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Summary

1. A major component of sex-allocation theory, the Trivers-Willard Model (TWM), posits
that sons and daughters are differentially affected by variation in the rearing environment.
In many species, the amount of parental care received is expected to have differing
effects on the fitness of males and females. When this occurs, the TWM predicts that
selection should favour adjustment of the offspring sex ratio in relation to the expected
fitness return from offspring. However, evidence for sex-by-environment effects is mixed
and little is known about the adaptive significance of producing either sex.

2. Here, we test whether offspring sex ratios vary according to predictions of the TWM in
the house wren (Troglodytes aedon, Vieillot). We also test the assumption of a sex-by-
environment effect on offspring using two experiments, one in which we manipulated
age-differences among nestlings within broods, and another in which we held nestling
age constant but manipulated brood size.

3. As predicted, females with high investment ability over-produced sons relative to those
with lower ability. Males were also over-produced early within breeding seasons. In our
experiments, the body mass of sons was more strongly affected by the sibling-
competitive environment and resource availability than that of daughters: males grew
heavier than females when reared in good conditions but were lighter than females when
in poor conditions.

4. Parents rearing broods with 1:1 sex ratios were more productive than parents rearing
broods biased more strongly towards sons or daughters, suggesting that selection favours
the production of mixed-sex broods. However, differences in the condition of offspring as
neonates persisted to adulthood, and their reproductive success as adults varied with the
body mass of sons, but not daughters, prior to independence from parental care. Thus,
selection should favour slight but predictable variations in the sex ratio in relation to the
quality of offspring that parents are able to produce.

5. Offspring sex interacts with the neonatal environment to influence offspring fitness, thus
favouring sex-ratio adjustment by parents. However, increased sensitivity of males to
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environmental conditions, such as sibling rivalry and resource availability, reduces the
fitness returns from highly male-biased broods.

family life; life history; sex allocation; sex ratio; sibling rivalry

Introduction

Variation in the ontogenetic environment often has long-term effects on phenotypic
development, and can have profound consequences for individual life-history trajectories
(Lindstrom 1999; Monaghan 2008). Recent work has revealed that variation in the neonatal
environment can also have sex-specific consequences for offspring fitness (Wilkin &
Sheldon 2009; Jones, Nakagawa & Sheldon 2009), and such differences in environmental
sensitivity have critical implications for sex-allocation theory (Trivers & Willard 1973;
Hewison & Gaillard 1999; Uller 2006; Koskela et al. 2009). For example, if one sex is more
sensitive than the other to harsh conditions early in life, mothers should over-produce the
less-sensitive sex when resources are in short supply, as this will maximize the number of
offspring that survive to reproduce (Myers 1978). However, when effects of variation in the
rearing environment persist to affect adult reproduction, sex ratios should also be adjusted
according to the anticipated reproductive success of offspring if the quality of the rearing
environment differentially affects the reproductive value of sons and daughters (Trivers &
Willard 1973). Originally conceived by Trivers and Willard (1973), this concept has
subsequently been expanded to a generalized Trivers-Willard Model (TWM) that can be
used to predict how selection will favour the adjustment of offspring sex ratios in relation to
environmental conditions (Cockburn, Legge & Double 2002; West 2009; Komdeur 2012).

The TWM rests upon several important assumptions that must be true for selection to favour
sex-ratio adjustment: (i) variation in maternal condition is transferred to offspring during the
period of parental care, (ii) differences in the condition of offspring at independence from
parental care persist to adulthood, and (iii) these differences in condition have sex-specific
effects on the reproductive success of offspring as adults. Although Trivers and Willard
(1973) discussed the transfer of maternal condition to offspring, physical condition in the
strictest sense has been shown to provide an incomplete picture of a mother’s ability to
produce fit offspring (see, e.g., Sheldon & West 2004; West 2009; Pryke & Rollins 2012).
Thus, the generalized TWM now encompasses a broader range of factors than simply a
mother’s physical condition, and, for species with parental care, is related more generally to
the parental ability to invest in offspring or the quality of the environment that parents are
able to provide (West 2009). The interaction between offspring sex and environmental
conditions on fitness is, thus, a critical element that should drive the evolution of adaptive
sex allocation, with changes in the amount of parental care received having differing effects
on sons and daughters (see also Sheldon 1998; Velando 2002; Love et al. 2005; Uller 2006;
Saino et al. 2008; Pryke, Rollins & Griffith 2011). Traditionally, mothers that are able to
rear high-quality offspring are predicted to over-produce sons with high reproductive
potential at independence from parental care; when unable to produce high-quality
offspring, mothers should produce daughters because their future reproductive success
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should be affected less by poor rearing conditions than that of sons (see also Sheldon 1998;
Krist 2006; Robert, Schwanz & Mills 2010; Merkling et al. 2012; Pryke & Rollins 2012; but
see Leimar 1996; Hewison & Gaillard 1999).

Williams (1979) suggested that a Trivers-Willard effect should produce sex-ratio
distributions that are flatter and wider than the null expectation if sons and daughters are
produced more frequently within families than predicted by chance (see also Harmsen &
Cooke 1983). Such a result has seldom been demonstrated, implying constraints to sex-ratio
adjustment (Harmsen & Cooke 1983; Westerdahl et al. 1997; Kolliker et al. 1999;
Grindstaff et al. 2001; Postma et al. 2011; but see Svensson & Nilsson 1996; Bowers et al.
2013). It should be noted, however, that tests used to assess Williams’ (1979) prediction
often lack power when clutch sizes are small (Ewen, Cassey & King 2003). Despite being an
important precursor for adaptive sex allocation to occur, sex-specific environmental
sensitivity may also help resolve this paradox and, in itself, act as a constraint to sex-ratio
adjustment. For example, if sons are more sensitive than daughters to variation in
environmental conditions, the overproduction of sons may actually be maladaptive as males
face greater effects of sibling competition, resulting in selection for mixed-sex broods (see
also Uller 2006).

