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Abstract

Maternally-derived corticosterone in the egg and corticosterone produced endogenously by 

altricial nestling birds play essential roles during development. Although persistently high 

corticosterone levels can be harmful, moderately elevated levels above baseline can lead to 

reallocation of resources between growth and maintenance to ensure immediate survival or to 

enhance the development of fitness-related traits. We tested two hypotheses concerning the fitness 

consequences of elevated corticosterone during pre-natal and post-natal development in altricial 

house wrens: (1) elevated corticosterone shifts resources away from growth and immune function 

and (2) elevated corticosterone serves as a signal to allocate resources to fitness-related traits. We 

also explored the development of the stress response, hypothesizing that early-stage nestlings have 

little endogenously produced corticosterone, but that their baseline and stress-induced 

corticosterone levels increase with age. Nestlings hatching from corticosterone-injected eggs were 

lighter at hatching, but through compensatory growth, ended up heavier than controls near the time 

of fledgling, an important, fitness-related trait. Nestlings that hatched from corticosterone-injected 

eggs and those given oral doses of corticosterone did not differ from controls in three other fitness-

related traits: immunoresponsiveness, size, or haematocrit. Early- and late-stage nestlings had 

similar baseline corticosterone levels, and all nestlings increased their plasma corticosterone levels 

in response to a capture-and-restraint protocol, with older nestlings mounting a stronger stress-

induced response than younger nestlings. These results suggest that pre-natal exposure to 

corticosterone is important in shaping offspring phenotype, and are consistent with the hypothesis 

that maternally derived corticosterone in the egg can have long-term, fitness-related effects on 

offspring phenotype.

Keywords

corticosterone; development; house wren; maternal effects; stress; Troglodytes aedon

Glucocorticoid hormones are considered ‘stress hormones’ because they typically increase 

in response to environmental challenges (Bonier et al., 2009; Constantini et al., 2011; 

Pankhurst, 2011; Wingfield, 2013). Corticosterone, the primary glucocorticoid in some 
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vertebrates, is released following activation of the hypothalamic-pituitary-adrenal (HPA) 

axis. One of its functions during acute stress is to reallocate energy toward overcoming 

environmental challenges by shifting resources away from reproduction and other non-

essential processes (Sapolsky et al., 2000; Martin et al., 2005; Brooks and Mateo, 2013; 

Wingfield, 2013; Hau et al, 2016).

Developing birds are exposed to corticosterone during both the pre-natal (i.e., embryonic) 

and post-natal (i.e., nestling and fledgling) stages of development, and differences in 

corticosterone levels during these stages can have profound effects, some of which may be 

species- or context-specific, on the adult phenotype and, hence, fitness (Schoech et al., 2009; 

Henriksen et al., 2011; Schoech et al., 2011). Birds provide a particularly suitable model 

system for studying the developmental effects of elevated corticosterone exposure as bird 

embryos develop outside their mother. Thus, they develop independently of the conditions 

that their mothers experience post-oviposition and are amenable to experimental 

manipulation at the earliest stages of development.

In the pre-natal stage, corticosterone is passed from mother to embryo via the yolk of the 

egg (Love and Williams, 2008a, b; Moore and Johnston, 2008), where it influences the 

developing embryo’s phenotype as a maternal effect (Groothuis et al., 2005; Adkins-Regan 

et al., 2013). The maternal environment, including exposure to predators during egg-

production (Saino et al., 2005) and differences in environmental quality (Love et al., 2008), 

clearly influences the amount of corticosterone transferred to eggs, and females with 

corticosterone-filled implants produce eggs with higher corticosterone concentrations than 

control females (Hayward and Wingfield, 2004). These and other studies suggest that the 

amount of corticosterone in the egg reflects maternal condition, environment, and plasma 

corticosterone levels at the time of egg synthesis (Hayward and Wingfield, 2004). In the 

post-natal stage, nestlings can also experience elevated corticosterone levels from 

endogenous sources when faced with environmental challenges, such as food shortages 

(Kitaysky et al., 2001a; Quillfeldt et al., 2007; Honarmand et al., 2010), the presence of 

ectoparasites (Raouf et al., 2006), low parental attentiveness (Rensel et al., 2010a), and 

sibling competition (Kern et al., 2001).

Although corticosterone is essential for development (Sapolsky et al., 2000), pre-natal 

exposure to elevated concentrations in the egg can have significant, detrimental post-

hatching phenotypic effects, including decreased cutaneous immune response (Rubolini et 

al., 2005) and slowed growth and small body size (Saino et al., 2005; Hayward et al., 2006). 

Post-natal elevation of corticosterone can reduce nestling growth (Loiseau et al., 2008; Love 

and Williams, 2008a; Wada and Breuner, 2008) and decrease immune response (Saino et al., 

2003; Loiseau et al., 2008; Stier et al., 2009). Such findings suggest that corticosterone 

mediates the reallocation of resources in a way that promotes immediate survival by 

temporarily shifting resources away from costly processes, such as growth and immune 

responses (Råberg et al., ’98; Saino et al., 2003; Wada and Breuner, 2008).

