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Adaptation and constraint in prenatal maternal 
effects in the black-headed gull – A synthesis 
 
This thesis deals with the problem of how mothers distribute their resources 
over the different eggs of their clutch. Are avian mothers able to adjust their 
allocation of resources to the egg to maximize reproductive success and what 
constraints do they face? And what are the short- and long-term consequences of 
different maternal allocation strategies on offspring development and the 
expression of the offspring phenotype? To answer these questions we analyzed 
several pathways for prenatal maternal effects, particularly their interaction with 
laying order and offspring sex. Both influence the reproductive value and needs 
of a chick. In a number of experimental field studies, we then evaluated the 
consequences of different maternal strategies for growth, immunity, behavior 
and survival of the chick. We extended our analysis of the consequences of 
maternal resource allocation beyond the nestling period to unravel long-term 
effects on offspring fitness.  
 
Within-clutch variation of maternal effects – in interaction with 
the laying order 
Under good nutritional circumstances or in case of the failure of an older sibling, 
the detrimental effects of hatching asynchrony for the last chick should be 
mitigated to avoid irreversible or imprecise brood reduction that is likely to 
reduce fitness (Evans 1996, Forbes 1994, Lipar 2001). This consideration provides 
a theoretical framework of how mothers should vary their deposition of 
resources in interaction with the laying sequence. Although females may vary 
the allocation of several egg components, we did not find evidence that different 
maternal pathways are adjusted to potentially develop synergistic effects. We 
propose that avian mothers face constraints in some traits (transmission of 
antioxidants and antibodies) and can vary others (egg mass and androgen 
content) enabling them to compensate for the constraints they face in the course 
of the laying sequence.  
 
Maternal antioxidants and antibodies 
Both antioxidants and antibodies enhance the chick’s immune defence (Saino et 
al. 2003, Blount et al. 2002, Buechler 2002). The deposition of these components 
in the egg was not associated with each other (Chapter 6), possibly because 
maternal levels of both components are determined by different processes. 
Antioxidants are markers for diet quality and foraging ability and do not 
directly affect antibody production. Females must obtain their antioxidants from 
their diet (reviewed by Brush 1990). Depending on availability they may face 
limitations in the amount they can transfer to their offspring (Blount et al. 2002). 
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In contrast, the amount of transmitted antibodies depends on the maternal 
disease environment and her ability to raise an antibody mediated immune 
response (Chapter 5, Gasparini et al. 2001, Buechler et al. 2002). The transfer of 
maternal antibodies to the yolk represents a substantial immunological and 
energetic loss to the mother, particularly during the period of rapid growth of 
the oocyte (Kowalczyk et al. 1985, Klasing 1998).  
Antioxidant and antibody concentrations declined with a later position of the 
egg in the laying sequence (Chapter 5, 6), suggesting maternal depletion without 
adequate compensatory synthesis. Thus later oocytes within the laying sequence 
are further disadvantaged, as maternal reserves will deteriorate during laying 
(e.g. Nager et al. 2000b). Hence, last hatching black-headed gull chicks are not 
only disadvantaged by their younger age, but are also significantly immuno-
handicapped because of the reduced provisioning with immunorelevant 
substances (Chapter 5, 6). Instead of mitigating mortality due to the age and size 
difference of hatching asynchrony, the reduction in egg quality within the laying 
sequence represents an additional source of laying sequence dependent 
mortality (Parsons 1975, see below). 
 
Egg mass  
The last laid egg is often the smallest in the sequence, indicating the difficulties 
of the female to maintain egg mass within the laying order (Chapter 2). Since the 
production of larger eggs is energetically more costly (Monaghan and Nager 
1997), females are also restricted in increasing egg mass. However, egg mass 
could be a more flexible trait than antibody or antioxidant transmission as its 
variation also depends on changes in (less costly) albumen and its water content 
(reviewed by Williams 1994, Nager et al. 2000b). The amount of albumen is 
substantial in seabirds (reviewed by Williams 1994). This may explain why egg 
mass was not correlated with yolk antibody, antioxidant or androgen 
concentrations (Chapter 6). An increased size of the last egg compared to the 
first egg would enhance survival of the last hatched chick as it compensates for 
the size disadvantage dependent upon the difference in age and provides more 
reserves during the first hours after hatching (Blank and Nolan 1983, Kilpi et al. 
1996). 
Investing heavily in the production of a large last egg is only beneficial when its 
survival probability is substantial, which has to be assessed beforehand at the 
moment of egg laying, which is three weeks before the chicks hatch. Decreasing 
the impact of hatching asynchrony through variation in egg size can therefore 
only be an adaptive strategy for females able to raise the whole clutch (Viñuela 
1997). It can not serve as a means of survival against unpredictable 
circumstances. 
Even for those females that do choose to lay a larger last egg, the potential of 
within clutch egg size variation as means of mitigating the drawbacks of 



