2002; Kempenaers & 
Schlicht, 2010; Wilson et  al., 2019). The differential allocation hy-
pothesis can be extended to EPO investment because offspring of 
extra-pair partners are expected to possess superior heritable traits, 
including sons that display greater secondary sexual trait expres-
sion. An alternative possibility to the “good genes” hypothesis is that 
greater expression of secondary sexual traits of adult extra-pair sons 
results from differential allocation of resources toward these young 
by mothers (Tschirren et al., 2012). Of course, these possibilities are 
not mutually exclusive, particularly since a pattern of greater mater-
nal investment in extra-pair offspring would be paradoxical unless 
such offspring tend to have higher reproductive value than within-
pair offspring.

Several variables likely interact to influence the extent to which 
females benefit from extra-pair matings. To date, studies of mater-
nal investment in response to extra-pair offspring have most often 
focused on primary reproductive allocation, notably egg size (Bolund 
et al., 2009; Krist et al., 2005; Tschirren et al., 2012), which may be 
positively associated with hatchling survival and development of su-
perior adult trait expression (Krist, 2011; Wagner & Williams, 2007). 
However, less is known about parental expenditure in extra-pair off-
spring during the incubation and provisioning phases. Since social 
parents often contribute to incubation and offspring provisioning—
which can be costly to caregivers (Alonso-Alvarez et  al.,  2004; 
Monaghan & Nager,  1997; Nord & Williams,  2015; Owens & 
Bennett,  1994; Williams,  2018)—these reproductive phases likely 
contribute additional sources of variation in allocation of resources 
to WPOs versus EPOs. A bird's own extra-pair mating tendencies 
may also affect its parental investment patterns. Males that sire more 
EPOs may invest less in their social mates’ clutches due to the time 
and resources required to seek extra-pair mates (Ball et  al.,  2017; 
Crouch & Mason-Gamer, 2018) while, as noted above, females may 
increase investment in broods that contain EPOs (Schmoll,  2011). 
In addition to the considerations enumerated above, the extent to 
which preferred male traits are heritable is usually unknown, and en-
vironmental conditions typically influence expression of such traits 
(Cornwallis & Uller, 2010; Griffith et al., 1999).

In this paper, we report results from a breeding experiment in 
which male breeders had been raised on high- or low-quality diets, 
with female breeders raised on an intermediate diet. Results from 
this breeding population focusing on male reproductive performance 
have been reported elsewhere (Wilson et al., 2019) and show that 
developmental stress negatively impacts secondary sexual traits and 
son production. To examine the female perspective here, we include 
two measures of the quality/attractiveness of females’ social mates. 
The first is male early diet quality, which positively impacts adult 
male expression of secondary sexual traits (Naguib & Nemitz, 2007; 
Wilson et al., 2019); females from this population (Burley et al., 2018) 
and another (Spencer et al., 2005) prefer males raised under higher-
diet conditions. The second metric is male extra-pair mating success, 
which is presumed to be greater for higher-quality males and has 
been previously used as an index of attractiveness in studies on this 
species (Bolund et al., 2009; Houtman, 1992). Male extra-pair suc-
cess is thought to reflect genetic as well as environmental determi-
nants of variation (Jennions & Petrie, 2000; Neff & Pitcher, 2005). 
Since a female's mate choice and reproductive allocation decisions 
are likely to depend on her mate's developmental history as well 
as his genetic quality—and she may well lack information to assess 
the relative contribution of environmental versus heritable effects 
to male phenotype—use of these two measures may provide insight 
into a broad range of male phenotypic attributes that influence fe-
male extra-pair mating decisions.

By manipulating early-life diet quality of male zebra finches and 
measuring subsequent reproductive investment as well as within-
pair and extra-pair reproductive success, we address the follow-
ing questions: Do females invest more in EPOs or EPO-containing 
clutches? Do they invest more in WPOs sired by attractive males? 
Do males invest differentially in offspring care based on their own 
attractiveness and/or the presence of EPOs in the clutches they 
raise? In line with the differential allocation hypothesis, we predicted 
that females with attractive social mates would invest more in off-
spring at all phases of reproduction and that attractive males would 
show lower parental care. In light of previous findings for this species 
(Tschirren et al., 2012), we also expected that females would invest 
more in EPOs regardless of the quality of their social mates. Lacking 
evidence that male zebra finches contribute to the EPOs they sire 
or that they can detect their mates’ EPOs in the clutches they raise, 
we did not make specific predictions about male caregiving behavior 
in relation to EPOs. Finally, we ask whether females gained direct 
fitness benefits through production of EPOs, a possibility that has 
seldom been addressed empirically, by assessing female overall re-
productive success in relation to her extra-pair success.

2  | METHODS

2.1 | Founder rearing conditions and flight initiation

Zebra finches (Figure  1) selected as founders of this breeding ex-
periment were raised in one of four large outdoor aviary flights 
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(3 × 12 × 2.3 m), each of which contained 64 breeders (32 of each 
sex). To reduce relatedness between male and female founders 
and to control founder rearing diet, two of the rearing flights were 
used to generate female founders, while the remaining flights were 
used to generate male founders. Access to boiled hen's egg differed 
among rearing flights, but in other respects (size, resources, micro-
climate), all rearing flights were virtually identical. Female founders 
were reared in flights in which hen's egg was made available three 
times a week (LAB diet). In order to manipulate male early diet qual-
ity, male founders were reared in either a flight in which egg was 
provided daily (HI diet) or one in which egg was never provided (LO 
diet). All diet regimes were maintained until birds were selected for 
this study. Hen's egg has an amino acid profile similar to that of half-
ripe grass seed (Allen & Hume, 1997), which is seasonally available 
to zebra finches in the wild and has a higher protein content than 
ripe grass seed. All rearing flights provided breeders and fledged off-
spring with ad libitum access to a commercial mix of ripe grass seed 
for estrildines, cuttlefish bone, ground oyster shell and water, and 
green vegetables three times a week. All resources were provided to 
this ground-feeding species on the aviary floor.

