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Abstract

Glucocorticoids circulating in breeding birds during egg production accumulate within eggs, and
may provide a potent form of maternal effect on offspring phenotype. However, whether these
steroids affect offspring development remains unclear. Here, we employed a non-invasive
technique that experimentally elevated the maternal transfer of corticosterone to eggs in a wild
population of house wrens. Feeding corticosterone-injected mealworms to free-living females
prior to and during egg production increased the number of eggs that females produced and
increased corticosterone concentrations in egg yolks. This treatment also resulted in an increase in
the amount of yolk allocated to eggs. Offspring hatching from these eggs begged for food at a
higher rate than control offspring and eventually attained increased prefledging body condition, a
trait predictive of their probability of recruitment as breeding adults in the study population. Our
results indicate that an increase in maternal glucocorticoids within the physiological range can
enhance maternal investment and offspring development.
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Introduction

Maternal effects arise whenever mothers influence offspring phenotype beyond that which is
determined by genetic inheritance (Mousseau and Fox 1998). Such effects are often induced
by ecological conditions, and have the potential to prime offspring for conditions they may
encounter in the future. Maternal hormones may provide an important source of such effects,
and a potentially potent form of effect can arise from maternally derived glucocorticoids.
Secreted by the adrenal gland, glucocorticoids are metabolic steroids (primarily cortisol in
mammals and fishes, and corticosterone in reptiles and birds) that stimulate gluconeogenesis
and promote activity (Sapolsky et al. 2000). Variation in circulating glucocorticoid levels is
often affected by ecological conditions, and a number of variables, including resource
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availability and predation risk, can affect the production of these steroids (Wingfield et al.
1998; Sapolsky et al. 2000).

Effects of corticosterone on behavior can vary widely across taxa and in a context- and dose-
dependent manner. In birds, for example, ostensibly stressful events, such as interactions
with potential predators, often result in dramatic increases in glucocorticoids that promote
self-maintenance at a cost to reproduction (Wingfield 2003; Romero et al. 2009; Lothery et
al. 2014; Vitousek et al. 2014; Jones et al. 2016). However, in the absence of imminent
threats, increased glucocorticoids can positively affect foraging, allocation to eggs, and
parental care (Sinervo and DeNardo 1996; Crossin et al. 2012; Love et al. 2014; Bowers et
al. 2015b), and enhance survival in free-living populations (Sinervo and DeNardo 1996;
Rivers et al. 2012). There is also evidence that glucocorticoids can affect offspring
phenotype (Sinervo and DeNardo 1996; McCormick 1998; Love et al. 2005, 2013 Love and
Williams 2008; Sheriff et al. 2010; Giesing et al. 2011; Sheriff and Love 2013). For
example, in a recent study, high local density increased maternal glucocorticoids in North
American red squirrels ( 7amiasciurus hudsonicus), and this increase positively affected
offspring growth (Dantzer et al. 2013). Thus, glucocorticoid-mediated maternal effects may
prime offspring for the environmental conditions they are likely to encounter (see also Love
and Williams 2008; Breuner 2008; Smiseth et al. 2011).

Like other steroids, corticosterone is lipophilic and, in the amniotic egg, accumulates in
lipid-rich yolks during egg formation (McCormick 1998; Hayward and Wingfield 2004;
Okuliarova et al. 2010; Almasi et al. 2012; Pitk et al. 2012). Thus, egg-yolk corticosterone
can serve as an integrated, non-invasive proxy of maternal physiology and may affect
offspring development (Bowers et al. 2015b). Moreover, conditions experienced prior to
breeding are known to affect investment in eggs (Martin 1987; Nooker et al. 2005; Ruffino
et al. 2012), and integrated measures of circulating corticosterone prior to the breeding
season, as measured by corticosterone accumulated in feathers, recently have been found to
predict egg size (Kouwenberg et al. 2013), a trait that by itself has strong and persistent
effects on offspring (Whittingham et al. 2007; Krist 2011; Love and Williams 2011,
Rollinson and Hutchings 2013; but see also Giordano et al. 2014). However, effects of
experimentally altered corticosterone levels within eggs on offspring development can be
dynamic and context-dependent; for example, elevated corticosterone in eggs of the
European starling (Sturnus vulgaris) can enhance the development of flight muscles after
hatching and improve the flight performance of fledglings (Chin et al. 2009), but also reduce
the survival and growth of male offspring (Love et al. 2005). Although this latter effect
might suggest a maladaptive consequence of maternal stress, such an effect on brood
reduction can be adaptive in certain ecological contexts (e.g., Love and Williams 2008;
Sheriff and Love 2013). Thus, effects of /n ovo corticosterone on offspring phenotype after
hatching will inevitably be context-dependent, and should therefore be studied within a life-
history framework.

