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Juveniles exposed to embryonic corticosterone
have enhanced flight performance

Eunice H. Chin1,†, Oliver P. Love2,†,*, Jan J. Verspoor2, Tony D. Williams2,

Kyle Rowley3 and Gary Burness3

1Environmental and Life Sciences Graduate Program, and 3Biology Department, Trent University,

Peterborough, Ontario, Canada K9J 7B8
2Biological Sciences, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6
Exposure to maternally derived glucocorticoids during embryonic development impacts offspring

phenotype. Although many of these effects appear to be transiently ‘negative’, embryonic exposure to

maternally derived stress hormones is hypothesized to induce preparative responses that increase survival

prospects for offspring in low-quality environments; however, little is known about how maternal stress

influences longer-term survival-related performance traits in free-living individuals. Using an experimental

elevation of yolk corticosterone (embryonic signal of low maternal quality), we examined potential impacts

of embryonic exposure to maternally derived stress on flight performance, wing loading, muscle morphology

and muscle physiology in juvenile European starlings (Sturnus vulgaris). Here we report that fledglings

exposed to experimentally increased corticosterone in ovo performed better during flight performance trials

than control fledglings. Consistent with differences in performance, individuals exposed to elevated

embryonic corticosterone fledged with lower wing loading and had heavier and more functionally mature

flight muscles compared with control fledglings. Our results indicate that the positive effects on a survival-

related trait in response to embryonic exposure to maternally derived stress hormones may balance some of

the associated negative developmental costs that have recently been reported. Moreover, if embryonic

experience is a good predictor of the quality or risk of future environments, a preparative phenotype

associated with exposure to apparently negative stimuli during development may be adaptive.

Keywords: yolk hormones; corticosterone; embryonic stress; flight performance; survival;

European starling
1. INTRODUCTION
Maternally derived stress hormones (glucocorticoids)

significantly impact offspring phenotype across phylogen-

etically diverse taxa (McCormick 1998; Seckl 2004;

Uller & Olsson 2006; Love & Williams 2008a). Indeed,

a mother’s quality or the quality of the environment she

reproduces in can act as a maternal effect via embryonic

hormonal mechanisms (Gluckman et al. 2005; Love &

Williams 2008a,b). Embryos and foetuses can be exposed

to maternal stress hormones via the placenta in mammals

(see Seckl 2004) and via their presence in eggs of

oviparous species (Love et al. 2005; Saino et al. 2005;

Hayward et al. 2006; Lovern & Adams 2008). Embryonic

exposure to maternal glucocorticoids is known to cause

both short-term ‘transient’ and preparative ‘program-

ming’ effects in mammals and birds (Seckl 2004;

Gluckman et al. 2005; Love & Williams 2008b).

Immediate effects in free-living species can include

reductions in hatch or birth mass/structural size, reduced

growth, compromised immunity and even reduced

survival (Rubolini et al. ; Saino
 ; ;
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Here we use an experimental manipulation of the

quality of the embryonic developmental environment to

examine how maternally derived yolk corticosterone

affects future flight performance in a free-living passerine,

the European starling (Sturnus vulgaris). We use yolk

corticosterone injections to manipulate embryonic

exposure to maternal stress (Love et al. 2005, 2008;

Love & Williams 2008a,b), a manipulation that is

biologically relevant since mothers in poor condition

(Love et al. 2005) and those that face increased predation

risk (Saino et al. 2005) appear to deposit more corticos-

terone into eggs. Recently, researchers have suggested that

embryonic exposure to maternal stress may provide

offspring with a signal of the quality of their future

environment (Love et al. 2005; Love & Williams 2008a)

and may even adaptively programme particular physio-

logical and behavioural pathways (Gluckman et al. 2005;

Love & Williams 2008b; Mathis et al. 2008). Embryonic

exposure to elevated maternally derived stress hormones

may therefore have the potential to match offspring flight

performance to the quality (i.e. risk of predation) of their

post-natal environment. If so, we would predict that

embryonic exposure to elevated maternally derived

corticosterone would increase future flight performance

in juveniles.
2. MATERIAL AND METHODS
(a) Manipulation of embryonic stress

Research was conducted from April to July 2005 at Davistead

Dairy Farms in Langley, British Columbia, Canada under a

Simon Fraser University Animal Care permit (657B-96)

following guidelines of the Canadian Council on Animal

Care. Nest-boxes were checked daily to determine clutch

initiation, laying sequence and clutch completion dates.

Starlings at the field site lay 5.9G0.2 (meanGs.e.) eggs per

clutch within the main peak of laying, incubate for

10.3G0.1 days and fledge nestlings 22G0.9 days following

hatching (Love et al. 2005). Yolk corticosterone levels were

manipulated as per Love & Williams (2008a). Briefly, nests

were randomly divided into oil injected (nZ32) and

corticosterone injected (nZ32); an additional group of

unmanipulated eggs (nZ9) were also included (see ‘statistical

analysis’ section). Fresh eggs were injected within 3 hours of

laying and the corticosterone manipulation elevated mean yolk

corticosterone concentrations by 1.5 s.d. from the population

mean (from 15.4 to 28.3 ng gK1 based on Love et al. 2008).

Just prior to hatching, eggs were exchanged with wooden eggs

and placed in an incubator until hatching. Hatchlings were

returned to their nest and nestling identity and age were

tracked using non-toxic food colouring and nestling-specific

feather trimming; at 10 days of age, chicks were banded to

allow for individual identification. All nestlings were weighed

and measured (exposed culmen, metatarsus, wing) at the ages

of 0, 5, 10, 15, 17 and 21 days; flattened wing cord

measurements began at 10 days when primary feathers

began to appear.