In a population of house wrens, female and male nestlings are affected differently by age-
related sibling competition created by the order in which they hatch from their eggs
(Bowers, Sakaluk & Thompson 2011). Sons and daughters are similar, on average, in body
mass, size, and plumage shortly after hatching and prior to leaving the nest, but first-
hatching males grow faster and eventually obtain greater body mass than first-hatching
females of the same age. The reverse is true for last-hatching males with an early size-
disadvantage, as they grow more slowly and reach a lower body mass than females of
similar age (Bowers, Sakaluk & Thompson 2011). In the current study, we first tested
whether offspring sex ratios vary according to a mother’s ability to invest in offspring, as
predicted by the TWM. We used the number of broods females produced within a given
breeding season as a functional proxy for maternal investment ability, and used this to
determine whether maternal abilities were associated with the sex ratio they produced (see
Methods for further details). We predicted that females with above-average investment
ability (i.e., those producing multiple broods of young within a single season) should
overproduce males relative to females with a reduced ability to invest in offspring.

We then tested experimentally for a sex-by-environment interaction on offspring using two
separate cross-fostering experiments. In one experiment, the “Competitive-hierarchy
Experiment,” we manipulated sibling-competitive hierarchies by manipulating age-
differences among nestlings within broods. In a second experiment, the “Brood-size
Experiment,” we held the age of nestlings within broods constant, but manipulated brood
size shortly after hatching to create relaxed and intense sibling-competitive environments for
offspring. In both experiments, we predicted that the body mass of sons should be more
strongly affected than that of daughters by the range of rearing conditions we created. We
recently found that an experimentally induced increase in parental investment resulted in
sons of above-average mass and size and daughters with enhanced immune responsiveness
(Bowers et al. 2012). Thus, we predicted that sons reared under favourable conditions (i.e.,
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older nestlings within broods and nestlings in small broods) would allocate their share of
parental resources to increasing body mass and daughters to enhancing immune
responsiveness, whereas sons should be more negatively affected than daughters by poorer
rearing conditions (i.e., younger nestlings within broods and nestlings in enlarged broods).
Although our hypothesis of a sex-by-environment interaction predicts that phenotypic
differences among treatments should be sex-specific at the level of the individual, it also
predicts that increases in the proportion of males within a brood should adversely affect their
mass and survival as they face increased competition from other males. Indeed, if sons are
more sensitive than daughters to environmental conditions early in life, mothers are
predicted to overproduce daughters as the ability to produce high-quality offspring is
reduced (Trivers & Willard 1973; Frank 1990). Thus, under normal conditions, female-
biased broods may exhibit reduced nestling mass and recruitment, on average, because they
are reared by mothers with a reduced ability to produce high-quality offspring (Trivers &
Willard 1973; Frank 1990). However, if sons are more sensitive than daughters to
environmental conditions, then male-biased broods should have reduced mass and
recruitment because they contain relatively more of the more-sensitive sex (see also Myers
1978; Uller 2006). Therefore, we also tested for effects of the brood sex ratio on offspring
size and survival, predicting that mixed-sex broods should exhibit enhanced nestling mass
and survival relative to female- and male-biased broods. The TWM also postulates that
differences in condition among offspring at independence from parental care persist to
adulthood and affect reproduction sex-specifically (Trivers & Willard 1973; Hewison &
Gaillard 1999). Thus, we tested whether this was true by monitoring the recruitment of
offspring to the breeding population and testing whether the body mass of offspring prior to
fledging correlated with that as an adult, and whether body mass prior to independence had
sex-specific effects on adult reproductive success.

Materials and methods

STUDY AREA AND SPECIES

We studied a population of house wrens breeding in secondary deciduous forest in McLean
County, Illinois, USA (40.665°N, 88.89°W). Nestboxes (N = 820) were spaced 30 m apart
along north-south transects separated by 60 m and mounted on 1.5-m poles atop 48.3-cm
diameter aluminium predator baffles (Lambrechts et al. 2010 provide further details on
nestboxes). House wrens are small (10-12 g), cavity-nesting songbirds with breeding
grounds distributed across the mid-latitudes of North America, and birds in the study
population winter in the southern United States and northern Mexico. Females and males do
not show appreciable differences in return rate as recruits (Bowers et al. 2014a), and natal
dispersal distances on the study site do not differ statistically between females (median
distance = 674 m) and males (median distance = 608 m; Drilling and Thompson 1988).
Upon arriving on the study area in spring, females select a mate that is defending a nest site
and, after completing nest construction, lay a clutch of 4-8 eggs (Dobbs, Styrsky &
Thompson 2006). Females produce one egg per day until their clutch is completed, laying a
modal clutch size of 7 eggs for clutches in the first half of summer and 6 eggs in the second
half of summer (Dobbs, Styrsky & Thompson 2006). Only females incubate eggs, but both
parents provision offspring, and parents do not bias food delivery towards offspring of either
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sex (Albrecht & Johnson 2002). Females in the study population vary in the onset of
incubation relative to clutch completion, which affects whether eggs hatch synchronously or
asynchronously (initiating incubation prior to clutch completion results in asynchronous
hatching, whereas delayed incubation until clutch completion results in synchronous
hatching). In a given year, ca. 25-50% of clutches in the population hatch asynchronously,
with eggs within a clutch hatching over two to three or, occasionally, four days; the
remainder of clutches hatch synchronously, with all eggs of the clutch hatching within a day
(Bowers, Sakaluk & Thompson 2011, 2013). The length of the nestling period is typically
15-17 days (Bowers, Sakaluk & Thompson 2013); the oldest, largest nestlings usually leave
the nest first, with the rest of the brood following within a few hours. Some nestlings,
typically small, underdeveloped runts, occasionally remain in the nest and die of starvation
(Johnson 2014). House wrens are useful for studying sex-by-environment interactions on
morphological and immunological traits because these generally do not differ, on average,
for female and male nestlings; however, sex-differences can arise across a range of rearing
conditions (Bowers, Sakaluk & Thompson 2011, Bowers et al. 2012; Thompson et al.
2014).