In this study, we test whether elevated maternal corticosterone during egg production
increases corticosterone accumulation in eggs, and whether such an increase affects
offspring development. We used a non-invasive manipulation by feeding corticosterone to
female house wrens ( 7roglodytes aedon, Fig. 1). During the early stages of the nesting cycle,
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we provided corticosterone-injected mealworms to free-living females at doses known to
increase circulating corticosterone rapidly and in a physiologically relevant range indicative
of acute stress (Breuner et al. 1998). We supplemented females prior to and during egg
production, and collected every other egg on the day each was laid to quantify levels of
corticosterone that accumulated in egg yolks over this period. We left the remaining eggs in
the nest to develop and hatch naturally, and monitored the subsequent development of these
nestlings. In a recent cross-fostering experiment in this population, we fostered offspring
among nests prior to hatching and found that the concentration of corticosterone in egg
yolks produced by females positively predicts the rate at which they deliver food to
unrelated foster offspring after hatching; moreover, we found that offspring hatching from
eggs with increased corticosterone attain enhanced body condition when reared by foster
parents (Bowers et al. 2015b). Thus, if corticosterone in mothers and their eggs modifies
offspring behavior according to the environmental conditions they are likely to encounter
after hatching, we predicted that offspring hatching from eggs produced by experimental
females, with increased yolk-corticosterone concentrations, would beg for food at a higher
rate than offspring of control females (sensuv Love and Williams 2008; Smiseth et al. 2011;
Sheriff and Love 2013), and that these offspring would attain better body condition prior to
fledging than those of control females.

Materials and methods

STUDY AREA AND SPECIES

House wrens are small, secondary-cavity-nesting songbirds with a widespread distribution
across North and South America (biology summarized in Johnson 2014). We studied a
population breeding in secondary deciduous forest in McLean County, Illinois, USA
(40.665°N, 88.89°W). Upon arriving on the study area from spring migration, females select
a mate that is defending a nest site and, after completing nest construction, produce one egg
per day until their clutch is completed. Only females incubate eggs, but both parents
provision offspring with food after hatching, and the length of the nestling period is typically
ca. 15 days (Bowers et al. 2013, 2014a). House wrens readily accept nestboxes for nesting,
and the nestboxes in this study were spaced 30 m apart along north-south transects separated
by 60 m and mounted atop 48.3-cm diameter aluminum predator baffles on 1.5-m poles
(Lambrechts et al. 2010 provide further details on nestboxes). During incubation or early in
the nestling-rearing stage, we captured adults inside nestboxes or by using mist nets near the
box. We measured their body mass (+ 0.1 g) and tarsus length (x 0.1 mm), and banded them
with a unique U. S. Geological Survey leg band; males received three additional colored
bands in a unique combination so that they could be identified using binoculars (males are
more difficult to capture than females). We attempt to capture and mark all individuals on
the site each year.

Experimental procedures

During this experiment in the 2015 breeding season, we checked nestboxes at least twice

weekly for evidence of males defending nest sites, initiating nest construction, and singing
to attract females. Males generally initiate nest construction by bringing woody sticks (ca.
1-3-mm diameter) into their nestbox and using them to construct a cup-shaped base. Once
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paired, the female continues nest construction and lines the cup with soft, insulative
materials including grasses, feathers, and other soft materials (e.g., fur, snakeskin, and
cellophane). When we detected evidence of female activity at a nest prior to laying eggs, we
initiated treatments by attaching a plastic cup to the predator baffle immediately outside the
nest entrance and providing five freshly injected mealworms (Fig. 1).