Offspring produced in rearing flights were banded with num-
bered, closed metal leg bands when they were 7–14 days old. Once 
offspring reached 45 +/- 3 days of age, they were housed in single-sex 

cages (68 × 50 × 54 cm) at standard densities (10 birds) inside their 
rearing flight until they reached adulthood (100 days of age) in order 
to provide developing birds visual and acoustic contact with adults; 
such exposure is important for imprinting on visual and acoustic 
traits (Bischof et al., 2002; Bolhuis, 1991; Immelmann, 1975). Birds 
remained in single-sex cages until they were selected for use in the 
present study. Additional details on founder rearing conditions and 
the history of this experimental colony can be found elsewhere 
(Wilson et al., 2019).

In total, 32 females and 32 (16 HI and 16 LO) males were selected 
to found the breeding colony for the current experiment. Once se-
lected, birds were held in single-sex flights and maintained on the 
LAB diet for 6 weeks before they were released into the breeding 
flight, a protocol that allowed LO-diet males the opportunity to be-
come familiar with the availability of hen's egg as a food resource. 
LO- and HI-diet males did not differ in their consumption of egg 
during this period (two-sample t test: t  =  1.24, df  =  30 p  =  .22). 
During this time, male phenotype data were collected and a 25-μl 
blood sample was collected from the brachial vein of each bird for 
genetic parentage analyses. HI-diet males had a greater expression 
of two secondary sexual traits compared to those raised on the 
LO-diet (redder beaks, larger cheek patches), supporting the use of 
natal diet as a metric of attractiveness (see Wilson et al., 2019 for 
details). Founders varied from 6 to 13 months of age (X̄  +/- SD: fe-
males—279 +/- 53 days old; males—354 +/- 50 days old) at the start 
of breeding and had no prior breeding experience. All birds were 
judged to be in excellent overall condition and no more than 2 sib-
lings from each family were employed (males were derived from 20 
families and females from 24 families). Lastly, all birds were banded 
for identification during observations using colors for which zebra 
finches show no band preference (Burley, 1985).

2.2 | Breeding conditions and 
reproductive measures

Founders of both sexes were released simultaneously into a single 
(3 × 12 × 2.3 m) outdoor aviary flight and allowed to pair and breed 
for 5 months. The flight was maintained on the LAB diet. Ample 
nest sites (~2.5/ breeding pair) and nest material (dried Bermuda 
grass and feathers) were provided. The time it took each pair to F I G U R E  1   Female and male zebra finches

Variable
Degrees of 
Freedom

Sum of Squares (Mean 
Square of the Error) F-Value p

Clutch Latency 3, 23 0.23 .87

Clutch Status (EP or 
WP only)

1 813.79 0.62 .44

Male Extra-Pair 
Success

1 21.93 0.02 .90

Male Natal Diet 1 98.44 0.08 .79

Residual 20 26,164.98 (1,308.25)

3-way ANOVA (initial model included 3 main effects only). N = 24.

TA B L E  1   Latency to establish first 
clutch
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establish their first clutch did not vary based on male natal diet or 
extra-pair success of either partner (3-way ANOVA: F(3,21) = 0.22; 
p =.87; Table 1). All nest sites were checked daily: New eggs were 
uniquely marked using a fine tipped Sharpie® and weighed on an 
electronic balance sensitive to 0.01 gram. Occasionally fresh eggs 
were not found on the day they were laid, as evidenced by the 
discovery of two or more unmarked eggs in a nest on the same 
day; such eggs were not included in analyses of lay order due to 
ambiguity. Since relatively few eggs in a single clutch hatched on 
the same day (12.2%), we were able to reliably track the egg from 
which each offspring hatched by noting which egg was “missing” 
when a new, unmarked nestling was found. The down feathers of 
new hatchlings were colored with nontoxic markers to track hatch 
order. When two nestlings appeared on the same day, the older 
nestling (assessed by having drier down feathers or, secondar-
ily, weighing more) was assigned to the egg of earlier lay order. 
Nestlings were banded with seamless numbered bands between 
7 and 14  days of age. When independent offspring reached 
45 +/- 3 days of age, they were caught and housed within the natal 
flight in cages containing other same-sex offspring of similar age. 
At this time, a 25-μl blood sample was collected from a brachial 
vein for genetic parentage assignment.

2.3 | Social and genetic parentage assignment

Both genetic parentage and social parentage were tracked in 
order to identify which birds were successful in producing surviv-
ing EPOs. Social parentage was assigned to each clutch through 
regular observations of active nests beginning when eggs first ap-
peared in a nest and ending once the last nestling fledged. Genetic 
analyses involved isolation and amplification of DNA through PCR 
with fluorescently labeled primers corresponding to 8 highly poly-
morphic microsatellite loci previously identified for zebra finches 
(Forstmeier et al., 2007). CERVUS 3.0 (Kalinowski et al., 2007) was 
used to assign parentage based on correspondence at these 8 loci. 
Genetic analyses of blood samples collected from all founders and 
186 offspring were used to assign genetic parentage based on 6 or 
more unambiguous loci.