Positive effects of pre-natally elevated corticosterone levels have also been reported 

(reviewed in Crino and Breuner, 2015; Crossin et al., 2016). European starlings (Sturnus 
vulgaris) hatching from eggs with experimentally elevated corticosterone developed heavier, 
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more mature flight muscles and performed better during flight-performance trials than those 

hatching from control eggs (Chin et al., 2009). Similar results have been reported in non-

avian taxa (Dantzer et al., 2013; Sopinka et al., 2015). Positive effects of post-natal increases 

in corticosterone have also been reported, including increased aggression and begging by 

precocial chicks that resulted in increased food provisioning by the parents (Kitaysky et al., 

2001b; Kitaysky et al., 2003). Adult zebra finches (Taeniopygia guttatta) exposed to elevated 

corticosterone during post-natal development solved a novel foraging task faster than their 

control siblings (Crino et al., 2014). Studies with positive results such as these suggest that 

corticosterone may be acting in a preparative way for predictable changes in the 

environment. Because poor conditions can lead to an increase in pre- and post-natal 

corticosterone levels, the increase may serve as a signal to the offspring that prepares them 

for a low-quality environment (Mathis et al., 2008; Schoech et al., 2011).

The responsiveness of the HPA axis during post-natal development varies among bird 

species. Hatchlings in precocial species (e.g., domestic chicken, wild turkey, mallard duck) 

are able to mount a stress-induced corticosterone response shortly after hatching (Wada, 

2008), whereas altricial species (e.g., white-crowned sparrow, Florida scrub-jay) produce 

moderate to no corticosterone in response to a stressful stimulus shortly after hatching, but 

later, when nearing the time to leave the nest, they can mount a significant response (Wada et 

al., 2007; Wada et al., 2009; Rensel et al., 2010b). At present, there are few data on the 

maturation of the HPA axis in altricial birds, although the evidence suggests that younger 

altricial nestlings have a less robust response than older nestlings (Schwabl, ’99; Sims and 

Holberton, 2000; Wada et al., 2007; Wada et al., 2009; Pakkala et al., in press).

We tested two hypotheses concerning the role of corticosterone during house wren 

(Troglodytes aedon) development, focusing on its effects on nestling traits (body mass, body 

size, cutaneous immune response, and haematocrit) that previous research on the study 

population has shown to be related to nestling fitness (Bowers et al., 2014, Sakaluk et al., 

2014). (1) Elevated corticosterone shifts resources away from costly processes, such as 

growth and immune function. If true, pre- or post-natal treatment with corticosterone should 

produce nestlings in poorer condition, as measured by fitness-related traits, than controls. (2) 

Elevated corticosterone during development serves as a signal to offspring to allocate 

resources to fitness-related traits. If true, pre- or post-natal treatment with corticosterone 

should produce nestlings in better condition, as measured by fitness-related traits, than 

controls. We also explored the development of the individual stress response, hypothesizing 

that early-stage nestlings have little endogenously produced corticosterone, but that their 

baseline and stress-induced corticosterone levels increase with age. If true, baseline 

corticosterone levels should be undetectable or lower in early-stage than late-stage nestlings, 

and late-stage nestlings should respond to a stressful situation by producing more 

corticosterone than early-stage nestlings.

 METHODS

 Study Species and Site

House wrens are small (10–12 g), insectivorous songbirds with a breeding range extending 

from Canada to extreme southern South American (Johnson, 2014). House wrens in the 
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migratory population that breeds on our study area in central Illinois typically produce two 

broods each breeding season. First-brood clutches are initiated shortly after the wrens return 

from their wintering grounds in late April-early May and second-brood clutches in early July 

(Styrsky et al., ’99; Johnson, 2014). Our study took place at the 130-ha Mackinaw study area 

in McLean County, Illinois (40.665ºN, 88.89ºW) in 2012–2014. The Mackinaw study area 

has 700 standardized, uniformly spaced nestboxes (5.4 boxes/ha) that house wrens readily 

accept as nesting sites (DeMory et al., 2010); see Lambrechts et al., (2010) for details on 

nestbox dimensions and materials. Female house wrens typically lay 6–8 eggs (modal clutch 

size=7) in first-brood clutches and 4–7 (modal clutch size=6) in second-brood clutches; the 

incubation period is 12–13 days, and nestlings usually fledge on brood-days 15–18 (brood-

day 0 is the day the first egg hatches) (Bowers et al., 2013). The altricial nestlings are 

warmed by the female during the first half of the nestling period and provisioned by both 

parents until about two weeks after leaving the nest (i.e., fledging). During the nestling 

period, house wrens undergo a period of rapid sigmoidal growth with their mass increasing 

from ≈1 g at hatching to 9–11 g 11 days later. See Johnson (2014) for additional details on 

the biology of the house wren.

All experiments were carried out with Institutional Animal Care and Use Committee 

protocol approvals 05–2010 and 04–2013, and under U.S. Geological Survey Banding 

Permit 09211, U.S. Fish and Wildlife Service Collecting Permit MB692148-0, and Illinois 

Department of Natural Resources Scientific Permit NH15.0004a

 Pre-Natal Manipulation of Corticosterone

We manipulated levels of pre-natal corticosterone by injecting eggs with varying doses of 

corticosterone. Nests were monitored for the start of egg-laying in 2013, and randomly 

assigned to one of three treatments on the day the first egg was laid: control (N=15 nests), 

low corticosterone increase (N=14 nests), or high corticosterone increase (N=13 nests). 