Treatments were randomly assigned, and the initiation of new treatments was alternated with
the start of each new nest. Mealworms were injected with peanut oil using a 19-g needle,
and any that leaked upon injection were discarded. For the control treatment, mealworms
were injected with 20 uL of peanut oil; for the low-corticosterone and high-corticosterone
treatments, mealworms were injected with 20 pL of peanut oil containing 0.5 mg/mL
corticosterone or 1.0 mg/mL corticosterone, respectively, consistent with previous studies
(Breuner et al. 1998). Concentrations of these magnitudes elevate circulating corticosterone
upon ingestion in a physiologically relevant range, consistent with what is produced in
response to a stressor, such as capture and handling by researchers (Breuner et al. 1998;
Merrill et al. 2012; Henderson et al. 2014). Five freshly injected mealworms were provided
each morning beginning 3.1 + 0.3 days (mean * SE) prior to clutch initiation, whether or not
the mealworms from the previous day had been taken (any mealworms remaining from the
previous day were necrotic and discarded). Although it was not possible to ensure that every
female consumed all of the mealworms provided (the resident male took mealworms on
occasion), we did confirm that females ate at least a subset of the mealworms provided using
digital videos (Fig. 1) and direct observations with binoculars. We continued providing
mealworms each morning until egg laying ceased. We could not validate the effect of our
manipulation on corticosterone levels in maternal circulation, as capturing and sampling
blood from females during or shortly after egg laying dramatically increases rates of nest
abandonment. Nonetheless, the increases in yolk-corticosterone concentrations resulting
from this protocol (see Results) are consistent with increases in concentrations relative to
control eggs that have been obtained in other experimental studies (e.g., Love et al. 2005;
Haussmann et al. 2012).

We collected eggs two, four, and six (if laid) from each nest on the morning each was laid
and replaced them with dummy eggs, which females readily accepted and incubated. In the
laboratory, we weighed (x 0.001 g) and measured the size of these eggs (length and breadth;
+ 0.01 mm), before storing them at —20°C. The concentration of yolk corticosterone in each
egg was subsequently measured using competitive-binding radioimmunoassay (RIA)
following a standardized protocol (Paitz et al. 2011; Bowers et al. 2015b). For the RIAs, we
diluted yolk samples in 500 pL water and added radiolabeled (tritiated) steroid tracer to
quantify recoveries of the extracted corticosterone following column chromatography. Yolk
steroids were extracted twice with 3 mL of an ether extraction solvent (30% petroleum
ether : 70% diethyl ether). The organic fraction containing the extracted steroids was dried,
reconstituted in 90% ethanol, and stored at —20°C overnight to precipitate neutral lipids. We
then fractionated different steroids from yolk extracts using column chromatography;
samples were applied directly to the column and eluted using hormone-specific ethyl
acetate : isooctane ratios (corticosterone = 50%; fractions containing progesterone,
testosterone, and dihydrotestosterone were fractionated separately and discarded). We dried
the corticosterone elutes and measured concentrations using competitive-binding RI1As with
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tritiated steroid. Average recovery was 61% (/=112 eggs). We conducted two RIAs, and
obtained corticosterone concentrations for 112 egg yolks from 48 nests; we discarded one
datum because its estimated concentration was 5.8 SD above the mean of the other 111 eggs.
The intra-assay coefficients of variation for the two assays were 1.5% and 5.9%,; the inter-
assay coefficient of variation was 5.4%.

Eggs not collected for RIAs remained in the nest and were allowed to develop and hatch
naturally. For the nestlings hatching from these eggs, we quantified their begging effort four
days after hatching began using a small microphone placed inside the nestbox, just under the
lid. The microphone was attached to a digital voice recorder outside the nest following
Barnett et al. (2011), and we quantified begging vocalizations using Raven Pro 1.4 sound
analysis software (Cornell Lab of Ornithology). We monitored growth of nestlings and status
of nests, and, 11 days after hatching began, we weighed nestlings and measured the length of
their tarsus prior to fledging, traits that are positively associated with recruitment and future
reproductive success in the study population (Bowers et al. 2014b, 2015a). We subsequently
visited nests daily to monitor fledging.