Because only offspring that survived to independence were gen-
otyped, clutches categorized here as containing only WPOs may have 
contained EPOs that died before independence. The consequence of 
such misclassification is that results are conservative for predicted 
patterns of parental investment. To further minimize ambiguity, all 
analyses of parental investment focus on offspring that survived to 
independence and the clutches from which all surviving offspring 
were genotyped. This criterion excluded clutches containing surviving 
offspring that were not genotyped and resulted in the inclusion of 55 
clutches from 25 pairs (during the study period, 76 clutches from 28 
pairs produced at least one surviving offspring). Of the male breeders 
included, 12 were raised on the HI diet and 13 on the LO diet. Nine 
females and 9 males (3 LO and 6 HI) raised one or more EPOs to in-
dependence during the course of the experiment (range: 1–6 EPOs).

2.4 | Parental nest attendance

The amount of time parents spent attending their nests was re-
corded for a subset of nests (N = 28) and pairs (N = 18) to quantify 
parental allocation during the incubation phase. Nests containing 
at least one egg were selected for parental attendance observa-
tions if no egg had yet hatched. Observers recorded data from 
inside the aviary and were careful to minimize disturbance of incu-
bating birds. Observers conducted 30-min, all-accounts samples 
of the amount of time each parent spent inside its nest. Thus, “nest 
attendance time” included time devoted to incubation, nest con-
struction and possibly nest defense. Nests included in analyses 
were observed on 2 to 6 different days (X̄  +/- SD: 5.32 +/- 1.02) 
during the incubation phase (observation day: X̄  +/- SD: 3.07 + /-
3.89, with day 0 being the day the last egg was laid; the first egg 
hatched on about day 11) and contained one or more offspring 
that survived to independence. Nest observations were discontin-
ued after the first egg hatched.

2.5 | Nestling provisioning

Nestling provisioning was recorded in order to examine whether 
it differed based on nestling status (EP or WP) and/or male attrac-
tiveness (male natal diet and extra-pair success). Since seed and 
egg differ in nutrient quality, we measured provisioning of these 
food types separately on days when egg was provided, so that 
relative amounts of egg versus seed feeding could be assessed. 
Immediately prior to provisioning sampling sessions, founders 
were provided with a bowl of egg placed on the aviary floor and 
allowed to feed for 3  min. If birds flushed in response to a dis-
turbance, timing was suspended until bird(s) returned to the egg 
bowl. The bowl was then removed and, after an additional 5 min, 
experimenters entered the aviary and scored crop contents of all 
nestlings. This protocol was repeated to produce 2 samples of 
nestling provisioning on each sampling day. At the end of the test-
ing period, the remaining egg was left in the flight for the rest 
of the day. This design was selected after preliminary trials con-
firmed that (1) increasing the foraging interval from 3 to 5 min did 
not significantly increase the number of adults that consumed egg 
(although the same individuals often revisited food bowls more 
times) and (2) interference competition at the food bowl was un-
common (see Discussion).

Nestlings ranged in age from 0 (hatching) to 15 days (X̄  +/- SD: 
6.28  +/-  3.53  days of age, N  =  44 nestlings); such nestlings have 
translucent skin through which contents can be unambiguously 
scored. The amounts of egg and seed present in the crop were each 
assessed on a 7-point scale ranging from 0 (“empty crop”) to 3 (“full 
crop”), with 0.5-point increments. Crop volume increases as nest-
lings grow, so these values represent the proportion of the crop 
filled with a given food type. Nestling provisioning scores were av-
eraged across the two daily samples. Nestlings present during sam-
pling were scored, on average, on 2.09 +/- 1.12 days.
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2.6 | Analyses

Repeated-measures, linear mixed-effect models (RM LMMs) were 
used to investigate the impact of the three main effects under 
consideration (male diet, male extra-pair success and female 
extra-pair success) on parental investment at the egg and nestling 
stages: egg mass, clutch size, nest attendance time, and nestling 
provisioning of seed and egg. While the two measures of male at-
tractiveness (extra-pair success and diet history) may be expected 
to covary, they were only weakly related here (Fisher's exact: 
p = .057).

In these models, which are described in more detail below, the 
measure of “male extra-pair success” is a dichotomous variable: 
either he sired one or more surviving EPOs to independence (suc-
cessful) or he did not (unsuccessful). The measure of female extra-
pair offspring success varied among models depending on the 
dependent variable. Unless otherwise indicated, analyses of inter-
actions were limited to only a priori expectations of diet effects 
on measures of reproductive investment to reduce the potential 
type I error. Nonsignificant interaction effects and covariates 
(α > 0.05) were removed from models in a reverse stepwise pro-
cess beginning with interactions. No fixed effect or random effect 
was removed from any analysis. Variance inflation factors were 
further assessed for all analyses to ensure limited effects of multi-
collinearity (all VIFs <1.36).

The RM LMM predicting egg mass included the three main ef-
fects, with female extra-pair success included as the fixed effect “Egg 
Status (EP or WP)”; egg status was assigned to each individual egg 
based on offspring genetic analysis. Lay order was included as a co-
variate, and mother's identity was included as a random variable. The 
RM LMM predicting clutch size included the three main effects, with 
female extra-pair success included as the fixed effect “Clutch Status 
(EP or WP only)”; here “EP” denotes that one or more EPOs were 
present in the nest, and “WP only” denotes that all surviving nestlings 
were WPOs. Mother's identity was included as a random variable.

