
among females with P 4 yolky follicles, although this was also independent of our measures of reproductive

inter- and intra-individual variation in female hormone levels are important to set-up a priori predictions for, and

studies of yolk hormone levels.
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1. Introduction

Many recent studies have shown that maternal

transfer of steroids to egg yolk can have significant ef-

fects on various aspects of offspring phenotype in

oviparous vertebrates including embryo development,

early post-hatching growth, begging behaviour, and
subsequent social status (e.g., Eising et al., 2001; Lipar

and Ketterson, 2000; Schwabl, 1996a; but see Sockman

and Schwabl, 2000). Systematic variation in yolk steroid

hormone levels has been reported within-clutches, in

relation to laying order, in many species, e.g., in some
function. Data on

interpretation of,
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species androgen levels increase over the laying sequence

(French et al., 2001; Lipar et al., 1999; Schwabl, 1993),

but in others hormone levels decrease or do not change

(Gil et al., 1999; Schwabl et al., 1997; Whittingham and

Schwabl, 2002). However, there is also marked variation

in yolk steroid levels among clutches laid by different

females, and individual variation in yolk androgen levels
has been shown to be related to a female�s level of social
stimulation, aggressiveness, or social status (Groothuis

and Schwabl, 2002; Muller et al., 2002; Whittingham

and Schwabl, 2002), or to other environmental condi-

tions the female experiences during egg formation

(Bowden et al., 2002; Schwabl, 1996b).

It has been suggested that yolk hormone levels corre-

late with circulating plasma hormone levels in the female

mail to: tdwillia@sfu.ca


(Schwabl, 1996b; but see Hackl et al., 2003 and Discus-
sion). Furthermore, several studies have shown that ex-

perimental elevation ofmaternal hormone levels results in

a corresponding increase in hormone levels in eggs laid by

these females (Adkins-Regan et al., 1995; Janzen et al.,

2002). However, a major unresolved question is whether

females can facultatively adjust yolk hormone levels in a

sequence-specific manner through laying, independently

of their own plasma levels, or whether the observed var-
iation in yolk steroids is simply a direct consequence of

temporal variation in the female’s hormonal status

(Birkhead et al., 2000). If females themselves have specific

time- or laying-sequence dependent requirements for

changes in plasma hormone levels dictated by the endo-

crine control mechanisms underlying reproductive func-

tion or egg formation (e.g., for estrogens or progestins,

Johnson, 2000) then this might determine, or even con-
strain, patterns of yolk hormones if these simply reflect

the mother�s hormonal milieu.

The resolution of this problem has been hindered by a

lack of detailed information about the day-to-day pat-

tern of changes in plasma hormone levels during the

laying cycle. Although there have been many studies on

the reproductive endocrinology of breeding birds (e.g.,

Dawson, 1983) these only report changes in plasma
hormone levels for broad reproductive stages (‘‘non-

breeding,’’ ‘‘laying,’’ or ‘‘incubating,’’ etc). Other than

for domesticated poultry (Etches, 1996), very little is

known about the pattern of variation in gonadal ste-

roids through the cycle of follicular development, ovu-

lation and oviposition. Yet these data are very

important because they provide the hormonal ‘‘back-

ground’’ against which variation in yolk steroids must
be interpreted. Here, we describe changes in two of the

major gonadal steroids, estradiol-17b and androgens,

throughout laying in relation to specific stages of ovar-

ian follicular development in the European starling

(Sturnus vulgaris). Experimental manipulation of plasma

estradiol levels has been shown to have marked effects

on offspring phenotype, survival and secondary sex ratio

(Adkins-Regan et al., 1995; Williams, 1999). We also
describe individual variation in estradiol-17b levels,



2.2. Hormone and vitellogenin assays

Hormone concentrations were measured with radio-

immunoassay (RIA) in duplicate for each sample after

extraction in dichloromethane (for a detailed description

of the analysis see Wingfield and Farner, 1975). Plasma

volumes of 300 and 100 ll were used for measurement of

estradiol-17b and androgens, respectively. A small

amount of tritiated steroid label (2000 cpm) was added
to each sample prior to dichloromethane extraction to

control for loss of the steroid during extraction. Re-

coveries (E2 ¼ 60.8%� 0.95 SE, and androgens ¼
62.1%� 0.81 SE) of tritiated steroids after extraction

were used to adjust assayed concentrations of steroids.

The antibodies used to examine steroid concentrations

were: estradiol-17b antibody 1702 (Arnel, New York,

NY) and testosterone antibody 01916 A-Z (Wien, Suc-
casunna, NJ). The estradiol antiserum used in this study

is highly specific for estradiol-17b and its cross-reactiv-

ities with other steroids are negligible. The testosterone

antiserum used in this study cross-reacts with testoster-

one by 100%, 5-a-dihydrotestosterone (DHT) by �60%,

and with 5-b-DHT by about 6%. Inter- and intra-assay

coefficients of variation were 2 and 4%, and 3 and 5%,

for E2, and T, respectively. The sensitivity of the RIA(s)
was 1.95 pg/tube for both E2 and T.