Data and analyses

We used SAS (version 9.4) for all analyses, all tests are two-tailed (a. = 0.05), and we
converted data to z-scores prior to analysis to obtain standardized parameter estimates,
which provide a measure of effect size (Schielzeth 2010). We used Satterthwaite’s degrees-
of-freedom approximation, which can result in non-integer denominator degrees of freedom.
We had a priori expectations that traits and behaviors expressed in low- and high-
corticosterone groups would differ from those of controls; thus, we conducted pre-planned
comparisons as follow-up tests to contrast the low- and high-corticosterone groups (pooled)
with the control group.

We first analyzed clutch size using a linear model (PROC GLM), with treatment as a main
effect and clutch-initiation date as a covariate. We then analyzed egg mass using a linear
mixed model with clutch identity as a random effect to account for the non-independence of
eggs within clutches, and we included relative egg-laying order (egg number divided by
clutch size) to test for a laying-order effect across clutches of different size. We then
analyzed yolk mass as residuals from a yolk-mass x egg-mass linear regression (there is a
linear relationship between these variables); thus, the residuals reflect the amount of yolk per
unit egg size, where eggs with positive and negative values have increased and decreased
yolk, respectively, relative to what would be expected from the overall mass and size of the
egg. We then analyzed the concentration of yolk corticosterone (per unit mass of yolk) in
relation to treatment and egg-laying order, as described above. We also tested for an effect of
corticosterone supplementation during egg formation on maternal body condition (i.e., size-
adjusted body mass) after egg production stopped and incubation commenced, shortly after
the period of the manipulation. We then analyzed the length of the incubation period in
relation to the corticosterone treatment (i.e., time from clutch completion to the day on
which hatching began within a nest) using a proportional hazards regression (i.e., survival
analysis; PROC PHREG in SAS) with clutch size and clutch-initiation date as covariates.
We analyzed the time from hatching until fledging using a similar approach, with nests that
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failed prior to fledging as censored observations, and we included hatching date as a
covariate in our analysis of fledging age. We analyzed nestling mass using linear mixed
models with nest as a random effect, and we analyzed nestling begging vocalizations at the
level of the nest using a linear model. We calculated effect sizes for the terms in our linear
models as 12, which represents the proportion of total variation in a dependent variable
explained by a predictor; 2 values of 0.02, 0.13, and 0.26 generally reflect small, medium,
and large effects, respectively. We also calculated Cohen’s d as the standardized differences
between means in our follow-up comparisons; conventionally, values of 0.2, 0.5, and 0.8 are
thought to reflect small, medium, and large effects, respectively.

Results

Effects on maternal investment and pre-natal allocation

Females receiving supplemental corticosterone prior to and during egg laying produced
more eggs per clutch than control females (Table 1A; follow-up comparison of control and
experimental clutches: /4o =7.15, P=0.011, Cohen’s d = 0.72; Fig. 2A). The
corticosterone supplementation was also associated with an increase in the concentration of
corticosterone within egg yolks (Table 1B), as females in both the low- and high-
corticosterone groups produced eggs containing higher yolk-corticosterone concentrations
than did controls (follow-up test: 1 49 = 30.35, £<0.001, Cohen’s d = 1.47; Fig. 2B).
There was no effect of treatment on overall egg mass (Table 1C), but supplemental
corticosterone increased yolk mass (Table 1D). For any given size of egg, corticosterone-
supplemented females (low and high treatments pooled) produced relatively more yolk, on
average, than did control females (follow-up test: 1 459 = 8.57, P=0.005, Cohen’s d =
0.70; Fig. 2C). There was also a modest, but significant increase in yolk mass from earlier-
to later-laid eggs within clutches, regardless of their treatment (Table 1D; Fig. 2D).
Supplemental corticosterone prior to and during egg laying had no effect on the body
condition of females when we captured them after they completed egg laying (/, 39 = 1.46,
P=0.245, 12 = 0.06), and there was no correlation between maternal body condition and the
concentration of corticosterone in egg yolks (effect of maternal condition on yolk-
corticosterone concentration: estimate + SE = -1.28 + 1.07, F 336 = 1.43, P=10.239, =
0.02).