MATERNAL INVESTMENT ABILITY & BROOD SEX RATIOS, 2009-2011

We analysed brood sex ratios in relation to maternal investment ability using sex-ratio data
of broods from the 2009-2011 breeding seasons (N = 1,377 offspring from 276 broods).
Females in our study population are facultatively multi-brooded, with 50-70% of the
females that complete a successful nesting attempt early in the breeding season attempting a
second (Finke, Milinkovich & Thompson 1987; Dobbs, Styrsky & Thompson 2006;
Bowers, Sakaluk & Thompson 2012). Whether or not a female produces multiple broods
within years is strongly associated with her body condition, and, for females that produce
multiple broods, those in good condition take less time to initiate their subsequent broods
than those in poorer condition (Bowers, Sakaluk & Thompson 2012). Moreover, of the
females in this analysis (N = 194 females from 2009-2011), those that were multi-brooded
within a season were more likely to survive and return to breed the following year than
females producing a single brood (generalized linear mixed model with maternal ID as a
random effect and binary response: parameter estimate + SE = 0.88 + 0.38, F1 215 =5.24, P
= 0.023). Thus, the number of broods a female produces within breeding seasons is a useful
proxy for maternal investment ability, which we predicted would be positively associated
with the proportion of male offspring that females produced.

We determined the sex of offspring within broods using blood samples (described in
“General Field Procedures” below). We were unable to determine the sex of 15% of all the
eggs that females produced because of offspring mortality prior to sexing and inviability of
eggs, which raises the concern that brood sex ratios do not directly reflect the primary sex
ratio. However, offspring mortality would have to be strongly sex-biased to create
departures from the primary sex ratio (our data do not suggest that mortality in the nest is
sex-biased, see below), and including incomplete broods in sex-ratio analyses should not
affect the patterns observed (Fiala 1980; Krackow and Neuhalser 2008; West 2009). Indeed,
analysing modified forms of our dataset for this study assuming that all unsexed offspring
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were female or, alternatively, entirely male, had no effect on the results we report (the
effects on sex ratios are still significant at P < 0.05).

GENERAL FIELD PROCEDURES

In all years, we visited nestboxes at least twice weekly to check for evidence of female
settlement and clutch initiation. We then captured and identified females and males during
incubation or early in the nestling-rearing stage by either capturing them inside nestboxes or
using mist nets placed outside the box. Upon capture, we measured the body mass (+ 0.1 g)
and tarsus length (+ 0.1 mm) of adults and ringed them with a unique U. S. Geological
Survey aluminium leg ring; males received three additional coloured leg rings so they could
be identified visually without needing to be recaptured.

We visited nests daily when hatching was expected and, for the cross-fostering experiments,
we uniquely marked all nestlings within broods upon hatching by clipping their toenails.
After cross-fostering (done blind with respect to nestling sex, see below), we monitored the
subsequent development of nestlings and ringed them, weighed them, and measured their
tarsus at 11 days of age. Nestling body mass and tarsus length generally reach asymptotic
levels by this age (Lago, Johnson & Albrecht 2000), and body mass at this age positively
predicts survival and recruitment into the breeding population (Bowers et al. 2014a). When
nestlings were 11 days old, we drew a blood sample for molecular sexing and administered a
phytohaemagglutinin (PHA) skin test to obtain a measure of cutaneous immune activity.
Blood samples were stored in microcapillary tubes on ice while in the field and processed in
the laboratory later the same day. After centrifuging blood samples and measuring
haematocrit, a widely used measure of condition and health (Richner, Oppliger & Christe
1993; Ots, Murumagi & Hdrak 1998; Norte et al. 2008; Morrison, Ardia & Clotfelter 2009;
Williams 2012; Ardia 2013), we stored red-blood cells for later use in molecular sex-
identification of nestlings (for details of these procedures, see Forsman et al. 2010; Bowers,
Sakaluk & Thompson 2011).

For the PHA test, we used a digital thickness gauge (Mitutoyo no. 547-500) to measure pre-
injection web thickness as the mean of three measures, and we then injected the web
intradermally with a 50-pL solution of PHA (Sigma, prod no. L8754) in phosphate-buffered
saline (PBS; concentration =5 mg PHA/mL PBS). Upon injection, PHA induces
inflammation and swelling that includes immune cells derived from innate and adaptive axes
of the immune system, and large swellings indicate a heightened level of immune activity
(Martin et al. 2006, Vinkler et al. 2014). We measured the swelling 24 h post-injection, and
used the difference between the mean of three pre- and post-injection measures as the PHA
response. This immune response is thought to be energetically costly to produce and subject
to a trade-off with other life-history functions (e.g., Martin, Scheuerlein & Wikelski 2003,
Martin et al. 2006; Tschirren, Fitze & Richner 2003; Ardia 2005a,b), and the magnitude of
the swelling is positively associated with long-term survival and lifetime reproductive
success in our study population (Bowers et al. 2014a). Because we previously found no
appreciable differences between the sexes using other immunological measures, such as the
bactericidal activity of plasma or antibody production (Bowers et al. 2012), we focused in
the current study on nestling responses to PHA injection and its potential trade-off with
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nestling growth (e.g., Fargallo et al. 2002; Tschirren, Fitze & Richner 2003; Dubiec, Cichon
& Deptuch 2006).