The RM LMM predicting nest attendance time included founder 
sex as a fixed effect in addition to the three main effects, where 
the fixed effect for female extra-pair success was “Clutch Status (EP 
or WP only)”; as for the model predicting clutch size, “EP” denotes 
that one or more EPOs were present in the nest, and “WP only” de-
notes that all surviving nestlings were WPOs. Interactions between 
founder sex and other main effects were considered based on a pri-
ori expectations of sex differences in nest attendance time (Wilson 
et al., 2017). Observation day (defined above) was included as a co-
variate and, since first clutches can be less successful, clutch number 
was also included as a covariate. Mother's identity was included as 
a random variable.

The RM LMMs predicting nestling provisioning included nestling 
sex as a fixed effect in addition to the three main effects, with fe-
male extra-pair success scored as the fixed effect “Nestling Status 
(EP or WP),” which was assigned to each individual nestling. Nestling 
age on the day of sampling and clutch number were included as co-
variates. Nestling identity was included as a random variable.

Three-way ANOVAs were performed to assess how female 
extra-pair success and the two measures of mate attractiveness 
influenced the total number of offspring that females produced. 
Numbers of sons and daughters were also analyzed separately 
since several studies have shown for this species that several envi-
ronmental and parental conditions influence the relative produc-
tion of the two sexes (Bradbury & Blakey, 1998; DeKogel, 1997; 
Foster & Burley,  2007; Kilner,  1998; Martins,  2004). Since the 
sample size was relatively small (N = 25 pairs), interactions were 
not included in these models. In these analyses, females were di-
chotomously categorized as having produced 1 or more surviving 
EPOs (having obtained “extra-pair success”) or having produced no 
surviving EPO (not having obtained “extra-pair success”). Similar 
two-way ANOVAs were run to assess variation in production 
of EPOs by females as a function of social mate attractiveness. 
Finally, Pearson's tests were used to ask whether the total num-
ber of offspring and number of extra-pair offspring produced by 
females and their social mates were correlated and Fisher's exact 
test was performed to determine whether a female's tendency to 
produce extra-pair offspring was independent of her social mate's 
attractiveness.

Analyses were found to meet normality assumptions by visual 
inspection of quantile–quantile plots and Shapiro–Wilk's tests. Egg 
mass was log-transformed in order to meet these assumptions. 
Marginal means and delta standard errors are reported. Statistical 
tests were performed in STATA 14 (StataCorp LP, College Station, 
Texas, USA).

All experiments were carried out in accordance with the 
Institutional Animal Care and Use Committee at the University of 
California, Irvine, and were consistent with USA federal guidelines 
(IACUC protocol 1334-1998).

3  | RESULTS

Whether or not a female produced one or more extra-pair offspring 
was independent of her social mate's attractiveness (Fisher's exact: 
male natal diet—p = .12; male extra-pair success—p = .39).

3.1 | Egg mass and clutch effects

Female investment in egg mass was influenced by lay order, male 
extra-pair success, and the interaction between male diet history 
and EP status of the egg. Egg mass increased significantly with lay 
order (p <  .001). Females mated to males that achieved extra-pair 
success laid heavier eggs than those mated to males without extra-
pair success (Table 2; Figure 2a). Among females with LO-diet so-
cial mates, EP eggs weighed less than WP eggs (p < .001) (Table 2; 
Figure 2b).

The model predicting clutch size variation only trended toward 
significance (LLM: χ2 = 9.04; p = .06). Among females mated to males 
without extra-pair success, those with HI-diet mates tended to lay 
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larger clutches (X̄  +/- SE—unsuccessful/HI diet: 5.17 +/- 0.32 eggs, 
N = 13; unsuccessful/LO diet: 4.13 +/- 0.26 eggs, N = 20) (Table 2). 
EP eggs were equally likely to be laid in the first, middle, or last third 
of each clutch (Fisher's exact: p = .65).

3.2 | Incubation-phase parental effort

Nest attendance time was affected by male extra-pair success and 
the interaction between male extra-pair success and breeder sex. 
Males that achieved extra-pair success spent the most time attend-
ing their nests (p < .002), while their mates spent the least (p < .001). 
Males without extra-pair success spent less time attending their 
nests than males that achieved extra-pair success (z = 3.11; p = .002) 
and a similar amount of time as their mates (z = 1.30; p = .19) (Table 3; 
Figure 3).

While the division of labor varied among pairs as described 
above, the total amount of time that nests were attended did not 
vary based on clutch EP status, male extra-pair offspring produc-
tion, or male diet history (repeated-measures LMM: χ2  =  0.66; 
p = .88).

3.3 | Nestling-phase parental effort

Male extra-pair success and nestling age influenced nestling seed 
provisioning, and nestling extra-pair status (EP versus WP) as well 
as the interaction between nestling extra-pair status and male 
natal diet influenced provisioning of both egg and seed. Older 
nestlings, WP nestlings, and nestlings whose social father pro-
duced EPOs elsewhere were provisioned with more seed (crop 
score X̄  +/- SE—produced EPOs: 1.36 +/- 0.08; produced WPOs 
only: 0.95 +/- 0.09) (Table 4). By contrast, EP nestlings were pro-
visioned with more egg (crop score X̄  +/- SE—EP: 1.12 +/- 0.18; 
WP: 0.71  +/-  0.08) and less seed (crop score X̄  +/- SE—EP: 
1.00 +/- 0.12; WP: 1.24 +/- 0.06) than WP nestlings. This pattern 
was driven by the interaction between nestling extra-pair status 
and male natal diet (Table 4): EP nestlings with HI-diet social fa-
thers were provisioned with the highest amounts of egg and the 
lowest amounts of seed (Figure 4).

