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Variation in yolk hormones is assumed to provide the plasticity necessary for mothers to individually opti-
mize reproductive decisions via changes in offspring phenotype, the benefit being to maximise fitness.
However, rather than routinely expecting adaptive variation within all species, the pattern and magnitude
of yolk hormone deposition should theoretically relate to variation in life-histories. Here we present data
on intra-clutch variation in yolk corticosterone in three species along a developmental continuum (Euro-
pean starling (Sturnus vulgaris): fully altricial; black guillemot (Cepphus grylle): semi-precocial; common
eider (Somateria mollissima): fully precocial) to examine how and why variation in life-histories might
relate to the evolution of variation in yolk steroids. Starlings and guillemots showed a significant increase
in yolk corticosterone across the laying sequence; however, we found no pattern within eider clutches.
Moreover, starlings showed the largest difference (94.6%) in yolk corticosterone between first- and last-laid
eggs, whereas guillemots showed a moderate difference (58.9%). Despite these general species-specific pat-
terns, individuals showed marked variation in the intra-clutch patterns of yolk corticosterone within each
species indicating potential differences in intra-clutch flexibility among females. It is well documented that
exposure to elevated yolk glucocorticoids reduces offspring quality at birth/hatching in many taxa and it
has therefore been proposed that elevated yolk levels may modulate offspring competition and/or facilitate
brood reduction under harsh conditions in birds. Our data suggests that intra-clutch variation in yolk cor-
ticosterone has the potential to act as an adaptive maternal effect in species where modulation of compe-
tition between nest-bound offspring would benefit mothers (starlings and guillemots). However, in
precocial species where mothers would not benefit from a modulation of offspring quality, intra-clutch var-
iation in yolk hormones may play little or no adaptive role. While future phylogenetically-controlled stud-
ies will be helpful in examining questions of adaptive mechanisms once more data on yolk corticosterone
becomes available, our results nonetheless suggest that research on the evolutionary role of yolk hormones
can benefit by a priori incorporating species-specific life-history-driven hypotheses.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Maternal effects are widely recognized as one of the most impor-
tant factors influencing offspring phenotype (Mousseau and Fox,
1998; Marshall and Uller, 2007). Maternally-derived yolk steroids
are considered potent maternal effects by providing adaptive flexibil-
ity to mothers via influences on offspring quality (reviewed in Gro-
othuis et al., 2005a,b). However, despite over a decade of research
and an abundance of reported phenotypic responses in offspring fol-
lowing exposure to maternally-derived yolk hormones (Schwabl,
1993; Groothuis et al., 2005a), the field is only beginning to examine
effects within an evolutionary context (Groothuis et al., 2005a; Love
et al., 2005; Love and Williams, 2008a). Without an evolutionary
framework from which to work, it is difficult to interpret how varia-
tion between and within individuals acts in different species to shape
the role (if any) of yolk hormones as adaptive maternal effects. For
example, while many researchers in this field would readily recog-
nize that not all species should exhibit the same within-clutch pat-
terns in yolk hormones (Groothuis et al., 2005a), there has been a
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washed with dd water. Corticosterone was eluted with 5 ml of 90%
methanol into 7 ml borosilicate vials (03-337-26, Fisher). Each sam-
ple was evaporated to dryness under a stream of air and reconsti-
tuted in 1.2 ml of assay buffer (5% ethanol) prior to being
quantified in triplicate on a single plate of the corticosterone EIA.
To quantify extraction efficiency, yolks were combined for each
species, mixed by hand using a mortar and pestil on dry ice, and
12 fractions were weighed from the combined yolk and thereafter
treated as independent controls. After dilution into a total volume
of 2 ml, six of the 12 samples were spiked with a 5 ng bolus of cor-
ticosterone in a 200 ll volume drawn from commercial standards
from a Corticosterone I125 RIA kit (ICN, Orangeburg, NY) and the
remaining six samples were spiked with 200 ll of assay diluent
from the same kit. The resulting samples settled overnight and were
handled exactly the same way as the unknown yolk determinations
so that the controls contained raw yolk, or raw yolk plus 5 ng of cor-
ticosterone. The concentration of total corticosterone (see Breuner
and Orchinik, 2002; Love et al., 2004, 2005, 2008) in yolks was
determined using a corticosterone EIA (0.13% cross-reactivity with
Testosterone; 1.7% cross-reactivity with Progesterone, <0.03%:
Pregnenolone/Cortisone/11-dehydrocorticosterone acetate; Assay
Designs Inc., MI, USA) with a 4-parameter logistic fit. Dried samples
were reconstituted in 5% ethanol in assay buffer and were run in
triplicate across eight assay plates at a total volume of 100 ll with
1:40 dilution and 1.5% steroid displacement buffer. As per kit
instructions, plates were first incubated at 26 �C under shaking at
5000 rpm for 2 h and then at 26 �C without shaking for 1 h; the
detection limit of the assay was calculated at 0.02 ng/well (0.5 ng/
g) with average intra- and inter-plate variation of 7.5 ± 1.2% and
8.2 ± 2.6%, respectively. Each plate contained three replicates of
both the un-spiked control and spiked yolks for the correct calcula-
tion of both intra- and inter-assay variation, respectively. Average
recovery of the 5 ng spike in the six replicates was 93.8 ± 2.4%. Val-
ues are reported as corrected for the recovery efficiency.