 

 
150 

hatching asynchrony is limited. In the experiment of Chapter 8, egg position in 
the laying sequence negatively affected male growth even though we matched 
chicks for age and (egg) mass (see also Nager et al. 1999). This may relate to the 
low antioxidant and antibody concentrations in last-laid eggs (Chapter 6). The 
difficulties of the female to maintain egg quality within the laying sequence can 
thus not be fully compensated for by an increasing egg mass (Parsons 1975).  
This raises the question of why females in poor condition lay a third egg instead 
of laying two eggs of similar quality. This may well relate to the high predation 
rates of unattended eggs in gull species (e.g. Brouwer and Spaans, 1994; Parsons, 
1972) and thus the necessity to have an additional egg as insurance (Forbes et al. 
1997, Graves et al. 1984, Stoleson & Beisinger 1995).  
 
Maternal testosterone and their immunological costs 
An increasing transmission of maternal testosterone within the laying sequence 
is generally thought to compensate for the detrimental effects of hatching 
asynchrony. Consistent with this hypothesis, the extent of developmental 
differences between the eggs at the moment of clutch completion – induced by 
the onset of incubation before clutch completion- , and thus the necessity to 
compensate for hatching asynchrony, was positively correlated with the increase 
in yolk testosterone concentrations (Chapter 4). Females breeding late in the year 
or having long inter-egg laying intervals - both potential indicators for females 
of lower condition (Reid 1987, Hiom et al. 1991) – produced clutches with a 
larger developmental differences and consequently transferred more 
testosterone to the last-laid egg than females in better condition. This is 
intriguing since the probability to raise the whole brood and thus the relevance 
to invest in the last egg/chick varies with the parental rearing capacity. Thus, 
why don’t females in good condition provide (even more) enhanced increases of 
yolk testosterone within their laying order? The answer may lie in the potential 
immunosuppressive effects of testosterone. 
We did indeed find evidence for an immunological cost of maternal androgens 
in a correlative study showing that chicks hatching from eggs laid later in the 
laying sequence had a significantly reduced T-cell mediated immunity (CMI) 
(Chapter 7). This suggested that yolk androgens, which are known to increase 
within the laying sequence, may be causally involved (Chapter 4, 6, Eising et al. 
2001, Groothuis and Schwabl 2002). Subsequently we experimentally 
manipulated yolk androgen concentrations (Chapter 10) and found that 
enhanced exposure to androgens during the embryonic development reduced 
the expression of the CMI (see also Eising 2004). Immunological costs of 
embryonic androgen exposure were even stronger in the case of the humoral 
immune response. Chicks hatching from high androgen eggs failed to respond 
to a bacterial challenge (LPS), which represents a common infection in gull 
chicks (Chapter 10).  
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The benefits of immunosuppression 
Immunosuppressive effects of maternal androgens may explain why females in 
good condition avoid the deposition of high testosterone concentrations in the 
egg of their last hatching chick. The question remains: why do females of low 
condition nonetheless load their (especially last-laid) eggs with testosterone? 
These females are probably not in optimal condition during laying and are 
limited in their ability to maintain egg quality within the laying order. These 
females seem to make the best out of a bad job, allowing the survival of the last 
chick if food conditions happen to be good at the time of hatching or in case of 
the failure of one older sibling. In this context enhanced allocation of 
testosterone to the last laid egg may be crucial, as the accelerating effects of 
testosterone on growth and competitiveness allow the last-hatched chicks to 
withstand the sibling rivalry of their older and larger siblings (Schwabl 1996, 
Eising et al. 2001). We propose that testosterone allocation additionally serves as 
a mechanism to adaptively de-activate the immune system. For a growing chick 
the costs of raising an immune response (Lochmiller and Deerenberg 2000) 
should be traded-off against the resulting growth reduction and the potential 
loss of a size advantage in the sibling rivalry (Soler et al. 2002, Brommer 2003). 
Consequently, for the last hatched chick, increased investment in 
immunocompetence would at the same time increase the risk of starvation. From 
this point of view, suppression of the chick’s immune system by allocating more 
androgens to chicks hatching last may represent an adaptive maternal strategy. 
Thus the immune response of the chick will be optimized to the extent that 
infections will be tolerated if the costs to the immune system outweigh the 
benefits of optimal growth and its associated benefits (Behnke et al. 1992). The 
steepness of the increase in testosterone concentrations within the laying 
sequence therefore strongly depends on its necessity, as does the expected 
degree of hatching asynchrony and a lower quality of the last-laid egg, as indeed 
shown in Chapter 4 and 6.  
 