Not all offspring survived to leave the nest in the two experiments. Out of both experiments,
a total of 85 of 758 offspring (11.2%) died prior to leaving the nest in non-depredated, non-
abandoned broods, typically before four days of age. Most of the nestlings that died were
removed from the nest by parents before we could collect them for molecular sexing (cases
of complete nest failure prior to banding and bleeding nestlings were caused by nest
depredation). The sex of nestlings that we did find dead in the nest did not differ froma 1:1
ratio (12 males, 15 females; binomial test P = 0.701). Although this suggests that sex-
specific mortality did not occur, we cannot completely rule out the possibility that males and
females died in the nest at unequal rates. As sex-specific effects of early rearing conditions
may manifest themselves though differences in post-fledging survival or reproductive
success later in life, we monitored the survival and recruitment of these offspring to the
breeding population by attempting to catch all breeding adults in subsequent years.

COMPETITIVE-HIERARCHY EXPERIMENT

Throughout the 2011 breeding season, we exchanged randomly selected nestlings between
brood dyads, placing a 4-day-old nestling into a 1-day-old brood and transferring a 1-day-
old nestling from that brood into the 4-day-old’s brood, mimicking naturally occurring age
differences among siblings within nests created by asynchronous hatching (Bowers, Sakaluk
& Thompson 2011, 2013). Therefore, we created broods with a foster nestling that was
either three days older (N = 53 broods, 47 of which successfully produced fledglings) or
three days younger (N = 59 broods, 52 of which successfully produced fledglings) than their
brood-mates (we obtained some younger nestlings from source nests not involved in the
study). Thus, we held brood size constant before and immediately after our manipulation,
creating experimentally “advantaged” and “disadvantaged” nestlings analogous to natural
situations in which parents differentially invest in individuals within their brood (Jeon
2008). For example, early hatching nestlings within asynchronously hatched broods are
typically much larger and heavier than their younger siblings within the nest, and these older
nestlings are also heavier and larger than nestlings of the same age in synchronously hatched
broods, in which all offspring are similar in body mass and size throughout nestling
development (Bowers, Sakaluk & Thompson 2011).

In this experiment, we visited nests regularly to weigh nestlings when each was one, two,
four, six, eight, 11, and 12 days of age. Approximately half of the younger foster nestlings
did not survive to leave the nest (27 younger foster nestlings survived to fledging in the 52
successful nests that received one; none of the older foster nestlings died prior to fledging).
Thus, we omitted the unmanipulated nestlings in broods where foster nestlings did not
survive to be banded, measured, and sexed at 11 days of age to avoid inflating denominator
degrees of freedom (see Data Analysis below). Including these unmanipulated nestlings in
our analyses yields the same qualitative results (not shown). Because most offspring in a
given brood were not cross-fostered, we calculated mean values for phenotypic traits of the
males and females that were not cross-fostered, and used the mean values for these nestlings
in our analysis of treatment effects to avoid inflating denominator degrees of freedom;
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analysing data for all individual nestlings yields the same qualitative results (not shown).
For nestlings that were not cross-fostered, being reared with either an older or a younger
foster nestling had no effect on their average body mass (F1 ¢4 = 0.40, P = 0.531), PHA
response (F1, g2 = 2.08, P = 0.154), or haematocrit (F1 p9 = 0.03, P = 0.856); thus, we
pooled these offspring into a single group for analysis.

BROOD-SIZE EXPERIMENT

During the second half of the 2011 breeding season, we cross-fostered nestlings shortly after
hatching to create either small broods of four nestlings (N = 15 broods, 14 of which
successfully produced a total of 54 offspring that survived to be measured at 11 days of age)
or large broods of eight nestlings (N = 19 broods, 16 of which produced a total of 127
offspring surviving to 11 days of age). Treatments were randomly assigned to nests, and
there was no difference between treatments prior to cross-fostering in clutch size (large
broods = 6.0 + 0.5 eggs, small broods = 5.9 + 0.7 eggs; t3» = 0.86, P =0.399) or brood size
(large broods = 5.6 + 0.2 nestlings, small broods = 5.7 + 0.2 nestlings; t3, = 0.47, P =
0.645). Modal brood size is usually six nestlings during the time of the breeding season at
which this experiment was conducted, and our treatments are within the natural range of
variation in brood size. Not all broods began with six nestlings, thus we also obtained
nestlings from source nests not involved in the study to bring some broods to four or to eight
nestlings; all 19 of the large broods received at least one foster nestling to bring the brood
size to eight, whereas four of the 16 small broods also contained one or more foster
nestlings. Previous experiments on our study population showed that cross-fostering has no
effect on nestling mass or survival (Finke, Milinkovich & Thompson 1987; Harper, Juliano
& Thompson 1994). This was also true in the current study, as there was no difference
between foster and non-foster nestlings in body mass (mixed-model ANOVA: Fy 158 =
0.15, P =0.702) or survival to fledging (generalized linear mixed model with binary
responses: F1 1g3 = 0.13, P = 0.721). There was also no difference in the number of males
and females that were cross-fostered (binomial test: 72 = 0.02, P = 0.884), and brood sex
ratios were similar for large and small broods (generalized linear model with binomial
distribution: Fq 9 = 0.27, P = 0.609). Nestlings were cross-fostered within two days of
hatching, and were never outside a nest for more than 10 min. We wanted nest-mates to be
of comparable age and size at the time our treatment was imposed, so we delayed cross-
fostering until the majority of eggs had hatched, which allowed us to create broods in which
all nestlings were within 24 h of age. In this experiment, we visited nests to weigh nestlings
when each was two, four, and 11 days of age. We were also able to observe parental food
provisioning to the nest in this experiment as part of another study, which verified that
nestlings in small broods had significantly higher per-nestling food availability than those in
larger broods (Bowers et al. 2014b).