3. Results

Variation in yolk corticosterone was normally distributed for all
three species (Shapiro-Wilk Goodness of Fit Test, controlling for
nest origin: starlings: W = 97, p = 0.7, n = 55 eggs from 11 nests;
guillemots: W = 0.93, p = 0.39, n = 12 eggs from six nests; eiders:
W = 0.97, p = 0.76, n = 24 eggs from six nests). The mean level of
corticosterone in yolks varied by species (starlings:
16.6 ± 0.83 ng/g yolk; guillemots: 9.00 ± 0.83 ng/g yolk; eiders:
7.88 ± 0.41 ng/g yolk). In the first-laid eggs of starlings and guille-
mots, we found no effects of laying date on yolk corticosterone lev-
els (starlings: F1,10 = 0.83, p = 0.37; guillemots: F1,5 = 1.41, p = 0.29).
However, we found a significant positive relationship between lay-
ing date and yolk corticosterone in first-laid eggs in eiders
(F1,5 = 11.05, p = 0.009, B



Fig. 3. Individual variation in intra-clutch patterns of yolk corticosterone (from first- to last-laid eggs in a clutch) in three avian species spanning a developmental continuum
from altricial to precocial.
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across the laying sequence have recently been linked to reductions
in offspring demand in relation to laying order in starlings (Love
and Williams, 2008a). Expanding these results to species with dif-
ferent life-histories should then allow us to predict a priori both the
presence and direction of yolk corticosterone patterns within
clutches for different species: we should expect to observe signifi-
cant increases across the laying sequence in species where mothers
would benefit from a reduction in the competitive ability of off-
spring across the clutch.

4.1. Life-histories and inter-specific variation in intra-clutch patterns

We found a strong increase in yolk corticosterone across the
laying sequence in a representative temperate passerine, the Euro-
pean starling, which exhibits significant sibling competition and
altricial, nest-bound, offspring in need of extensive post-natal care
(Cabe, 1993). In fact, we found that last-laid eggs contained almost
twice as much corticosterone as first-laid eggs. A strongly increas-
ing pattern of yolk corticosterone should benefit starling mothers
by both spreading out sibling competition which optimizes ener-
getic input into the brood (Wiebe and Bortolotti, 1994) and
increasing the likelihood of adaptive brood reduction during low
resource conditions (Love and Williams, 2008a).

In the black guillemot, which usually exhibits limited sibling
competition and semi-precocial young (Butler and Buckley,
2002), we found a significant but less steep increase in yolk corti-
costerone from the first to second-laid egg. Guillemot mothers may
benefit from depositing higher yolk corticosterone in second-laid
eggs, a factor which may combine with hatching asynchrony to re-
duce sibling competition under normal feeding conditions in much
the same way as for starling broods. Sibling aggression typically
only occurs when food is limited and it is the chick hatching from
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