TA B L E  2   Egg mass and clutch size of offspring surviving to 
independence

Variable Test Value p
Model 
p

Egg Massa,b  χ2 = 78.56 <.0001

Egg Status (EP or 
WP)

z = −0.54 .592

Male Extra-Pair 
Success

z = 3.85 <.001

Male Natal Diet z = 1.78 .075

Egg Status (EP or 
WP) * Male Natal 
Diet

z = −2.65 .008

Lay Order z = 7.09 <.001

Clutch Size χ2 = 9.04 .0600

Clutch Status (EP or 
WP only)

z = −1.25 .211

Male Extra-Pair 
Success

z = −0.94 .345

Male Natal Diet z = −2.55 .011

Male Extra-Pair 
Success * Male 
Natal Diet

z = 1.97 .049

Repeated-measures linear mixed-effects models (initial models 
included: 3 main effects, interactions between male natal diet and 
other main effects, lay order as a covariate [egg mass analysis only], 
and female identity as a random effect)—egg mass: Nobservations = 170, 
Nmothers = 24; clutch size: Nobservations = 55, Nmothers = 24.
aFemale identity contributed significantly to the model.
bLog-transformed.

F I G U R E  2   Egg mass patterns for offspring surviving to independence (X̄ +/- SE). A) Egg mass as a function of extra-pair success of 
females’ social mates. B) The effects of male natal diet and egg status (EP or WP) on egg mass. Bar color (1B only) reflects male natal 
diet (light gray bars—HI-diet males; dark gray bars—LO-diet males). Data correspond to Table 2. Lowercase letters indicate location of 
significant differences among groups based on post hoc analyses (1B—p = .009). Sample size (number of eggs) for each group is listed on its 
corresponding bar
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3.4 | Reproductive success

Total reproductive success between social mates was highly corre-
lated (Pearson's correlation: R2  =  0.811; p  <  .0001) but EP repro-
ductive success was not (Pearson's correlation: R2 = 0.207; p = .32) 
(Figure 5). Analyses revealed predictors of son production, but not 
daughter production or total offspring production. Females that pro-
duced one or more EPOs during the study produced more surviv-
ing sons than females that produced only WPOs (Table 5; Figure 6). 
Males’ natal diet and extra-pair success did not impact their social 
mates’ extra-pair offspring production (p > .18; Table 6). Lastly, fe-
males did not produce more EPOs of one sex (Fisher's exact p = .39).

4  | DISCUSSION

Differential allocation has been demonstrated in both free-living and 
captive populations (Burley, 1986; Horvathova et al., 2012). As shown 

here and elsewhere (e.g., Rutstein et al., 2004; Gilbert et al., 2006; 
Johnsen et al., 2005), food availability need not be limited to observe 
patterns of differential allocation, because parental expenditure can 
be limited by numerous environmental and physiological trade-offs 
(e.g., Svensson & Nilsen, 1997; Williams, 2012). Breeders may fac-
ultatively increase the number of eggs laid and/or offspring reared 
per brood when food availability increases, for example, and then 
become time/energy limited as a result. In short, the availability of 
ample food in a laboratory environment does not imply that breed-
ers fail to experience costs of parental care (Burley, 1988). In this 
light, and as discussed in detail below, some patterns described here 

Variable Test Value p
Model 
p

Nest attendance time χ2 = 69.66 <.0001

Founder Sex z = 1.30 .192

Clutch Status (EP or WP only) z = 0.42 .673

Male Extra-Pair Success z = −3.90 < .001

Male Natal Diet z = −0.46 .645

Founder Sex*Male Extra-Pair 
Success

z = 5.01 < .001

Repeated-measures linear mixed-effects model (initial model included: 3 main effects plus founder 
sex, interactions between founder sex and other main effects, and female identity as a random 
effect), Nobservations = 288, Nclutches = 28, Nmothers = 18.

TA B L E  3   Nest attendance time (per 
30-min sample) by caregivers during the 
incubation phase

F I G U R E  3   Interaction between founder sex and male extra-
pair success on average nest attendance time (X̄ +/- SE per 30-min 
sample). Light gray bars represent pairs in which males achieved 
extra-pair success; dark gray bars represent pairs in which males 
did not achieve extra-pair success. Data correspond to Table 3. 
Lowercase letters indicate location of significant differences 
among groups based on post hoc analyses (p ≤ .028). Sample size 
(number of observation samples) for each group is listed on its 
corresponding bar

TA B L E  4   Mean crop content scores of nestlings sampled after 
hen's egg was provided to breeders (seed was available ad libitum)