Treatments were assigned to whole nests to avoid the difficulty of associating nestlings with 

differently treated eggs. The corticosterone concentrations of eggs in the low and high 

corticosterone treatment groups were increased one and two standard deviations, 

respectively, above the mean corticosterone concentration in yolk of house wren eggs 

sampled during the 2012 field season (1.80±0.24 ng/g, N = 17 eggs; M. Strange, 

unpublished data) as determined using a standard radioimmunoassay (details found in Paitz 

et al., 2011; Haussmann et al., 2012; Bowers et al., 2015). The doses we used were intended 

to increase in ovo corticosterone to levels comparable to those that stressed females in other 

species deposit in their eggs (Hayward and Wingfield, 2004; Hayward et al., 2006).

Injections occurred on the day the egg was laid to mimic maternal deposition of 

corticosterone and to avoid manipulating an egg with a well-developed embryo after 

incubation had begun. We replaced the egg that we temporarily removed from the nest for 

injection with a plastic egg so that the number of eggs remained the same. We moved a 

sufficient distance away from the nest to perform the injection so as not to disturb the 

parents. Eggs were candled using a LED miniature flashlight to visualize and to avoid 

puncturing the yolk. We sterilized the acute pole of the egg by applying a small amount of 

betadine solution, and used a sterile, 27-gauge needle to drill a small hole in the sterilized 
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area. A Hamilton syringe (Hamilton Company, Reno, NV, USA) with a 26-gauge needle was 

inserted through the hole in the shell, and the solution was injected into the albumen near the 

yolk. We injected the solution into the albumen to avoid damaging the yolk. Corticosterone 

is lipophilic, so it migrates to the yolk (Moore and Johnston, 2008). Eggs from nests in the 

low and high corticosterone treatments were injected with 0.35 ng and 0.7 ng of 

corticosterone, respectively, dissolved in 5 µL of sesame oil. Control eggs were injected with 

5 µL of the sesame oil vehicle only. The hole was sealed using a small amount of 

cyanoacrylate glue. After the glue dried, we returned the egg to the nest and removed the 

artificial egg.

Of the 42 nests in which eggs were injected, nine were abandoned before hatching occurred 

(two control, four low-corticosterone and three high-corticosterone nests). Hatchability was 

low (~26%; Table 1) compared with uninjected eggs, but it was not affected by treatment 

(F2, 38 =0.25, P=0.78), nor by the number of eggs incubated (F1, 38 =2.34, P=0.13). We 

conclude, therefore, that although piercing and sealing of the eggshell decreases egg 

viability (a common feature of these types of studies; see Bowden et al., 2009), it is not 

influenced by corticosterone injection per se. A further nine nests (three in each treatment) 

were depredated or abandoned following hatching, leaving a total of 24 nests (10 control, 7 

low, 7 high) with which to compare offspring phenotype across treatments (Table 1).

 Post-Natal Manipulation of Corticosterone

We manipulated levels of post-natal corticosterone by orally dosing nestlings with 

corticosterone in the 2013 breeding season. We employed a randomized block design in 

which half of the nestlings within each of 56 nests were randomly assigned to a control or 

experimental treatment on brood-day 4. We used a dose of 0.87 µg of corticosterone/g body 

mass for the experimental nestlings, which is based on published information on the doses 

used in a study of nestling song sparrows (Melospiza melodia) that resulted in a transient 

increase in circulating corticosterone levels in the blood similar to the levels seen during 

restraint-induced stress (Schmidt et al., 2012). This dosage mimics the anticipated 

endogenous response to a repeated acute stressor, such as short-term periods of food 

shortage. Doses were adjusted for differences in the body mass of the rapidly growing 

nestlings. Corticosterone was dissolved in peanut oil following the procedures described in 

Breuner et al. (’98). Nestlings in the experimental treatment group were fed 5.1 µg of 

corticosterone dissolved in 15 µL of peanut oil once each morning on brood-days 5 and 6 

and 7.0 µg of corticosterone dissolved in 15 µL of oil on brood-days 7 and 8. Nestlings in 

the control treatment were fed 15 µL of peanut oil once each morning on brood-days 5–8. 

We used a Gilson Pipetman (Gilson, Inc., Middleton, WI, USA) inserted briefly into the 

nestlings’ œsophagus to deliver the liquid.

 Confirmation of Post-Natal Elevation in Corticosterone

A different set of nine nests was used in 2013 to document that the oral administration of 

corticosterone successfully increases corticosterone levels in nestling blood. We used the 

same methods and dosage described above for administrating the treatment, but used 

nestlings on brood-day 11 because they were sufficiently large to provide an adequate 

plasma sample. Nestlings were fed 8.7 µg of corticosterone (representing 0.87 µg /g body 

Strange et al. Page 5

J Exp Zool A Ecol Genet Physiol. Author manuscript; available in PMC 2016 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mass after accounting for the average brood-day 11 mass) dissolved in 15 µL of peanut oil; 

control nestlings were fed 15 µL of peanut oil only. A blood sample was taken 10 min after 

the nestling was fed the supplement, as Schmidt et al. (2012) found that the highest levels of 

circulating corticosterone occur 10 min after being given an oral supplement. We took a 

blood sample by puncturing the left brachial vein and used a heparinized micro-capillary 

tube to collect the blood. Blood samples were stored on ice in a cooler until they were taken 

back to the laboratory and centrifuged on the same day to separate the plasma and red blood 

cells.

Plasma corticosterone concentrations of nestlings in the post-natal confirmation experiment 

were measured using an enzyme-linked immunoassay (EIA) (Corticosterone EIA Kit, Cat. 