DATA ANALYSIS

We used SAS (version 9.3) for all analyses and all tests are two-tailed. To obtain
standardized parameter estimates from analyses, we centred and standardized input variables
prior to analysis (Schielzeth 2010). We first analysed brood sex ratios in relation to maternal
investment ability. We included brood sex ratios from the 2009-2011 breeding seasons (N =
1,377 offspring from 276 broods) with the number of male offspring in a nest as the
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dependent variable and the number of sexed offspring as the binomial denominator (i.e.
event/trial syntax) using a generalized linear mixed model (GLMM; PROC GLIMMIX in
SAS) with maternal identity as a random effect. As a proxy for maternal investment ability,
we used female reproductive effort (i.e., whether females produced a single brood or
multiple broods within a season) as a fixed effect along with clutch-initiation date and year
as fixed effects. We included maternal identity as a random effect to account for non-
independence of females that produced multiple broods, but analysing a smaller subsample
of nests that include only a female’s first brood of the season produces the same qualitative
results (data not shown).

We then used general linear mixed models to analyse phenotypic variation among female
and male nestlings in relation to their treatment groups in the two experiments. We included
the nest of rearing as a random effect to account for the non-independence of offspring
reared together within a nest, and we also included the nest of origin as a random effect to
account for the relatedness of nestlings and maternal effects prior to cross-fostering. We
tested for a treatment-by-sex interaction on nestling traits in both the competitive-hierarchy
and brood-size experiments. Our analyses of nestling body mass focus on asymptotic mass
at 11 days of age, and we included tarsus length at this age as a covariate. Forsman et al.
(2010) recently showed that PHA responsiveness can covary with mass, so we included
nestling body mass as a covariate when analysing PHA responses. We did not use a model-
simplification procedure (i.e., remove non-significant interactions between treatment and
sex) because we had predicted a priori an interaction between these variables in their effect
on offspring traits. In the Competitive-hierarchy Experiment, we calculated the mean values
for phenotypic traits (body mass, tarsus length, PHA responsiveness, and haematocrit) of the
males and females that were not cross-fostered in a given nest, and used these mean values
in our analyses to avoid inflating denominator degrees of freedom.

We also predicted that increases in the proportion of males within a brood should adversely
affect their development and survival as they faced increased competition from other males.
We tested this by pooling all nestlings from the two cross-fostering experiments and testing
for a negative quadratic relationship between the brood sex ratio (i.e., the proportion of
males within the brood, with males coded as 1 and females as 0) and the mass and number
of nestlings fledged using linear mixed models, and recruitment to the breeding population
using logistic regression with the nest of rearing and the nest of origin as random effects. We
predicted that the relationship between the sex ratio and nestling mass and survival would be
hump-shaped because broods that are primarily female-biased are predicted to be produced
by mothers with below-average ability to invest in young, whereas male-biased broods
should exhibit reduced mass and survival because of greater sensitivity of males than of
females to sibling competition. Although the number of young sexed within a brood can
often covary with the sex ratio, such that small broods are more likely to exhibit a sex ratio
biased towards sons or daughters, we controlled for variation in brood size when analysing
effects of the sex ratio. Of the broods with 0-25% male or 75-100% male offspring (N = 32
broods), there were two broods for which we could sex only a single nestling, and analysing
effects of the brood sex ratio without these nests produces the same qualitative results (not
shown).
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Among the 673 offspring that survived to leave the nest in the two experiments, 30 recruited
to the breeding population (11 females and 19 males). Recruitment rate in this study was
typical for our study population, and was similar to that reported for other populations of
house wrens (e.g., Kendeigh 1941; Poirier, Whittingham & Dunn 2004). Long-term data
from the study population suggest that variation in recruitment is largely driven by variation
in survival; although some offspring surviving to adulthood likely breed away from the
study site, our data suggest that this is unrelated to environmental or phenotypic variation
(Bowers et al. 2014a). Thus, a lack of data on dispersers should not introduce a bias in our
results for recruits (Bowers et al. 2014a). Pooling all offspring across the two experiments,
we tested for an effect of early rearing conditions on recruitment using logistic regression
with the quality of the rearing environment as a fixed effect and the nest of rearing and nest
of origin as random effects. For this analysis, we considered older offspring in the
competitive-hierarchy experiment and nestlings in small broods from the brood-size
experiment as being reared in high-quality conditions, the non-foster nestlings in the
competitive-hierarchy experiment as being in typical rearing conditions (the presence of
either an older or a younger foster sibling had no effect on these nestlings; see above), and
younger offspring and those in large broods as experiencing poor-quality rearing conditions.
We did not have sufficient replication among recruits to test for sex-specific treatment
effects on adult reproduction (only two neonates from poor rearing conditions recruited to
the breeding population), but we were able to test for a sex-specific effect of body mass
prior to independence from parental care on adult reproduction, a major assumption of the
TWM. For this analysis, we pooled offspring from the three breeding seasons (N = 60
recruits that hatched as nestlings from 2009-2011), and tested whether nestling body mass at
11 days of age was correlated with their body mass as adults using a general linear model
that included sex, breeding stage upon capture as an adult (i.e., incubation or nestling
rearing), and the day of year and time of day on which the adults were captured as
covariates. Using this dataset, we also tested for sex-specific effects of offspring body mass
prior to fledging on adult reproduction. We first used a logistic regression to test whether
nestling body mass affected whether offspring would produce multiple broods of offspring
in their first breeding season, and then used a linear model to analyse the number of
offspring that these recruits successfully fledged from their nests as adults.

OFFSPRING SEX RATIOS

Brood sex ratios were positively associated with maternal investment ability (Table 1; Fig.
1). As predicted, females rearing multiple broods within a year produced a slight but
significant male-bias (proportion male = 0.561 + 0.016, mean + SE) relative to females
rearing a single brood (proportion male = 0.475 + 0.022; Table 1; Fig. 1). Clutch-initiation
date also had an effect on brood sex ratios, with broods produced earlier within breeding
seasons having a male-bias relative to broods produced later (Table 1).