Effects on nestling development

There was no effect of corticosterone supplementation on the length of the incubation or
nestling stages (Table 2). There was also no effect of corticosterone supplementation on the
body mass of recently hatched nestlings (Table 3A), but an effect on nestling body mass was
apparent four days posthatching (Table 3B), with nestlings in both low- and high-
corticosterone groups collectively having greater body mass than nestlings produced by
control females (£, 343 = 6.60, P=0.015, Cohen’s d = 0.92). The frequency with which
nestlings solicited food from parents at this age was also affected by maternal corticosterone
treatment (Fig. 3A); although the main test of a treatment effect on begging was not
statistically significant (Table 3C), our pre-planned comparisons revealed that nestlings
produced by corticosterone-supplemented females begged for food at a higher rate than
nestlings produced by control females (~ 34 = 4.34, P=0.045, Cohen’s d = 0.75; Fig. 3A).
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Begging rates also tended to vary positively with brood size, although this effect was
marginally non-significant (Table 3C; Fig. 3B), and the concentration of corticosterone
deposited in egg yolks positively predicted begging rates (r34 = 0.594, £< 0.001; Fig. 3C).
By 11 days posthatching, experimental nestlings were in better body condition than control
nestlings (Cohen’s d = 1.09; Table 3D; Fig. 3D).

Discussion

Females receiving supplemental corticosterone during the early stages of the nesting cycle
produced more yolk per egg than controls. Moreover, the eggs produced by these females
contained higher concentrations of corticosterone in the yolks of their eggs, and their
offspring subsequently begged for food at a higher rate and were heavier than offspring
produced by control females. Relative to control offspring, experimental offspring also
attained greater body condition prior to fledging, a trait positively predictive of their
recruitment and reproductive prospects in the study population (Bowers et al. 2014b, 2015a).
Results of the current study and a recent one conducted in our study population that elevated
in ovo corticosterone at laying (Strange 2015) are consistent with those of other studies
reporting positive effects of glucocorticoids on offspring begging and development (e.g.,
Love and Williams 2008; Chin et al. 2009; Crino et al. 2011; Dantzer et al. 2013).
Corticosterone supplementation also positively affected the number of eggs females
produced and the amount of yolk per egg, but did not affect egg size. Although avian egg
size is often not affected by food supplementation and resource availability (Christians
2002), clutch size and egg constituents, including yolk size, have often been found to be
plastic and affected by resource availability and individual condition (Johnson and Barclay
1996; Nager et al. 1997, 2000: Rutkowska and Cichori 2002; Williams and Miller 2003;
Bowden et al. 2004; Ardia et al. 2006; Rollinson and Brooks 2008; Saino et al. 2010; Chin et
al. 2012).