Variable Test Value p
Model 
p

Seed Score χ2 = 43.54 <.0001

Nestling Sex z = 0.36 .718

Nestling Status (EP 
or WP)

z = −3.32 .001

Male Extra-Pair 
Success

z = 3.33 .001

Male Natal Diet z = 0.32 .752

Nestling Status (EP or 
WP)*Male Natal Diet

z = 2.44 .015

Nestling Age z = 4.49 <.001

Hen's Egg Score χ2 = 34.15 <.0001

Nestling Sex z = −1.63 .103

Nestling Status (EP 
or WP)

z = 4.44 <.001

Male Extra-Pair 
Success

z = 0.00 .999

Male Natal Diet z = −0.54 .590

Nestling Status (EP or 
WP)*Male Natal Diet

z = −2.49 .013

Repeated-measures linear mixed-effects model (initial models included: 
3 main effects plus nestling sex, interactions between male natal diet 
and other main effects, nestling age as a covariate, and nestling identity 
as a random effect), Nobservations = 92, Nnestlings = 44.
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lend some support to our prediction that females in this experiment 
would engage in differential allocation: Notably, greater female in-
vestment was associated with the presence of EPOs in their broods 

and with having a high-quality mate. Additionally, while female suc-
cess at producing EPOs was not associated with higher total off-
spring production, females with extra-pair success had a greater 

F I G U R E  4   Patterns of nestling provisioning of hen's egg. Crop content score (X +/- SE) as a function of nestling status (EPO vs. WPO) 
and male natal diet. Bar color reflects male natal diet (light gray bars—HI-diet males; dark gray bars—LO-diet males). A) Average crop seed 
content score. B) Average crop egg content score. Data correspond to Table 4. Lowercase letters indicate location of significant differences 
between groups based on post hoc analyses (p ≤ .019). Sample size (number of provisioning samples) for each group is listed on its 
corresponding bar

F I G U R E  5   Correlation between 
reproductive success of social mates. (a) 
Correlation between the total number of 
genetic offspring produced by male and 
female partners (Pearson's R2 = 0.811; 
p < .0001). (b) Correlation between the 
total number of extra-pair offspring 
produced by male and female partners 
(Pearson's R2 = 0.207; p = .32)

TA B L E  5   Number of offspring produced by each female that survived to independence

Variable Degrees of Freedom Sum of Squares (Mean Square of the Error) F-Value p

Total Surviving Offspring 3, 24 1.65 .21

Female Extra-Pair Success 1 48.32 2.25 .15

Male Extra-Pair Success 1 9.49 0.44 .51

Male Natal Diet 1 5.59 0.26 .61

Residual 21 450.11 (21.43)

Male Offspring 3, 24 4.86 .01

Female Extra-Pair Success 1 20.43 4.85 .039

Male Extra-Pair Success 1 11.52 2.73 .113

Male Natal Diet 1 2.92 0.69 .415

Residual 21 88.55 (4.22)

Female Offspring 3, 24 0.31 .82

Female Extra-Pair Success 1 5.91 0.67 .421

Male Extra-Pair Success 1 0.10 0.01 .917

Male Natal Diet 1 0.43 0.05 .827

Residual 21 184.06 (8.76)

3-way ANOVAs (initial models included 3 main effects only), Nobservations = 25, Nmothers = 25.
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number of surviving sons, which leaves open the possibility that 
females benefit by producing offspring who will themselves experi-
ence greater reproductive success.

It is important for researchers to acknowledge the range of plau-
sible interpretations of their results. Here, we need to keep in mind 
that variation in mate quality may generate positive assortative mat-
ing patterns (Burley, 1986; Holveck & Riebel, 2010) even though var-
ious constraints—ecological and informational—on such assortment 
may lead to differential allocation (Burley, 1986, 2019); given this, it 
is possible that patterns described here may also relate to assorta-
tive mating patterns. Since female mating quality can be difficult to 
assess, assortative pairing and differential allocation can often not 
be parsimoniously resolved.

4.1 | Egg phase

Egg mass increased with laying order but EP eggs were not heav-
ier than WP eggs (Table  2) and, unlike reports on other species 
(Cordero et al., 1999; Krist et al., 2005; Magrath et al., 2009), in 
the present study EP eggs were not more likely to be laid near the 
beginning of a clutch, where mortality is typically lower (Ferree 
et  al.,  2010; Magrath et  al.,  2009). Nonetheless, there was evi-
dence of female differential allocation based on social mate qual-
ity during the egg phase: Females produced heavier eggs when 
mated to males with extra-pair success (Figure  2a), and females 
mated to HI-diet males tended to produce larger clutches (Table 2). 
Differential allocation toward eggs in response to male quality/
attractiveness has been demonstrated previously, both in this 
species (Gilbert et al., 2006; Arnold et al., 2016; but see Bolund 
et al., 2009) and other avian species (Cunningham & Russell, 2000; 
Horvathova et  al.,  2012). The effects of greater allocation to-
ward offspring sired by attractive males often last into adult-
hood (Arnold et  al.,  2016; Cunningham & Russell,  2000; Gilbert 
et al., 2006), confounding demonstration of possible genetic ben-
efits from sires to offspring.