Between-clutch variation – consequences of coloniality 
In black-headed gulls, the variation in maternal effects between clutches is 
shaped by the characteristics of colonial breeding. The aggregation of large 
numbers of breeding birds can improve the defense against predators or the 
foraging efficiency to the benefit of the individual (Ward & Zahavi 1973, 
Götemark & Andersson 1985, Danchin & Wagner 1997). Simultaneously, it 
increases the number of social or territorial interactions and may lead to an 
enhanced infection risk (Brown & Brown 1986, Wingfield et al. 1990, Groothuis 
and Meeuwissen 1992, Tella 2002). Costs and benefits of coloniality are mediated 
via maternal effects to the offspring. The number of social interactions of the 
female during laying not only influences her endocrine state (Hegner and 
Wingfield 1986, Staub and de Beer 1997), but also correlates with the yolk 
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hormone levels of her clutch (Schwabl 1997, Wittingham & Schwabl 2002, Mazuc 
et al. 2003, Eising 2004).  
The functional consequences of between-clutch variation in maternal yolk 
hormones have not been studied, unlike those of intra-clutch variation (Eising et 
al. 2001, Eising and Groothuis 2003, Schwabl 1996, Sockman and Schwabl 2002).  
We may extrapolate to some extent. Maternal androgens accelerate post-natal 
growth, which provides a benefit to the chick in sibling rivalry (Schwabl 1996, 
Eising et al. 2001). However, these benefits strongly depend on the asymmetry 
between siblings and it remains unclear whether the benefits of accelerated 
growth of the whole brood can counterbalance the cost of enhanced 
vulnerability to food shortages (reviewed by Metcalfe and Monaghan 2003), 
potentially reduced long-term survival (Birkhead et al. 1999) and the costs of 
immunosuppression (Chapter 10).  
The higher yolk hormone concentrations with an increase in social interactions 
may represent an unavoidable consequence induced by the parental nest site 
choice (Schwabl 1997, Reed & Vleck 2001, Wittingham & Schwabl 2002, Mazuc et 
al. 2003). The benefits may thus be found in the coloniality itself such as 
protection against predation, which, as pointed out above, outweighs the costs 
of maternal yolk hormones for the chick. 
 
We hypothesized that the need for antibody transmission increases with 
breeding density due to the enhanced local infection risk (Chapter 5). In line 
with our hypothesis, yolk antibody concentrations were higher in areas of high 
breeding densities compared to low density areas. As the profile of antibodies 
allocated to the yolk resembles the maternal state (Gasparini et al. 2001, Buechler 
et al. 2002), this indicates an enhanced necessity of an antibody mediated 
immune response for the mother in high breeding densities. The observed 
allocation pattern is likely to be adaptive as the transfer of specific antibodies 
provides a first antibody mediated immune defence for the chick and reduces 
disease susceptibility of the offspring towards the pathogens the mother has 
been exposed to (reviewed by Grindstaff et al. 2003). The high level of antibody 
transmission in high density areas represents a significant immunological cost 
connected to the raising of the maternal humoral immune response (Lochmiller 
and Deerenberg 2000) and a substantial resource drain for the ovulating female 
(Klasing et al. 1998). 
 