COMPETITIVE-HIERARCHY EXPERIMENT

Nestlings quickly diverged in their growth trajectories after the implementation of the
treatment, with older, competitively advantaged nestlings growing the fastest of the
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treatment groups and the younger, disadvantaged nestlings growing the slowest (Fig. 2a).
Nestlings placed at a competitive advantage early on were heavier than their brood-mates for
any age, and there was an interaction between treatment and sex in their effect on nestling
mass on day 11 (Table 2; Fig. 2b). Older male nestlings became heavier than females in the
same treatment (follow-up test: Fy 47 = 12.25, P = 0.001), but younger male nestlings
tended to suffer disproportionately from their competitive disadvantage and were lighter
than females of the same age (follow-up test: F1 24 = 3.14, P = 0.080). There was also an
interaction between treatment and nestling sex in their effect on PHA responsiveness (Table
2; Fig. 2¢), as older females mounted disproportionately stronger immune responses to PHA
injection than males in the same treatment (follow-up test: F1 45 = 11.54, P = 0.001).
Nestling haematocrit also differed sex-specifically across treatments (Table 2; Fig. 2d), with
older males having higher haematocrit values than females in the same treatment (follow-up
test: Fq 35 =6.90, P=0.013).

BROOD-SIZE EXPERIMENT

Nestlings quickly diverged in their growth trajectories after the implementation of the
treatment, with nestlings in small broods experiencing reduced sibling competition and
growing faster than nestlings in larger broods with increased resource competition (Fig. 3a).
Nestlings in small broods were generally heavier than those in large broods, and there was
an interaction between the brood-size treatment and nestling sex in their effect on individual
body mass at 11 days of age (Table 2; Fig. 3b). Similar to the Competitive-hierarchy
Experiment, males in this experiment were more strongly affected than females by the
different levels of sibling competition; males were heavier than females in small broods
(follow-up test: F1 135 = 5.18, P = 0.024), but tended to be lighter than females in large
broods (follow-up test: Fq 13» = 3.16, P = 0.078). There was no evidence of an interaction
between brood size and nestling sex in their effect on immune responsiveness to PHA
injection or on haematocrit (Table 2; Fig. 3c,d).

PERSISTENT EFFECTS ON OFFSPRING

We predicted that broods with 1:1 sex ratios would have enhanced offspring performance,
on average, relative to female- or male-biased broods. This was indeed the case, as the mass
of 11-day-old nestlings, the number of nestlings fledged, and the recruitment of nestlings
into the breeding population were highest for broods containing equal numbers of females
and males after controlling for variation in brood size (Table 3; Fig. 4).

The quality of the rearing environment in the 2011 experiments also influenced the

recruitment of offspring into the breeding population (logistic regression: 2=6.47, P =
0.039; Fig. 5a), with offspring in high-quality and normal rearing conditions each recruiting
at a higher rate than those in poorer rearing conditions (post-hoc tests: P < 0.05; Fig. 5a).
Among the offspring produced from 2009-2011 that recruited to breed in the population, we
tested whether their body mass prior to independence correlated with their mass and
reproductive success as adults. Body mass at 11 days of age positively predicted adult body
mass for both females and males (Table 4, Fig. 5b). Whether or not individuals produced
two or more broods of offspring in their first breeding season was influenced by body mass
prior to independence, but in an interactive effect with offspring sex (Table 4); follow-up
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tests revealed a substantial effect of neonatal body mass for males (follow-up test: estimate
+ SE =2.07 £ 0.98, y2=7.26, P = 0.001) but no effect for females (follow-up test: estimate

+ SE =-0.13 £ 0.60, y2=0.05, P = 0.823). There was also an interaction between body mass
at this age and sex in their effect on the number of offspring successfully fledged as adults
(Table 4; Fig. 5c,d). Males that were heavier than average prior to independence produced
more fledglings than lighter males (follow-up test: estimate £ SE = 0.34 £ 0.11, Fy 24 =
9.41, P = 0.005; Fig. 5d); in contrast, the reproductive success of females was not influenced
by their body mass at 11 days of age (follow-up test: estimate + SE =-0.04 £ 0.11, Fy 3=
0.15, P =0.702; Fig. 5¢).

Discussion

In both experiments, the body mass of males was more strongly affected by our treatments
than that of females, but the immune responses to PHA injection were affected to a greater
extent for females than for males in the Competitive-hierarchy Experiment. Haematocrit was
also more strongly affected for males than for females in the Competitive-hierarchy
Experiment. Although the meaning and significance of variation in haematocrit as a measure
of condition or health state has been debated (Dawson & Bortolotti 1997; Fair, Whitaker &
Pearson 2006; Norte et al. 2008), it appears to be a valid measure of condition, at least for
some species. For example, variation in haematocrit among young in some species is
associated with parental food-provisioning (Santangeli et al. 2012). Among nestling house
wrens, haematocrit is positively correlated with nestling body condition, but not with
immune activity (Forsman et al. 2010), and nestlings with haematocrit values comparable to
the older nestlings within broods (Fig. 2d) have the highest average recruitment to the
breeding population (Bowers et al. 2014a). The experimental results on nestling traits in the
current study are consistent with an earlier descriptive study in which we detected a sex-
specific effect of hatching order on nestling asymptotic body mass; although similar in mass
shortly after hatching, first-hatching males were heavier and last-hatching males were lighter
than similarly aged females (Bowers, Sakaluk & Thompson 2011). Indeed, daughters (i.e.,
the less-sensitive, more-robust sex) are more likely to be produced than sons among later-
laid eggs of the clutch in house wrens (Albrecht 2000; Bowers, Sakaluk & Thompson 2011,
2014) and in other species ( Nager et al. 1999; Badyaev et al. 2002; Carranza 2004;
LeZalova et al. 2005; but see Cichon, Dubiec & Stoczkom 2003; Johnson et al. 2005;
Bowers et al. 2013), which is consistent with the prediction that sex-specific environmental
sensitivity should select for mothers that over-produce the more-robust sex in sub-optimal
settings (Myers 1978).