An alternative, and nonmutually exclusive, interpretation is that 
pairs formed assortatively based on male attractiveness and female 
fecundity. Since egg mass is heritable (Christians, 2002; Potti, 1999) 
and can be influenced by female early-life environment—with 
better environments associated with heavier eggs and larger 
clutches (Griffith & Buchanan,  2010; Monaghan et  al.,  1996; 
Potti, 1999)—high-quality males may have secured mates that were 
more fecund. Assortative pairing in zebra finches has been reported 
in both free-pairing colony experiments (Burley,  1986; Burley & 
Foster, 2006) and mate choice experiments (Holveck & Riebel, 2010), 

F I G U R E  6   Number of offspring produced by females based 
on EP success (X̄  +/- SE). Circles indicate females that produced 
one or more surviving EPOs during the study (N = 9). Squares 
indicate females that produced only WPOs (N = 16). *p < .05. Data 
correspond to Table 5

Variable
Degrees of 
Freedom

Sum of Squares (Mean 
Square of the Error) F-Value p

Total Surviving 
EPOs

2, 24 1.76 .196

Male Extra-Pair 
Success

1 1.67 0.70 .411

Male Natal Diet 1 3.20 1.34 .259

Residual 22 52.55 (2.39)

Male EPOs 2, 24 1.32 .300

Male Extra-Pair 
Success

1 0.75 1.21 .285

Male Natal Diet 1 0.75 0.21 .654

Residual 22 21.37 (0.97)

Female EPOs 2, 24 1.83 .183

Male Extra-Pair 
Success

1 0.18 0.39 .536

Male Natal Diet 1 0.85 1.87 .186

Residual 22 10.07 (0.46)

2-way ANOVAs (initial model included 2 main effects only), Nobservations = 25, Nmothers = 25.

TA B L E  6   Number of extra-pair 
offspring produced by each female that 
survived to independence
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but it is unclear whether such assortment extends to fecundity, since 
mixed results are reported for males’ tendency to choose based on 
female fecundity (Martin & Burley, in press; Wang et al., 2017). Thus, 
the relative contributions of differential allocation and assortative 
mating to the egg mass patterns found here remain unclear.

Females paired to LO-diet males invested less in EP eggs relative 
to WP eggs (Figure 2b), which is contrary to expectations, since males 
raised on the LO diet have lower expression of secondary sexual 
traits (Burley et al., 2018; Wilson et al., 2019), and males successful in 
obtaining extra-pair copulations are expected to be of above-average 
quality. This finding is, however, potentially consistent with a previous 
study on this species that reported compensatory investment in eggs 
in response to social mate quality (Bolund et al., 2009). Specifically, 
since egg production is costly (Stearns, 1992; Visser & Lessells, 2001; 
Williams & Miller, 2003), we envision that females with low-quality 
social mates may benefit by reducing investment toward individual 
EP eggs when brood-mates compete to be fed. Since maternal fitness 
would likely be reduced if EP offspring—presumed to be of higher 
genetic quality—were to out-compete WP offspring for food, a tactic 
of reduced investment in EP eggs may result in equilibration of brood-
mate competitive ability, while permitting females to produce EP off-
spring of high genetic quality. The variation in egg mass investment 
found in this study highlights the potential for genetic and maternal 
effects to interact in how they drive observed allocation toward 
EPOs and WPOs. Greater theoretical attention to which aspects of 
environmental variation are likely to favor production of EPOs (e.g., 
Eliassen & Kokko, 2008), as well as to the context-dependent roles of 
differential allocation and reproductive compensation (Burley, 2019) 
in production of EPOs and WPOs, would likely advance our under-
standing of these complex but ecologically relevant patterns.

4.2 | Incubation phase

Patterns of nest attendance showed differences in how parents di-
vide this shared duty based on male attractiveness but did not sug-
gest occurrence of female differential allocation. Zebra finch pairs 
exhibit plasticity in incubation behavior (Gilby et al., 2013; Wilson 
et al., 2017; Zann & Rossetto, 1991), and this plasticity likely reflects 
differences in individual condition or quality as well as differences 
in sexual conflict/cooperation (e.g., Gorman & Nager, 2003; Wilson 
et  al.,  2017). While avian incubation is typically considered to be 
female-led (Burley & Johnson,  2002; Moore & Varricchio,  2016; 
Tullberg et al., 2002), if a male increases his nest attendance time, 
a comparable decrease in his social mate's attendance time is ex-
pected, since pairs are likely aiming for some optimal total amount of 
incubation (Jones, 1989; Wilson et al., 2017). Our finding that total 
nest attendance time did not vary between diet treatments (Table 3) 
is consistent with this expectation. Although males that sire EPOs 
are typically predicted to invest less in their social mates’ clutches 
(due in part to the time and resources required to seek extra-pair 
mates—Crouch & Mason-Gamer, 2018), we found the opposite pat-
tern here (Figure 3). This result may reflect that zebra finches are 

a gregarious species: They nest in colonies and typically feed in 
aggregations (McCowan et al., 2015; Zann, 1996). Under these cir-
cumstances, male search costs for extra-pair partners may be low. 
An important additional consideration is that male quality likely in-
fluences the cost of seeking extra-pair partners: Attractive males 
should obtain extra-pair mates with lower effort and may therefore 
experience little trade-off between nest attendance and extra-pair 
activities (Burley et al., 1994). If so, females mated to such males may 
then experience greater time to feed early in the clutch cycle, likely 
contributing to the egg mass pattern observed here (Figure 2a).