Results of our study and others suggest that glucocorticoids play a role in shaping allocation
to eggs (Sinervo and DeNardo 1996; Giesing et al. 2011; Segers and Taborsky 2012;
Kouwenberg et al. 2013; Khan et al. 2016). Given the link between glucocorticoids and
metabolic rate (Burton et al. 2011) and in promoting foraging (Angelier et al. 2007; Crossin
et al. 2012), circulating glucocorticoids may provide an important source of variation in
maternal investment, particularly if it enhances the ability of females to acquire and
assimilate food in the wild. For example, in a multi-year study, Hennin et al. (2015) recently
obtained a large sample of female common eiders (Somateria mollissima) shortly before
clutch initiation, and found a pronounced increase in baseline corticosterone leading up to
egg laying, which was strongly positively associated with increases in body mass (see also
Hennin et al. 2016), and with increases in very-low-density lipoprotein and vitellogenin,
each of which is essential to mediating maternal investment in eggs (Hennin et al. 2015).
Similarly, Sinervo and DeNardo (1996) experimentally increased corticosterone levels in
female side-blotched lizards (Uta stansburiana) within physiological levels, which led to an
increase in female body mass immediately prior to oviposition and to increased clutch and
€gg mass.
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We recently found that the concentration of corticosterone in egg yolks produced by females
in our study population positively predicted the rate at which they delivered food to
unrelated foster offspring from hatching, and that offspring hatching from eggs with
increased corticosterone attained enhanced body condition when reared by foster parents
(Bowers et al. 2015b). In the current study, corticosterone-supplemented females also
produced more yolk per egg in addition to the greater concentration of corticosterone within
these eggs, a result consistent with that earlier study (Bowers et al. 2015b). Thus, it is
unclear whether effects on posthatching development can be attributed to increased yolk and
other nutrients, to increased corticosterone per se, or a combination of both. In other studies
in which eggs were injected with corticosterone, this treatment induced posthatching effects
on offspring development, albeit with mixed results (Rubolini et al. 2005; Saino et al. 2005;
Love and Williams 2008; Chin et al. 2009; Strange 2015). Considering that we did not
directly inject eggs in the current study, and that these eggs represent a complete “package”
that females have been selected to produce, attempts to separate the effects of increased yolk
allocation from those of increased corticosterone may be misplaced (see also Love et al.
2005). Indeed, because direct, exogenous manipulations to eggs cause embryos to develop
under a hormonal milieu other than what the maternal phenotype was selected to produce,
the biological relevance of hormonal injections into eggs has been questioned (Wagner and
Williams 2007; Henriksen et al. 2011; Williams 2012). Notwithstanding effects that might
be attributable to the type of manipulation (e.g., direct injection of eggs), effects of
experimentally elevated /n ovo corticosterone indeed appear to be context-dependent. Given
that increased corticosterone increases metabolic rates in both embryos and postpartum
animals (Burton et al. 2011), we propose that effects of /77 ovo corticosterone on offspring
development may depend entirely on the level of available resources, whereby 7n ovo
corticosterone enhances growth and development when resources are plentiful, but may be
detrimental when resources are more strongly limiting. Therefore, variation in resource
availability within the egg may mediate effects of /n ovo corticosterone on offspring
development and consequences for between-individual differences in fitness in the wild.

We did not detect a laying-order effect on egg-yolk corticosterone concentrations within
clutches in this study or another one conducted on the same population over a two-year span
(Bowers et al. 2015b; see also Navara et al. 2006 for a similar result in another species),
contrary to results of studies that found an increase in corticosterone across the laying
sequence in other species (e.g., Saino et al. 2005; Love et al. 2008, 2009 Larsen et al. 2015).
Given the effects of yolk corticosterone that we observed on offspring begging, selection
might be expected to favor increased allocation of this steroid in later-laid eggs within
clutches, as detected in other species, to enhance the competitive vigor of younger nestlings,
as they are often at a competitive disadvantage relative to older siblings and are more likely
to starve when asynchronous hatching causes eggs of a clutch to hatch over several days
(Mock and Parker 1997; Eising et al. 2001; Miiller et al. 2007, 2010: Jeon 2008; Muller and
Groothuis 2013). Such a strategy could improve the competitive vigor and potential survival
of younger siblings when food is sufficiently abundant or, because increases in
corticosterone within eggs elevate metabolic rate and offspring food demand, could also
facilitate efficient brood reduction when resources are more strongly limiting (sensu Mock
and Parker 1997; Love et al. 2008). However, results of recent studies from our population
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suggest that hatching patterns of eggs within nests, which are under maternal control, reflect
distinct strategies for allocating offspring within broods, and that enhancing the competitive
ability of younger siblings may actually reduce parental allocation and the fitness of older
siblings within the brood (Bowers et al. 2011, 2016). Further studies assessing effects of
yolk corticosterone on sibling rivalry in a comparative, life-history context may shed light on
the adaptive significance of intra-clutch variation in corticosterone concentrations (see also
Love et al. 2009).