Plasma vitellogenin (VTG) was assayed indirectly

using the zinc method developed for the domestic hen

(Mitchell and Carlisle, 1991) which we have validated

for passerines (e.g. Williams and Martyniuk, 1999) in-

cluding the European starling (Challenger et al., 2001;

V�ezina and Williams, 2003). This method measures total

plasma zinc, and then separates the zinc bound to serum
albumen from that bound to VTG and very-low density

lipoprotein (VLDL) by depletion of VTG and VLDL

from the plasma sample by precipitation with dextran

sulfate. The depleted plasma sample is then assayed for

zinc and vitellogenic zinc (VTG-Zn) is calculated as the

difference between total and depleted zinc; VLDL ac-

counts for only 2% of total plasma zinc (Mitchell and

Carlisle, 1991). The concentration of VTG-Zn is pro-
portional to the plasma concentration of plasma VTG



birds, p ¼ 0:011). In laying females with a full follicle

hierarchy of 4–5 follicles, plasma androgen levels varied

4-fold from 93–383 pg/ml.

In females with P 4 yolky follicles both plasma VTG
levels (r16 ¼ 0:06, p ¼ 0:84; Fig. 2A) and the total mass

of yolky follicles (r16 ¼ �0:26, p ¼ 0:34; Fig. 2B) were
independent of plasma E2 levels (note: one outlier was

excluded from these analyses: a bird with total follicle

mass ¼ 0.59 g and F1 follicle mass ¼ 0.387 g, cf. range

of data in Fig. 2; this bird had a plasma E2 level of

295 pg/ml). Similarly, both of these reproductive pa-

rameters were independent of plasma androgen levels in
these birds (VTG, r16 ¼ �0:34, p ¼ 0:19; follicle mass,

r16 ¼ �0:31, p ¼ 0:24). Finally, in females with P 4

yolky follicles there was no correlation between plasma

E2 and plasma androgen levels within individuals

(r16 ¼ 0:42, p ¼ 0:19).
4. Discussion

In European starlings, plasma levels of estradiol-17b
increased rapidly from the onset of rapid yolk devel-
opment (RYD) to reach maximum levels in birds with a
complete follicle hierarchy (P 4 yolky follicles). How-

ever, levels decreased linearly throughout the later stages

of follicle development returning to pre-breeding values

before the final yolky follicle was ovulated. In females

with P 4 yolky follicles there was 10-fold variation in

plasma E2 levels among individual females, but this was

not related to plasma levels of the main yolk precursor

vitellogenin or to the total mass of yolky follicles de-
veloping at the time of blood sampling. In contrast to

E2, plasma androgen levels showed only a very gradual

linear decline throughout the laying cycle from pre-

RYD to clutch completion. Furthermore, androgen

levels showed less individual variability: 4-fold variation

among females with P 4 yolky follicles.

4.1. Variation in hormone levels and female reproductive

function

There have been few other studies describing detailed

changes in hormone levels on a day-to-day basis during

the laying cycle for non-poultry avian species. Sockman

and Schwabl (2001) measured fecal estradiol-17b in ca-

naries (Serinus canaria) during the laying cycle and re-

ported a similar pattern to the one seen for plasma E2 in
our study in starlings. In female canaries fecal E2 in-

creased sharply to a peak at the 1-egg stage and then

decreased linearly, reaching ‘‘low levels’’ three days after

the onset of laying when the fourth (last) egg was laid.

Sockman and Schwabl (2001) further showed that the

decrease in fecal E2 levels was closely associated with

onset of incubation. Although in our study we did not

have information on timing of onset of incubation,
hatching in our starling colony is highly synchronous

(within a 24 h period) suggesting that birds start incu-

bation with the laying of the penultimate, or last egg (as

reported by Meijer, 1990). Thus, in European starlings

the decrease in plasma E2 between birds with 2–3 yolky

follicles remaining to be ovulated and those with only

one yolky follicle remaining would also be coincident

with onset of incubation.
It is well known that estrogens play a fundamental

role in regulating female reproduction, including yolk

precursor production (Wallace, 1985; Walzem et al.,

1999), oviduct development (Brant and Nalbandov,

1956; Yu et al., 1971), and reproductive behaviour (e.g.,

Balthazart, 1983). Furthermore, production of E2 is

highest in small, early stage follicles (Bahr et al., 1983)



components of the reproductive system. For example,
plasma E2 levels decreased approximately 48 h before

any decline in plasma VTG levels (see Fig. 2). Thus, high

circulating levels of yolk precursors can be maintained

until after the last yolky follicle has ovulated (see also

Challenger et al., 2001) without maintenance of high

plasma E2 levels. The most parsimonious explanation

for this is that the relatively long half-life of VTG (1–2

days; Redshaw and Follett, 1976; Schultz et al., 2001)
coupled with high circulating levels earlier in RYD, al-

low maintenance of these levels even if there is a de-

crease in E2-stimulated VTG production. Similarly,

oviduct size and function is maintained until the last

follicle is ovulated and the oviduct then starts to regress

rapidly while still retaining the last oviductal egg (star-
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