Both the transmission of androgens, which imposes an immunological cost on 
the chick, and the necessity to allocate higher amounts of antibodies, which is 
costly for the female, may represent an up to now undiscovered cost of breeding 
in high social densities. 
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Sex allocation 
Are males the weaker sex? 
Males and females of many bird species differ in size. This relates to selection 
favoring the larger size of one sex during the time of reproduction (reviewed in 
Badyaev 2002). The direction of adult size dimorphism in birds is determined 
during the nestling period (Richner 1991, Potti 1996). At that stage its adaptive 
significance is probably absent, but growing to larger size requires greater 
parental effort (Anderson et al. 1993, Krijgsveld et al. 1998, Riedstra et al. 1998, 
but see also Torres and Drummond 1999) and renders the larger sex more 
vulnerable to periods of insufficient food supply (Røskraft and Slagsvold 1985, 
Nager et al. 2000). In black-headed gulls, the males (about 15% larger) suffered 
from enhanced mortality from the age that they began to develop sexual size 
dimorphism onwards (Chapter 8). This underlined the role of the higher food 
demand in biased mortality of the larger sex, which is, however, independent of 
male sex itself as it similarly applies to a species with a reversed sexual size 
dimorphism (Torres & Drummond 1997). 
Sex differences in the food demand post hatching do not explain the males’ 
weakness to its full extent (BOX 1). Male survival was more affected by an 
experimental reduction in egg size and quality than female survival when food 
conditions were good (Nager et al. 1999). Similarly, when we experimentally 
created age-matched and mass-matched same-sex broods (Chapter 8), males, but 
not females, showed retarded growth caused by a reduction in egg quality as 
found over the course of the laying sequence,. 
The sensitivity of males towards reduced egg size and quality may relate to 
different resource demands of the sexes that are already present early in 
ontogeny. It may also be causally linked to the immune system as a reduction in 
egg quality, such as reflected by the laying sequence negatively affected male 
CMI at an earlier laying position than female CMI (Chapter 7, see also Verboven 
et al. 2003). Sex differences in immunocompetence during the nestling stage 
have also been found in other studies, showing that the male CMI is more 
sensitive towards environmental conditions (Fargallo et al. 2002) or even 
generally lower in males (Martinez et al. 2001, Tschirren et al. 2003, but see Tella 
et al. 2000). Furthermore, males suffered more heavily in terms of a reduction in 
growth from the presence of ectoparasites than females (Potti and Merino 1996, 
Tschirren et al. 2003).  
The negative consequences of the male phenotype on immunity have been 
suggested to be caused by endogenously produced testosterone (reviewed in 
Klein 2000, Olsen & Kovacs 1996). We addressed this question of whether 
endogenously produced testosterone is causally involved in the expression of 
the male phenotype disadvantage, by suppressing the immune function in an 
experimental study. Since male CMI was significantly lower in the second laying 
position (Chapter 7), we used second laid eggs for our experiment. We aimed to 
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improve male CMI via blocking androgen receptors by in-ovo injection of 
Flutamide (Chapter 9). However, we were not able to replicate sex differences in 
CMI in our control group, which would have confirmed the findings of Chapter 
7, and failed to significantly increase male CMI in the experimental group (see 
also Fargallo et al. 2002 vs. Laaksonen et al. 2004). Nevertheless, we can exclude 
that a lower CMI is the sole cause for male biased mortality, since in the control-
group mortality during the first two weeks of life was male-biased, although we 
did not find significant sex differences in the CMI. The same holds for the 
humoral immunity. Thus we conclude that males of the black-headed gull are 
not generally immuno-handicapped, which therefore can not be the decisive 
factor of male-biased mortality (Chapter 9, 10). 

BOX 3:  The contribution of maternal and endogenous testosterone  
to begging behavior of black-headed gull chicks 

 
In the black-headed gull, chicks show a conspicuous begging display to stimulate their 
parents to feed by means of regurgitating food onto the ground. The siblings then compete 
for their share, out of the control of the parent. Eising and Groothuis (2003) showed that 
timing and frequency of the begging display as well as the amount of food obtained were 
positively affected by experimentally elevated yolk androgen levels (see also Schwabl 
1996b). Given the positive relationship between maternal yolk androgens and begging 
behavior, one may expect that the sexes differ in their begging display. Male chicks are 
likely exposed to more androgens during embryonic development than females due to their 
endogenous production.  
We investigated whether males and females differ in the begging display by experimentally 
manipulating the brood sex ratios. Each experimental nest contained one male and one 
female chick, which were matched for age and size, in order to focus on sex differences 
under direct competition. Reacting first, numbers of pecks towards the bill of the parent, 
eating first and eating most were recorded as done by Eising and Groothuis (2003). All 
observations began around the time when the sexual size dimorphism develops (age 10 
days).  
Males did not show a quicker, more persistent or more successful begging display. On the 
contrary, the female chicks tended to react more often first (N=16, p=0.11, Figure 1a). 
Females showed a higher frequency of pecking towards the bill of the parent, which is a 
central behavior to stimulate the parents to feed (N=14, p=0.006, Figure 1b). It was the 
female chick that was more likely to obtain the first food item (N=9, p=0.04, Figure 1c), but 
this did not result in obtaining more food (N=12, p=0.58, Figure 1d). We did not find that 
endogenous androgens affect the begging display in a comparable way as maternal 
androgens do. The observed sex differences may relate to the development of the sexual 
size dimorphism (asymptotic body mass in this experiment: males 273.0 g, females 235.0 g). 
Males may gain an advantage in the competition for food as they are larger, placing the 
female in a more hungry situation. The enhanced begging vigor in females may thus be 
caused by their need for food (Iacovides and Evans 1998), potentially mediated via 
corticosterone (Kitaysky et al. 2003). Females may partly be able to compensate for this 
disadvantage as they are ahead in the maturation of their motor co-ordination, reflected in 
the higher probability of being first in obtaining food.   
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What else makes males the weaker sex? Testosterone may still play a role, as 
male chicks benefited from a reduction in embryonic androgen exposure by in-
ovo treatment with Flutamide with an increased growth and a somewhat 
enhanced survival rate within the first ten days of life (Chapter 9). These data 
may be an underestimation, since Flutamide also blocks the earlier reported 
beneficial effects of embryonic exposure to maternal testosterone. Since 
dimorphism-independent male-biased mortality occurs early post-hatching, the 
sexes may differ in their prenatal allocation pattern of nutritional factors, which 
may be mediated by testosterone. These determine the amount of yolk reserves 
male and female chicks carry during the first days of their life as well as their 
structural size (Nager et al. 1999, Verboven et al. 2003). This could have a 
different sex specific impact on their early survival. 
 