No. ADI-900-097, Enzo Life Sciences, Plymouth Meeting, PA, USA). We followed the 

manufacturer’s protocol except for the volume of plasma prescribed. Instead, we used a 

modified procedure (Wada et al., 2007) that accommodates smaller plasma volumes (10 µL), 

and if 10 µL of plasma were not obtained, we added an appropriate amount of Assay 15 

Buffer to the sample to reach a volume of 10 µL. All plasma samples and standards were run 

in duplicate to obtain an average value for each sample. We read the plates containing the 

samples with a microplate reader at 405 nm (corrected at 580 nm), and used a 4-parameter 

logistic curve-fitting program from Gen5 1.11.5 (BioTek Instruments, Inc., Winooski, VT, 

USA) to generate a standard curve. We applied a conversion factor for each volume of 

plasma used per sample in each calculation of final corticosterone concentration to account 

for the difference in actual volumes used in the assay (per well). Two plates were used in this 

analysis, and the inter-assay coefficient of variation (CV) was low (0.6%), allowing for 

across-plate comparison of the results. The intra-assay CV was low for both plates at 2.4% 

and 3.3% (mean ± s.e.m.=2.9±0.4 %).

 HPA Axis Reactivity of Nestlings

The HPA axis reactivity of nestlings was assessed in 2014 using a standardized capture-and-

restraint protocol (Wingfield, ’94). Nests were monitored for hatching and randomly 

assigned to either brood-day 6 (N=17 nests) or brood-day 11 (N=16 nests) for assessment of 

the stress response. On the assigned day, three nestlings were removed from the nest and 

placed in separate open-mesh bags. One blood sample was taken from each nestling during 

the stress series: within 4 min of removal from the nest, 15 min after removal, or 30 min 

after removal (hereafter, referred to as baseline, 15 min, or 30 min, respectively). Baseline 

blood samples from brood-day 6 nestlings were occasionally difficult to obtain in under 3 

min as recommended (Romero and Reed, 2005; Lothery et al., 2014), but there was no 

relationship between time to obtain the blood sample and corticosterone concentration (Fig. 

1), which indicates that baseline corticosterone levels rather than elevated stress-induced 

levels of corticosterone were measured (linear regression brood-day 6: F1=0.17, P=0.69, 

Adj. R2=− 0.07; brood-day 11: F1=2.58, P=0.14, Adj. R2=0.14). The 15-min and 30-min 

sampling times were chosen to measure a stress response because corticosterone levels are 

typically elevated 15 min after a disturbance and peak and plateau at 30 min (Rensel et al., 

2010b). Blood samples were collected using the same technique described above.
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Plasma corticosterone concentrations of nestlings were measured using an EIA kit 

(Corticosterone EIA Kit, Cat. No. K014-H1; Arbor Assays, Ann Arbor, MI, USA) designed 

to accommodate small volumes of plasma (5 µL) and to measure low concentrations of 

corticosterone (limit of detection: 0.0169 ng/mL). Obtaining more than 5 µL of plasma from 

brood-day 6 nestlings can be difficult, and brood-day 6 nestlings have low plasma 

corticosterone concentrations, necessitating the use of this particular kit. If 5 µL of plasma 

were not obtained, an appropriate amount of Assay Buffer was added to increase the sample 

volume to 5 µL. All plasma samples and standards were run in duplicate to obtain an average 

value for each sample, and the plates containing the samples were read as described above. 

Three plates were used in this analysis, and the inter-assay CV was 11.4% allowing for 

across-plate comparison of the results. The intra-assay CV was low for all plates, ranging 

from 1.9% to 5.6% (mean ± s.e.m.=3.9±1.1%).

 Measurement of Fitness-Related Traits of Nestlings

Fitness-related traits of nestlings were measured in both the pre- and post-natal experimental 

manipulations of corticosterone. On brood-day 11, all nestlings were banded with a 

numbered, aluminum U.S. Geological Survey band, and body mass was measured to the 

nearest 0.1 g using a digital scale (Acculab Pocket Pro PP 201, Edgewood, NY, USA). 

Tarsus length (a measure of structural body size) was measured to the nearest 0.1 mm with 

dial calipers. To determine sex and to measure haematocrit, blood samples were collected 

from each nestling as described above. To measure a component of nestling 

immunoresponsiveness, we conducted a PHA (phytohemagglutinin) test. The PHA test is 

commonly used as a measure of cutaneous immune activity, which involves both the 

adaptive and innate branches of the immune system (Martin et al., 2006). On brood-day 11, 

the thickness of the left wing-web (prepatagium) was measured three consecutive times to 

the nearest 0.1 mm with a digital thickness gauge (Mitutoyo no. 547–500, Aurora, IL, USA) 

to obtain a mean initial wing-web thickness. We then used a 30-gauge needle to inject 50 µL 

of phosphate-buffered saline (PBS) containing 5 mg/mL of PHA (Sigma-Aldrich cat. # 

L8754, St. Louis, MO, USA) into the wing-web. Approximately 24 h later, we re-measured 

the wing-web three consecutive times to obtain a mean post-injection thickness, and then 

took the difference in the mean pre- and post-injection measurements to obtain a measure of 

post-injection swelling.