4.3 | Nestling phase

EP nestlings raised by pairs containing attractive males—as 
measured by early diet quality—received greater provisioning of 
nutrient-rich egg. We interpret this pattern as consistent with our 
prediction of differential allocation of egg resources to offspring 
of attractive males. To explain this conclusion, we develop several 
salient points and consider alternative hypotheses. First, we note 
that the EP nestlings that were fed a greater amount of egg expe-
rienced a corresponding decrease in the amount of seed they were 
fed (Figure  4). This inverse relationship is to be expected given 
the short sampling interval during which increased provisioning of 
one food type should result in a decrease in the other. While it is 
conceivable that the pattern of selective egg provisioning found 
here could result from WP nestlings having received less egg be-
cause their crops were already full of seed, our data do not sup-
port this inference, because nestling crops were seldom judged to 
be full during sampling: Only 22 out of 460 raw samples of nest-
ling crop contents (averaged samples: 5 of 92) were scored higher 
than about 70% full. Zebra finch parents are more likely to fill the 
crops of nestlings in late afternoon, when food stores need to last 
through the night; our sampling was routinely completed before 
1,400 hr. One hypothesis to explain the greater egg provisioning 
of pairs containing HI-diet males centers on condition effects on 
risk assessment. When human observers, present to time the 3-
min egg consumption interval prior to provisioning sampling (see 
Methods), inadvertently caused small disturbances (e.g., by sneez-
ing or dropping a pencil), birds flushed and remained off the floor 
for 30 s or longer until one or more individuals initiated their re-
turn to the egg bowl. Birds in better condition may have assessed 
the risk to egg foraging to be lower if, for example, they had faster 
take-off speeds (Criscuolo et  al.,  2011; Labocha et  al.,  2015). 
However, it is also likely that parents with offspring judged to have 
higher reproductive value were more willing to take such risks.

Another possible explanation for egg-provisioning patterns 
that is important to consider is that LO-diet males may have had 
lower tendency to feed egg to offspring as a result of their prior 
unfamiliarity with egg as a food item. This concern, however, is 
offset by the finding that males of the two rearing treatments did 
not differ in their tendency to consume egg in samples collected 
during the 6-week interval they spent on the LAB diet prior to 
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the start of the experiment. The palatability of hen's egg to naïve 
birds has also been demonstrated for wild zebra finches (Burley 
et al., 1992).

A final possibility important to consider is that egg-provisioning 
patterns may have been caused by interference and/or scramble 
competition, which could influence results, especially if HI-diet 
males and their mates were superior competitors. The potential sig-
nificance of interference competition is offset, however, by the find-
ing of no differences in egg-eating patterns between HI- and LO-diet 
males during preliminary trials (see above). More broadly, interfer-
ence competition at food resources is minimal in our colonies; this 
pattern likely reflects the natural history of the species, which feeds 
in flocks on the ground, where birds are vulnerable to predation and 
where any disruption leads the flock to scatter. In the feeding trials 
performed here, up to 8 adults at a time crowded onto the rim of 
the bowl of egg, collected egg in their beaks and quickly flew away; 
other birds, waiting nearby, then took their turn. The amount of egg 
was sufficient to ensure that some usually remained after the end 
of sampling, and trials conducted during protocol development in-
dicated that birds were not excluded from feeding during trials (see 
Methods); these methods likely minimized effects of scramble com-
petition on results. While we do not contend that competition was 
entirely absent during feeding trials, the considerations addressed 
here add weight to our interpretation that the greater relative pro-
visioning to EPOs of HI-diet males reflects a pattern of differential 
allocation of high-quality nutrients to these offspring. While further 
research to explore questions about foraging risk assessment and 
the relative roles of the two parents in egg feeding would facilitate 
interpretation of these results, they are generally consistent with 
the idea that EPOs have higher reproductive value.

4.4 | Reproductive success

Contemporary frameworks for the evolution of extra-pair be-
havior have highlighted the potential for extra-pair behavior to 
be maladaptive for females of pair-bonding species (Arnqvist & 
Kirkpatrick,  2005; Forstmeier et  al., 2011, 2014; Kempenaers & 
Schlicht,  2010) but persist in populations due to the benefits of 
extra-pair tendencies to males combined with weak or absent sex-
limited expression of such tendencies (Forstmeier et  al.,  2011). 
By contrast, our results suggest that females may obtain a fitness 
benefit by producing more sons, a result that complements a pre-
vious report of female zebra finches investing more reproduc-
tive resources in sons sired by EP males (Tschirren et  al.,  2012). 
In theory, such benefits could arise through greater caregiv-
ing toward EPOs and their clutch mates (as seen here in selec-
tive egg feeding patterns) which may enhance survival as well as 
mating quality of offspring in EPO clutches. Collectively, results 
point to the importance of remaining open-minded about the 
possibility that females may obtain direct fitness benefits from 
extra-pair activities through changes in parental investment as 

well as the more frequently invoked possibility of indirect fitness 
benefits (Akçay & Roughgarden, 2007; Birkhead & Pizarri, 2002; 
Iwasa & Pomiankowski,  1991; Jennions & Petrie,  2000; Neff & 
Pitcher, 2005; Tschirren et al., 2012). Another possibility that mer-
its investigation is that those females predisposed to producing 
more sons on the basis of genetics and/or condition are more likely 
to accept extra-pair copulations. Such females might stand to gain 
more from EPOs, since sons produced with an EP male are ex-
pected to have high reproductive value.

5  | CONCLUSION

Results of this paper indicate that greater attention to the effects of 
extra-pair mating on differential allocation of resources to offspring 
will be a productive avenue for both experimental and theoretical 
approaches to questions about if and how females may benefit from 
producing extra-pair offspring. While findings here are based on 
a moderate sample size (55 clutches and 52 reproductively active 
birds), they do present an exciting new direction for behavioral ecol-
ogy by showing that investment in offspring varies throughout the 
reproductive phases in response to the extra-pair success of both 
nest attendants.
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