Sons and daughters appear to differ in how they allocate parental resources between growth
and other competing demands, including components of the immune system (Fig. 2b,c; see
also Fargallo et al. 2002; Tschirren, Fitze & Richner 2003; Dubiec, Cichoi & Deptuch
2006; Bowers et al. 2012). Such a sex-specific trade-off between growth and
immunodevelopment could potentially be facilitated by developing gonads and increased
testosterone in male nestlings that promotes the redistribution of resources away from
immune function and towards growth (e.g., Folstad & Karter 1992; Casto, Nolan &
Ketterson 2001; but see Hasselquist et al. 1999; Love et al. 2008). Regardless of the
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potential mechanisms generating sex-specific effects, sex-differences in growth and immune
function have important implications for sex-allocation theory and sex-ratio variation.
Although differences in offspring condition prior to independence may persist and have sex-
specific effects on adult reproductive success (Fig. 5), nestlings with highest immune
responsiveness prior to independence also have above-average longevity and lifetime
reproductive success (Bowers et al. 2014a). If reproductive success is more strongly
dependent upon body condition for males than for females, then large sons should have
higher reproductive value than daughters of similar size. However, if sons mate
indiscriminately, then producing high-quality daughters may actually maximize maternal
fitness if sons are likely to mate with low-quality females that produce low-quality
grandoffspring (Leimar 1996). Thus, whether sons of above-average body mass and size or
daughters with above-average immune responsiveness maximize maternal fitness needs
further study.

Sex-ratio bias has been well-documented in a variety of taxa, but little is known about the
adaptive significance of producing either sex (Uller 2006; West 2009). Most studies to date
have been conducted on sexually size-dimorphic species with differing energetic demands
for the growth of sons and daughters, for which it is logical to assume that differences in the
costs of producing either sex should provide an impetus for mothers to adjust the sex ratio
(e.g., Carranza 2004; Weatherhead & Teather 1991; Sheldon & West 2004; Martin & Festa-
Bianchet 2011; Carranza & Polo 2012). Alternatively, sex-ratio bias may also be favoured
when environmental variation and parental investment affect the reproductive value of sons
and daughters differently (Trivers & Willard 1973). This should be the case regardless of
overall differences in the energetic costs of producing either sex (Hewison & Gaillard 1999),
particularly in systems with intense intrasexual competition among males, as is the case in
our study species. House wren males are highly territorial as adults, and larger and more
attractive males typically outcompete other males for breeding territories and mates
(Kendeigh 1941; Johnson & Kermott 1990; DeMory, Thompson & Sakaluk 2010); there is
also evidence that males occasionally kill other adult males in conflicts over limiting
breeding sites (Belles-Isles & Picman 1987). Thus, the persistent effects of neonatal
condition on adult condition and reproductive success that we detected should select for
mothers that produce sons and daughters according to their ability to rear high-quality, fit
offspring (Trivers & Willard 1973).

Experimental demonstration of sex-by-environment effects has often proven elusive,
particularly in natural populations (Hewison & Gaillard 1999; Uller 2006; Jones, Nakagawa
& Sheldon 2009), and remains a top priority in the field (West 2009). For example, Sheldon
et al. (1998) did not detect sex-specific effects of brood size on measures of nestling mass
and size per sein the collared flycatcher (Ficedula albicollis), whereas Rosivall et al. (2010)
found that growth of body mass and feathers was more adversely affected for males than for
females using a similar experiment on the same species. In the current study, the condition
of offspring as neonates and the brood environment had long-term effects on offspring
recruitment and reproductive success. Thus, the morphological development and fitness of
offspring may vary sex-specifically across a range of rearing conditions, and some effects
may be manifested later in life (see also McDonald, Olsen & Cockburn 2005; Berthouly et
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al. 2008; Bogdanova & Nager 2008; Boncoraglio, Martinelli & Saino 2008; Bonisoli-
Alquati et al. 2008; Sockman et al. 2008; Nicolaus et al. 2009; Wilkin & Sheldon 2009;
Tilgar et al. 2010; Hogle & Burness 2014), with implications for adaptive sex-ratio variation
and an optimal brood sex ratio.

Chromosomal sex determination is not regarded as a major constraint to sex-ratio
adjustment (West & Sheldon 2002), particularly in birds, as females are heterogametic and,
thus, may have some level of physiological control over the sex of their offspring (Pike &
Petrie 2003; Alonso-Alvarez 2006; Rutkowska & Badyaev 2008; Pryke et al. 2014).
However, assuming that female birds can adjust the sex of their offspring according to
ecological conditions, why do they not show more extreme sex-ratio biases than is
frequently observed? If sex-allocation theory is correct in that sons tend to be over-produced
in certain contexts and daughters in others, then among-nest variation in sex ratios should be
greater than the null binomial expectation (Williams 1979; Harmsen & Cooke 1983).
Williams (1979) was among the first to suggest that a Trivers-Willard effect should produce
distributions of clutch sex-ratios that are flatter and wider than the binomial expectation (see
also Harmsen & Cooke 1983). Paradoxically, such a result has seldom been demonstrated,
implying constraints to sex-ratio adjustment (but see Svensson & Nilsson 1996; Ewen,
Cassey & King 2003; Bowers et al. 2013). However, lack of deviation from the null
distribution does not necessarily mean that sex-ratio adjustment does not occur (Gowaty
1991). Indeed, it is possible that multiple selective forces act on the sex ratio, or that in
many cases the underlying assumptions of the TWM are not met, resulting in weak net
selection away from the null expectation (Cockburn, Legge & Double 2002; West 2009;
Komdeur 2012). In the current study, multi-brooded mothers produced male-biased broods
relative to those produced by single-brooded mothers, yet sex-ratio distributions were not
skewed as strongly towards either sex as might be expected in the absence of physiological
constraints to sex-ratio adjustment (Fig. 1). Although mothers should overproduce daughters
as their ability to produce high-quality offspring is reduced and overproduce sons when able
to produce high-quality offspring, our findings suggest that, when sons are more sensitive
than daughters to variation in environmental conditions, the overproduction of sons may
actually be maladaptive relative to the production of 1:1 sex ratios. There is a conflict
between the benefits that sons accrue through increased investment from high-quality
mothers and the costs that those sons face from increased competition with their brothers,
with the net result being that broods with 1:1 sex ratios are more productive than female- or
male-biased broods (Fig. 4). Thus, detection of extra-binomial sex-ratio variation may have
remained elusive, not because of physiological constraints to sex-ratio adjustment per se, but
because parental fitness is maximized when sons and daughters are produced in nearly equal
frequency, selecting ultimately for mixed-sex broods and a reduction in sex-ratio variation.
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Offspring sex ratio (proportion of male offspring) in relation to maternal quality. Females