Although rapid and dramatic increases in glucocorticoids can promote self-maintenance at a
cost to investment in reproduction (Wingfield 2003; Romero et al. 2009; Lothery et al.
2014), subtle increases in glucocorticoid levels, below those induced by imminent threats,
are predicted to facilitate, not inhibit, reproductive effort (Sapolsky et al. 2000; Bowers et al.
2015b). Indeed, there is accumulating evidence that variation in corticosterone can actually
enhance parental care by mobilizing energetic reserves, thereby helping parents meet the
demands of rearing altricial young (Love et al. 2004, 2014+ Hau et al. 2010; Crossin et al.
2012, 2015 Ouyang et al. 2013; Sheriff and Love 2013). This is especially predicted for
short-lived animals that have few reproductive opportunities in their lifetime (Sapolsky et al.
2000). For example, we previously showed that females facing an immune challenge
increase allocation to offspring (Bowers et al. 2015b), as predicted if immunostimulation
signals to an individual that its probability of future reproduction has been jeopardized (see
also Sadd et al. 2006; Velando et al. 2006; Duffield et al. 2016). That work revealed that
immune-stimulated females increased their provisioning of food to nestlings after hatching,
an increase mediated by elevated maternal corticosterone (Bowers et al. 2015b). Given the
association between yolk corticosterone and its effects on posthatching begging and growth
in nestlings and on maternal provisioning, the maternal transfer of glucocorticoids to eggs
may create a confluence of behavior between parent and offspring that enhances offspring
growth. However, this may not be without costs, as embryonic development in a hormonal
milieu characterized by high levels of glucocorticoids may accelerate aging (Haussmann et
al. 2012). Whether effects of /n ovo corticosterone on life histories influence between-
individual differences in fitness in wild populations is unresolved.

In conclusion, we employed a non-invasive technique that elevated the maternal transfer of
corticosterone to eggs. This treatment increased the number of eggs that females produced
and the amount of yolk allocated to eggs. Offspring hatching from these eggs begged for
food at a higher rate than control offspring four days posthatching, at an age when they were
also heavier, and eventually attained increased prefledging body condition, a trait positively
predictive of their probability of recruitment as breeding adults in the study population.
These results indicate that /» ovo corticosterone can enhance a suite of traits related to
maternal investment and offspring development. Future work will shed light on the adaptive
significance of maternal stress and glucocorticoid production as mediators of maternal
effects.
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Fig. 1.
A female house wren collecting a freshly injected mealworm outside her nestbox.
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(A-C) Clutch size, yolk-corticosterone concentration, and yolk mass in relation to treatment
(least-squares means + SE). (D) Yolk mass in relation to relative egg-laying order (egg
number divided by clutch size); plotted are individual reaction norms for each female (filled
dots represent a single egg from the clutch), and least-squares means + SE are plotted on
each side of the reaction norms for egg 2 and for last-laid and penultimate eggs.
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(A) Rate at which nestlings begged for food at the level of the nest by treatment (least-
squares means + SE). Variation in begging rate in relation to (B) brood size (overlapping
data for broods of similar size are jittered) and (C) yolk-corticosterone concentrations
(clutch means). (D) Body mass of nestlings in relation to treatment and brood-day (brood-
day 0 is the day hatching begins within a nest); brood-day 4 represents the age at which
growth is most rapid, and nestlings generally reach asymptotic body mass by brood-day 11,
a few days prior to fledging (least-squares means + SE).
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Table 2

Effects of maternal corticosterone supplementation on the duration of the incubation and nestling stages

Estimatex SE = 42  df P

A. Incubation
Treatment 442 2 011
Control? 0.11+0.46
High4 -0.91+0.48
Clutch size? 060+034 323 1 0.072

Clutch-initiation date? 0.06+£0.03 398 1 0.046

B. Nestling
Treatment 395 2 0.139
Control4 0.76 + 0.49
Highd 0.89 +0.48
Hatching date? -0.04+002 266 1 0.103

parameter estimates are not standardized,;
a. . .
relative to low corticosterone treatment,

positive parameter estimates indicate a negative relationship between the independent variable and the time elapsed until hatching and fledging,
and vice versa
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