Blood samples were centrifuged at 1930 g for 60 sec to separate red blood cells from plasma 

(Hematastat II, Separation Technology, Inc., Sanford, FL, USA). We then measured 

haematocrit in the micro-capillary tubes as the percentage of whole blood constituted by the 

packed red blood cells, averaging three consecutive measures as recommended by the 

manufacturer. Afterwards, we used a 100-µL Hamilton syringe to collect and measure the 

volume of plasma in the micro-capillary tube. Plasma was stored in a micro-centrifuge tube 

at −20°C and red blood cells were placed in micro-centrifuge tubes with Queen’s lysis buffer 

for storage at −4°C until further analysis.

We determined the sex of each nestling to investigate whether the effect of the corticosterone 

treatment depended on sex. Because the sexes are not morphologically distinguishable on 

brood-day 11, polymerase chain reaction (PCR) was used to amplify the sex-specific 
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sequences of DNA extracted from nestling red blood cells (Kahn et al., ’98; Bowers et al., 

2011). After amplification, the DNA was separated by electrophoresis on a 1.8% agarose 

gel. Samples from male and female adult house wrens were placed in adjacent lanes of each 

gel as a control. Gels were then stained with ethidium bromide and visualized under 

ultraviolet light.

 Statistical Analysis

All statistical analyses were performed using SAS 9.3 (SAS Institute, Inc., Cary, NC, USA) 

and were two-tailed with α=0.05. All means reported are least-squares means unless 

otherwise noted. Nest was included as a random effect to account for the statistical non-

independence of nestlings within a brood for all analyses where multiple measurements 

were taken from one nest. Reduced models were obtained in the final analyses by employing 

backward elimination of non-significant effects (P>0.15), beginning with non-significant 

two-way interactions.

We utilized general linear models (PROC GLM) to determine the effect of pre-natal 

corticosterone treatment on incubation period, hatching success, mean mass at hatching, and 

nestling survival. Preplanned contrasts were made between the pre-natal control and 

corticosterone treatments using the CONTRAST statement to assess the effects of 

corticosterone on mean mass at hatching. These dependent variables all represent properties 

of the nest, so it was not necessary to include nest as a random factor in these analyses. To 

determine the effect of treatment on hatching success, the number of eggs that hatched was 

the dependent variable with the number of eggs incubated included as a covariate. Similarly, 

to determine the effect of the treatment on nestling survival, brood size on brood-day 11 was 

the dependent variable, with the number of eggs that hatched included as a covariate.

We used a mixed-model ANOVA (PROC MIXED) to examine the effect of pre-natal 

corticosterone treatment on brood-day 11 nestling mass, tarsus length, haematocrit, and 

PHA response. Nestling sex and treatment were fixed factors in the models, and hatching 

date and brood size were included as covariates. In the analysis of nestling mass on brood-

day 11, the mean mass of hatchlings in the nest was included as an additional covariate to 

assess nestling growth.

We employed a mixed-model ANOVA (PROC MIXED) to confirm that our post-natal 

treatment elevated circulating corticosterone levels and to examine the effect of post-natal 

corticosterone treatment on brood-day 11 nestling mass, tarsus length, haematocrit, and 

PHA response. Nestling sex and treatment were fixed factors in the models, and hatching 

date and brood size were included as covariates.

To determine the effect of age on the magnitude of the response to the capture-and-restraint 

protocol, we employed a mixed model ANOVA (PROC MIXED) with sampling time during 

the stress response and age as fixed factors, and hatching date and brood size as covariates. 

We predicted that if age influences the magnitude of the stress response, there should be a 

significant age × time interaction. Post-hoc contrasts were used to determine if brood-day 6 

and brood-day 11 nestlings elevated their circulating corticosterone levels in response to the 

capture-and-restraint protocol.
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 RESULTS

 Pre-Natal Manipulation of Corticosterone

There was no difference across treatments in the length of the incubation period (mean ± 

s.e.m., control: 12.6±0.3 days; low corticosterone: 13.2±0.3 days; high corticosterone: 

13.2±0.3 days; Table 2). Mean mass at hatching was, however, affected by treatment (mean 

± s.e.m., control: 1.21±0.05 g; low corticosterone: 0.98±0.06 g; high corticosterone: 

1.12±0.07 g; Table 2), with control nestlings weighing more at hatching than nestlings 

hatching from corticosterone-injected eggs (Preplanned contrasts: low corticosterone and 

high corticosterone nestlings pooled, F1, 23 =5.35, P=0.03). On brood-day 11, nestlings in 

the three treatments still differed in mass (Fig. 2), after controlling for initial hatching mass 

by including mean hatching mass as a covariate in the analysis (Table 2). Post-hoc contrasts 

revealed that high corticosterone nestlings weighed significantly more on brood-day 11 than 

both the control (F1, 29=15.95, P=0.0004) and low corticosterone nestlings (F1, 29=4.99, 

P=0.03); control and low corticosterone nestlings did not differ in body mass on brood-day 

11 (F1, 29=2.49, P=0.13). Nestling immune response, tarsus length, and haematocrit did not 

differ among treatments on brood-day 11(Table 2).

The number of nestlings surviving to brood-day 11 did not differ among treatments (Table 1; 

F2, 29 = 0.45, P=0.64). Irrespective of treatment, the number of surviving nestlings increased 

significantly with the number of eggs that hatched in the clutch (F1, 29 =38.85, P<0.0001).