(b) Flight performance trials and characterization

of performance traits

Fledglings were collected from their nest-box on the morning

of the brood mean 21st day of age and placed in cloth bags

until the flight performance trials. The time in bags did not

exceed 60 min (groups not different in holding times: t-test,
tZ0.19, pZ0.42) and this short holding period is not

sufficient for transcription and translation of the subsequently

measured muscle enzymes. The performance chamber

consisted of a wooden frame 2.5!1!1 m covered with fine

plastic netting (top and left end), black plastic sheeting

(bottom), clear Plexiglas (front) and a white plastic back with

a 10!10 cm grid. Given the important difference between

alarmed and non-alarmed (also called routine or spon-

taneous) flight (Kullberg et al. 1996; Kullberg 1998; Veasey

et al. 1998; Nudds & Bryant 2002), we initially modelled our

chamber on that of Kullberg et al. (2002a,b), with the bird

being released at the bottom of the vertical chamber and

vertical take-off ability being measured during the simulated

escape flight. However, while this method was effective for

adult birds, fledglings proved incapable of sustained vertical

take-off. As such, the chamber was rotated to a horizontal
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equation from Williams & Swaddle (2003),

E Z
1

2
ðV 2

x CV 2
z ÞCgz;

where Vx and Vz are the horizontal and vertical components

of flight velocity, respectively; g is the acceleration due to

gravity; and z is the height (Williams & Swaddle 2003). This

measure was chosen since it describes both the height and

velocity gain components of flight performance in a single

variable (Williams & Swaddle 2003). Therefore, the energy

gain between the first interval (0–0.5 m) and the third interval

(1–1.5 m) was determined and used for the purpose of our

study as a measure of overall flight performance (referred to

hereafter as ‘flight performance’). In all cases, the best

performance from the two trials was taken.
(c) Enzymatic assays

To better understand the enzymatic determinants of flight

performance, we measured the maximum catalytic activity of

key enzymes from various metabolic pathways. Assays were

performed at 408C using a Spectra Max Plus 384, 96-well

microplate reader (Molecular Devices, Sunnyvale, CA,

USA), and were adapted from Burness et al. (2005). Briefly,

frozen, powdered muscle samples were homogenized on ice

in 19 volumes of homogenization buffer (20 mM Hepes,

1 mM EDTA, 0.1% Triton-X 100, pH 7.0). 3-hydroxyacyl

CoA dehydrogenase (HOAD) and lactate dehydrogenase

(LDH) were assayed in 50 mM Imidazole (pH 7.0) at

340 nm; pyruvate kinase (PK) and creatine phosphokinase

(CPK) were assayed at pH 7.4. Citrate synthase (CS) was

assayed in 20 mM Tris (pH 8.0), 412 nm. Enzyme activities

are expressed as micromoles substrate converted to product

per minute per gram of tissue (U gK1). Assay conditions were
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Figure 2. Effects of embryonic exposure to elevated yolk corticosterone on (a) CS activity and (b) CPK activity in the pectoral
muscle of fledgling European starlings. Values are meanGs.e.m.; asterisk denotes p%0.05 for CS and p%0.06 for CPK.
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sex-independent preparative effects on flight ability at

fledging, i.e. preparing for maximal flight performance in

response to a signal about the quality of the post-natal

environment is equally important for both sexes in starlings.
(b) Mechanisms behind stress-induced flexibility

in flight performance

Pectoral muscle mass and wing area are the two best

predictors of flight performance (Marden 1987; Verspoor
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et al. 2007). Consistent with this observation, fledglings

exposed to elevated corticosterone in ovo had heavier and

more functionally mature pectoral muscles (i.e. lower %

water content; see Ricklefs et al. 1998) relative to body

mass, and larger wing areas, compared with control

fledglings. We have previously shown that in ovo exposure

to corticosterone can have multiple downstream effects on

size, growth and physiological pathways at fledging

(Love & Williams 2008a,b). The underlying mechanisms

by which embryonic exposure to maternal stress alters

these pathways, as well as those of future muscle

development and feather growth reported here, are not

well investigated, and could include both direct and

indirect developmental pathways. Direct mechanisms

could include the known influence of glucocorticoids as

transcription factors, given that many genes have gluco-

corticoid response elements, and thus embryonic

exposure to elevated maternal stress hormones may have

positive downstream effects on development (for review

see Byrne 2001). Interestingly, however, these specific

‘positive’ effects of maternal glucocorticoids on muscle

and feather development temporally overlap with the

reported ‘negative’ effects of these hormones on size at

hatching/birth and growth (see Love et al. 2005; Rubolini

et al. 2005; Saino et al. 2005; Hayward et al. 2006; Love &

Williams 2008a). However, these glucocorticoid-induced

developmental processes are thought to occur through

inhibition of cell proliferation and the growth of specific

systems (Orth et al. 1992) via downregulation of growth

hormone and insulin-like growth factor activity, as well as

via a reduction in the ability to both self-regulate

glucocorticoid receptors (see Seckl 2004) and interact

with developmental thyroid hormones (De Jesus et al.

1990; Redding et al. 1991). Indirect mechanisms of

embryonic exposure to corticosterone could include

changes in the allocation of resources within nestlings

and changes in offspring behaviour brought about by the

effects of embryonic exposure on the adrenocortical axis

(Love & Williams 2008b), and even changes in the types

of food brought to offspring by parents. Separating

offspring from parents at hatch and raising nestlings

under similar captive conditions will help us understand

how embryonic developmental pathways are differentially

responsive to the same degree of maternally derived stress,

a fundamentally important step towards more fully

appreciating how offspring interpret, and respond to,

developmental stress.

Together with heavier and functionally more mature

flight muscles, fledglings exposed to elevated corticoster-
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