producing a single brood of young within years (a) produced fewer males within their

broods, on average, relative to females producing multiple broods of young (b). Points

above histograms represent mean sex ratios = SE, which are given.
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Results of the Competitive-hierarchy Experiment. Nestling (a) growth, (b) asymptotic body
mass at 11 days of age, (c) cutaneous immune response to PHA injection, and (d)
haematocrit in relation to treatment (least-squares means + SE). “Core” nestlings are those
that were not swapped among nests; we calculated a mean value for female and male core
nestlings within each brood (N = 70 female and 70 male mean values, see text for details).
For older nestlings, N = 19 females and 30 males; for younger nestlings, N = 20 females and

8 males.
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Results of the Brood-size Experiment. Nestling (a) growth, (b) asymptotic body mass at 11

days of age, (c) cutaneous immune response to PHA injection, and (d) haematocrit in

relation to the brood-size treatment (least-squares means + SE). For small broods, N = 28
females and 26 males; for large broods, N = 61 females and 66 males.
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Nestling body mass (a, brood means), the number of young fledged (b), and recruitment to
the breeding population (c) in relation to the brood sex ratio (proportion males). Recruitment
is depicted at the level of the brood (i.e., broods with equal sex ratios have a 25% chance of
producing a recruit). Bubble sizes are proportional to the number of overlapping data points,
and curves represent the quadratic regression line + 95% confidence limits.
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(a) Recruitment of offspring from the 2011 cross-fostering experiments in relation to the
quality of the rearing environment (means * SE; see text for details). (b) Adult body mass in
relation to body mass at 11 days of age for nestlings produced from 2009-2011 (raw data
are plotted). (c,d) The number of offspring fledged as adults by (c) female and (d) male
offspring produced from 2009-2011 in relation to their body mass prior to independence at
11 days of age (data are centred and standardized). In (b-d) solid and dashed lines represent
the regression lines for females and males, respectively.
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Table 1

Effects on brood sex ratios (proportion of offspring that were male). Maternal investment ability represents
females that produced a single brood within the breeding season or those that produced multiple broods (see
text). Data were centred and standardized to z-scores for analysis. Significant effects appear in bold type.

Estimate + SE F df P
Intercept 0.25+0.07
Maternal investment ability 9.54 1,272 0.002
Single-brooded? -035£011
Clutch-initiation date -0.13+0.06 4.69 1,272 0.031
Year 0.05+0.05 1.01 1,272 0316

a . . .
relative to multi-brooded females.
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Relationship between brood sex ratio and offspring body mass, number of young fledged, and recruitment to
the breeding population. Data were centred and standardized to z-scores for analysis. Significant effects appear

in bold type.

Nestling body mass
Intercept
Brood sex ratio
Brood sex ratio?
Brood size
Number of young fledged
Intercept
Brood sex ratio
Brood sex ratio?
Brood size
Recruitment
Intercept
Brood sex ratio
Brood sex ratio?

Brood size

Estimate + SE
0.11+0.09
-0.00 + 0.06
—0.10 £ 0.04
-0.14 + 0.06

Estimate + SE
0.35+0.07
0.03+0.06
-0.14 £ 0.04
0.76 £ 0.06

Estimate + SE
-2.87 £0.22
-0.10 £ 0.19
-0.25+0.12
-0.23 £0.20

0.00
7.25
5.22

0.20
12.01
150.41

12

0.27
5.43
1.20

df

1,168

1,181

1,157
df

1,127

1,127

1,127
df

0.944
0.008
0.024

0.659
<0.001
<0.001

0.606
0.020
0.274
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Table 4

Lasting effects on offspring performance. Data were centred and standardized to z-scores for
analysis.Significant effects appear in bold type. See text for follow-up tests.

Correlation between body mass as a nestling and as an adult ~ Estimate + SE F df P
Intercept -1.00£0.19
Body mass on day 11 0.47 +0.14 1193 1,54 0.001
Sex 2345 1,54 <0.001
Female@ 0.93+0.19
Breeding stage 452 1,54 0.038
IncubationP 0.49+0.23
Day of year -0.07 +£0.10 0.60 1,54 0.443
Time of day -0.13 £ 0.07 347 1,54 0.068
Probability of producing multiple broods Estimate + SE 7 df P
Intercept -0.34 £ 0.54
Body mass on day 11 2.07+0.98
Sex
Femaled@ -0.40£0.73
Body mass x Sex -2.23+1.13 5.06 1 0.025
Breeding date -0.77 £ 0.39 4.82 1 0.028
Number of fledglings produced Estimate + SE F df P
Intercept 2.00 £0.08
Body mass on day 11 0.33+0.11
Sex
Female@ -0.25+0.12
Body mass x Sex -0.41+£0.15 7.27 1,48 0.010
Breeding date -022+0.06 1270 1,48 <0.001

a . .
relative to male offspring.

b . . T
relative to the nestling-provisioning stage.
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