 Post-Natal Manipulation of Corticosterone

We confirmed that oral administration of corticosterone resulted in an approximately four-

fold increase in corticosterone levels in nestling blood on brood-day 11 (F1, 43.1=80.54, 

P<0.0001; Fig. 3). Oral administration on brood-days 5 to 8 did not affect nestling mass on 

brood-day 11 (control: 10.33±0.08, experimental: 10.36±0.07; Table 3), although mass did 

differ between the sexes (male: 10.44±0.09, female: 10.26±0.07). Additionally, nestling 

mass was affected by brood size, with lighter nestlings occurring in larger broods. Immune 

response, tarsus length, and haematocrit did not differ between control and experimental 

nestlings (Table 3).

 HPA Axis Reactivity of Nestlings

Both brood-day 6 and brood-day 11 nestlings had detectable levels of plasma corticosterone, 

and although brood-day 6 nestlings had slightly higher baseline corticosterone than brood-

day 11 nestlings (Fig. 4), the difference was not statistically significant (F1, 26=2.34, P 
=0.138). Corticosterone concentration significantly increased in response to the capture-and-

restraint protocol in both brood-day 6 (F1, 29=7.71, P=0.01; Fig. 4) and brood-day 11 

nestlings (F1, 23=35.52, P<0.0001; Fig. 4), but more rapidly in brood-day 11 than in brood-

day 6 nestlings (age × time interaction: F2, 51.4=3.68, P=0.03; Fig. 4).

 DISCUSSION

Under natural circumstances, it is likely that stress levels of parents and offspring would be 

correlated as they both experience the same environment. In the current study, we attempted 
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to decouple parental and offspring stress by experimentally manipulating offspring 

corticosterone independently of the parent during both pre-natal and post-natal periods. Our 

manipulation of the offspring, but not their parents, allowed us to investigate how offspring 

alone respond to stress levels of corticosterone without the complicating factor of parents 

also simultaneously responding to experimentally increased corticosterone.

 Pre-Natal Manipulation of Corticosterone

Nestlings from control eggs weighed more at hatching than those from corticosterone-

treated eggs, but, by brood-day 11, nestlings from eggs treated with the higher dose of 

corticosterone were the heaviest of those in the three treatments. Thus, nestlings hatching 

from eggs receiving the higher dose compensated for their initial lower mass by the time 

they reached their asymptotic mass. Such compensatory growth by nestlings usually occurs 

once resources become available, or when the stressor that caused the setback is eliminated 

(Müller et al., 2009). Notwithstanding the apparent compensatory growth of nestlings 

hatching from corticosterone-treated eggs, the mechanism leading to their lower hatching 

mass remains unclear. If elevated corticosterone in the egg affects the catabolism of protein 

and lipids by the embryo, this could conceivably result in decreased mass at hatching (Hepp 

et al., 2006). Alternatively, elevated corticosterone may suppress pre-natal growth (as it can 

post-natal growth; Müller et al., 2009), necessitating, perhaps, a longer period of incubation 

and increased maintenance costs and energy expenditures for the developing embryo (Olson 

et al., 2006). This too could result in lower hatching mass. However, we detected no 

differences across treatments in the length of the incubation period in this study.

The finding that pre-natal elevation in corticosterone leads to lower mass at hatching and 

then increased mass near the time of fledging was unexpected, with negative effects of 

experimentally elevated levels of corticosterone on body mass more commonly reported 

(e.g., Hayward and Wingfield, 2004; Saino et al., 2005). In house wrens, survival shortly 

after leaving the nest (Young, ’96) and recruitment to future breeding populations (Bowers et 

al., 2014) is positively correlated with body mass close to nest-leaving. In altricial birds, the 

mortality rate is high during the fledgling and juvenile periods (Young, ’96; Anders et 

al., ’97; Rush and Stutchbury, 2008), the commonest causes of which are starvation and 

predation (Sullivan, ’89; Overskaug et al., ’99; Naef-Daenzer et al., 2001). Heavier 

fledglings may be better able than lighter nestlings to withstand food shortages that occur 

after they leave the nest (Magrath, ’91; but see Thompson and Flux, ’88; Thompson et 

al., ’93). We caution, however, that although compensatory growth of the type we found here 

does have immediate benefits (e.g., fledging at a higher mass), there may be associated 

costs, such as a shortened lifespan (Birkhead et al., ’99; Metcalfe and Monaghan, 2001). 

However, at least in house wrens, it is possible that by increasing levels of corticosterone in 

eggs, mothers can influence the mass and, therefore, survival and success of their offspring 

long after they have left the nest.

The mechanism by which corticosterone deposited in the egg elicited its effect on brood-day 

11 body mass may have been by its influence on growth hormone production or by increased 

nestling begging, or both. Corticosterone treatment increases the production of pituitary 

growth-hormone-secreting cells in chicken (Gallus gallus) embryos (Porter, 2005) and 
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positively affects production of growth hormone mRNAs in cultured embryonic pituitary 

cells (Jenkins et al., 2013). Although there has been considerable debate about the role, 

whether positive or negative, of glucocorticoids in regulating growth hormone production, 

Vakili and Cattini (2012) argue that glucocorticoids clearly play a positive role in the 

development of growth hormone-producing cells and of growth hormone gene expression in 

the anterior pituitary. Pre-natal (Love and Williams, 2008b; Bowers et al., in press), as well 

as post-natal (Loiseau et al., 2008), administration of corticosterone can increase nestling 

begging, and increased begging typically stimulates increased parental provisioning (Budden 

and Wright, 2001). However, house wren parents do not always increase provisioning rates 

in response to increased nestling begging (Barnett et al., 2011). Because we did not measure 

nestling begging or parental provisioning, we cannot determine the role, if any, they played 

in producing the heavier nestlings hatching from corticosterone-treated eggs. Although it is 

clear that elevated pre-natal exposure to corticosterone can influence the developing 

phenotype, it should be noted that there is evidence of embryonic corticosterone metabolism 

early in incubation. Radiolabeled corticosterone injected into chicken eggs was found in 

embryonic tissue by day 6 of incubation. The steroid was in a conjugated, polarized form 

(von Engelhardt et al., 2009), which suggests that avian embryos may modulate the effects 

of maternally or experimentally derived corticosterone (Vassallo et al., 2014) and other 

steroids (Paitz et al., 2011) early during incubation. Although the fate of maternally 

deposited corticosterone in eggs and the role of its metabolites remain largely unexplored, 

there is little doubt that elevated pre-natal levels of corticosterone can produce significant 

fitness-related effects on the phenotype of altricial nestlings, effects that ultimately influence 

their success as fledglings and adults.

 Post-Natal Manipulation of Corticosterone

In contrast to the results of the pre-natal manipulation, increased post-natal exposure to 

corticosterone had no detectable effect on nestling phenotype. The lack of response is 

unlikely to be attributable to the use of low dosages because the post-natal experiment raised 

circulating corticosterone four-fold above the circulating corticosterone concentration of 

brood-day 11 control nestlings, and this falls within the range of stress-induced levels of 

corticosterone for nestlings of other altricial species (Kern et al., 2001; Saino et al., 2003; 

Honarmand et al., 2010). Further, the dose used in the post-natal experiment increased the 

mean circulating corticosterone levels to about 80% of the maximum level that we detected 

of endogenously produced corticosterone by brood-day 11 nestlings in response to the 

standardized capture-and-restraint protocol. Thus, dosing levels successfully simulated 

nestling response to short-term stress conditions, but the treatment period in our study was 

short compared with the length of treatment in other studies investigating the effects of post-

natal corticosterone elevations. For example, in a study that found that post-natal 

corticosterone elevation increased foraging skills, oral boluses of corticosterone were given 

twice a day for 17 days (Crino et al., 2014). Additionally, many studies have used silastic 

implants, which simulate chronic stress by keeping corticosterone levels constantly elevated 

(Kitaysky et al., 2001b). In contrast, the daily oral boluses used in our study result in a peak 

in corticosterone levels that then return to baseline (Schmidt et al., 2012) and are, thus, 

typical of levels reached during periods of short-term stress. Our shorter treatment period 

may provide at least a partial explanation for the lack of post-natal treatment effects, but we 
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also think that the response to short-term corticosterone elevation likely depends on the stage 

of development at which it occurs.

When corticosterone was administered pre-natally to chickens, distress vocalizations and 

latency to detect a predator increased in the chicks, but there was no effect when 

administered post-natally (Freire et al., 2006). Similarly, a pre-natal corticosterone treatment 

in common lizards (Lacerta vivipara) resulted in an increase in time spent moving, whereas 

a post-natal corticosterone treatment did not (Belliure et al., 2004). Such results suggest that 

there is greater sensitivity to corticosterone exposure during the pre-natal stage of 

development than during the post-natal stage. Corticosterone may work during an early, 

critical stage of development to organize tissues, with long-term effects on the phenotype 

(Hayward et al., 2006; Love and Williams, 2008a, b; Schoech et al., 2011). This, in turn, 

may provide an explanation for the outcome of our study because we applied our pre-natal 

treatment on the day the egg was laid, thereby potentially exposing the developing embryo 

to an extended period of elevated corticosterone, whereas the post-natal treatment was not 

applied until brood-day 5, a time when nestlings are growing rapidly and have attained about 

50% of their asymptotic mass. At this point, the transient elevation of corticosterone may not 

have led to any obvious, long-term effects because the nestlings had passed the period in 

development during which the fitness-related traits that we measured are sensitive to the 

effects of transient increases in corticosterone.

 HPA Axis Reactivity of Nestlings

Baseline plasma corticosterone concentrations were somewhat, but not significantly, higher 

in early-stage nestlings than in late-stage nestlings. In other species, late-stage nestlings tend 

to have higher baseline corticosterone concentrations than early-stage nestlings 

(Schwabl, ’99; Love et al., 2003; Wada et al., 2007; Pakkala et al., in press), but there are 

reports of both the opposite relationship (Walker et al., 2005) and little or no difference 

(Sims and Holberton, 2000; Blas et al., 2006; Wada et al., 2009; Taves et al., 2016).

Both early-stage and late-stage nestlings were able to mount a stress-induced response, but 

the stress response increased more steeply in late-stage nestlings. The late-stage nestlings are 

well developed, near adult mass and size, and within 4–6 days of fledging (Bowers et al., 

2013). Studies have linked increases in corticosterone to increased locomotor activity in 

other altricial birds (Breuner et al., ’98), which may facilitate their transition from a 

sedentary life in the nest to the mobile fledgling period (Heath, ’97; Pakkala et al., in press).

Although early-stage nestlings did have a stress-induced response of lower magnitude than 

late-stage nestlings, they did respond to the capture-and-restraint protocol by significantly 

elevating their endogenously produced corticosterone levels. A muted stress response in 

early-stage nestlings is not unexpected as altricial nestlings at this stage in development are 

unlikely to need to mount a large response as they are entirely dependent on their parents for 

food and would be unable to escape from a predator. Further, being less responsive to 

stressors may allow early-stage nestlings to avoid the deleterious effects that have been 

reported when corticosterone was experimentally elevated (Wada and Breuner, 2008; 

Loiseau et al., 2008; Stier et al., 2009). Two possible advantages of being able to mount a 

modest stress response at so young an age are that increased corticosterone leads to 
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increased begging (Loiseau et al., 2008; Love and Williams, 2008b), which may, but not 

always (Barnett et al., 2011), result in increased provisioning by parents, and may promote 

successful competition among siblings in the nest (Braasch et al., 2014).

In conclusion, our results suggest that pre-natal exposure to corticosterone is important in 

shaping offspring phenotype and are consistent with the hypothesis that maternally derived 

corticosterone in the egg can have long-term effects that alter offspring phenotype in ways 

that may increase fitness.
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Figure 1. 
The relationship between the time taken to obtain a blood sample and circulating 

corticosterone concentration in brood-day 6 and brood-day 11 nestlings.
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Figure 2. 
Brood-day 11 mass (LS mean ± SE) of late-stage nestlings following pre-natal manipulation 

of corticosterone. Controls received the vehicle, lows received a dose one standard deviation 

above mean yolk corticosterone, and highs received a dose two standard deviations above 

mean yolk corticosterone.
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Figure 3. 
Circulating corticosterone concentations after post-natal oral administration of 

corticosterone. Circulating corticosterone concentration (LS mean ± SE) in brood-day 11 

(late-stage) nestlings 10 min after receiving post-natal treatment. Controls received the 

vehicle and the experimental received corticosterone dissolved in the vehicle.
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Figure 4. 
Stress-induced responses of brood-day 6 and brood-day 11 nestlings. Circulating 

corticosterone concentrations (LS mean ± SE) in response to capture-and-restraint protocol 

for brood-day 6 and brood-day 11 nestlings.
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Table 1

Samples sizes, hatching success and nestling survival following pre-natal manipulation of corticosterone.

Treatment

Variable Control Low CORT High CORT

Number of nests
injected

15 14 13

Mean clutch size 5.9 5.7 6

Total eggs incubated1 79 69 69

Hatchability 22.8% 27.5% 27.5%

Mean no. of hatched
young

1.2 1.36 1.46

Total no. of brood-day
0 hatchlings

18 19 19

Total no. of brood-day
11 nestlings (No. Nests)

15 (10) 14 (7) 14 (7)

1
The number of eggs incubated is slightly less than what would be expected based on clutch size owing to the loss of a few eggs before incubation 

commenced.
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Table 2

Linear mixed model summary of the effect of the manipulation of pre-natal corticosterone on nestling traits.

Estimate ± s.e. df F-value P-value

Incubation Period

Intercept 12.61 ± 0.28

Treatment 2,30 1.33 0.2786

  Control --

  Low 0.58 ± 0.42

  High 0.58 ± 0.42

Hatching mass

Intercept 1.21 ± 0.05

Treatment 2,23 4.56 0.0215

  Control --

  Low −0.23 ± 0.08

  High −0.08 ± 0.08

Nestling mass at BD11

Intercept 7.32 ±1.36

Treatment 2, 29 8.13 0.0016

  Control --

  Low 0.68 ± 0.43

  High 1.61 ± 0.40

Hatching mass 1.75 ± 1.05

PHA response

Intercept 0.56 ± 0.07

Treatment 2, 16.3 0.76 0.48

  Control --

  Low −0.06 ± 0.11

  High 0.08 ± 0.11

Tarsus length (mm)

Intercept 17.45 ± 0.39

Treatment 2, 14.2 2.16 0.15

  Control --

  Low 0.77 ± 0.40

  High 0.91 ± 0.38

Sex 1, 17.4 0.15 0.71

  Male --

  Female 0.57 ± 0.30

Sex × Treatment −0.51 ± 0.43 2, 17.5 2.70 0.10
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Estimate ± s.e. df F-value P-value

Brood size 0.24 ± 0.15 1, 13.4 2.63 0.13

Haematocrit

Intercept 118.17 ± 23.30

Treatment 2, 17.8 1.58 0.23

  Control --

  Low −3.28 ± 1.99

  High −0.32 ± 1.99

Hatching Date −0.37 ± 0.11 1, 17.6 10.71 0.004
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Table 3

Linear mixed model summary of the effect of post-natal oral application of corticosterone on nestling traits.

Estimate ± s.e. df F-value P-value

Nestling mass at BD11

Intercept 11.24 ± 0.39

Treatment 1, 162 0.19 0.66

  Control −0.03 ± 0.07

  Experimental --

Sex 1, 182 4.67 0.0319

  Male --

  Female −0.18 ± 0.08

Brood size −0.12 ± 0.06 1, 49.4 4.20 0.0459

PHA response

Intercept 2.28 ± 0.41

Treatment 1, 273 0.00 0.96

  Control −0.001 ± 0.02

  Experimental --

Hatching Date −0.009 ± 0.003 1, 52.1 13.39 0.0006

Tarsus length

Intercept 18.94 ± 0.10

Treatment 1, 132 2.00 0.16

  Control 0.10 ± 0.07

  Experimental --

Sex 1, 140 10.95 0.001

  Male --

  Female −0.26 ± 0.08

Haematocrit

Intercept 43.00 ± 0.61

Treatment 1, 270 0.38 0.54

  Control −0.28 ± 0.46

  Experimental --
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