Testosterone effects depend on the timing of exposure  
Apparently maternal but not endogenous testosterone entails an immunological 
cost in males. This discrepancy is intriguing, since testosterone concentrations 
are significantly higher when produced endogenously compared to maternally 
derived hormones. This makes it unlikely that yolk testosterone contributes 
significantly to the plasma testosterone levels of the developing embryo (e.g. 
Woods et al. 1975, Ellis and Fivizanni 2002). Similarly to the different effects on 
the immune system, maternal yolk hormones positively affect begging behavior, 
but females beg more vigoursly than males (BOX 3). If maternal and endogenous 
testosterone would have the same effect, this would indicate that females are 
exposed to more endogenous testosterone than males, which is unlikely (e.g. 
Woods et al. 1975, Ottinger et al. 2001, Tanabe et al. 1986, Schumacher et al. 1988, 
but see Tanabe et al. 1983, see also BOX 3). The differences in the effect between 
endogenous and maternal testosterone may relate to the organizing function of 
testosterone, whereby different traits are affected by the same hormone but at 
different developmental stages according to specific sensitive periods (Balthazart 
and Adkins-Regan 2003). Maternal testosterone may act before the endogenous 
androgens are produced, and the timing within a specific time window (rather 
than the concentration) is probably crucial for determining the effect of the 
hormone. At that stage the predisposition to the action of androgens is not likely 
to be different between male and females, which renders it unlikely that the 
functional consequences of embryonic androgen exposure differ in their effect 
for male and female offspring (Chapter 10). 
However, in our study species maternal yolk androgens could be more 
beneficial to males, as the development of the larger male size associated with 
higher food demand would benefit from an enhanced competitiveness induced 
by androgens. So the effect of maternal yolk testosterone on a particular trait 
may be similar for both sexes, but the consequences and their importance may 
differ according to sex. 
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Maternal effects as means to compensate the males’ weakness 
Female birds of at least some species have been shown to control to some extent 
the sex of their offspring. The most prominent examples of such adaptive sex 
adjustments have been observed in species with large seasonal variation in sex 
specific offspring prospects (Dijkstra et al. 1990, Daan et al. 1996), breeding 
systems that include relatives of a particular sex as helpers (Komdeur 1997, 
Legge et al. 2001) or in relation to an experimentally manipulated maternal 
condition (Nager et al. 1999, Kalmbach et al. 2001). These empirical data follow 
the theoretical predictions made by Trivers and Willard (1973), who 
hypothesized that parents should adjust the sex of their offspring in response to 
their own or to environmental conditions. These predictions apply whenever the 
fitness of sons and daughters varies predictably with respect to the 
circumstances under which the offspring are produced (Charnov 1979, 1982). 
These circumstances can be described not only by the female condition or 
environmental factors, and also by the quality of the oocyte. This enables the 
female not only to produce numerically more offspring of a particular sex, but to 
skew her distribution of egg resources between the sexes to maximize her fitness 
(Charnov 1982). 
Based on the empirical observations in gulls that males are more sensitive 
toward egg size and egg quality (Chapter 7, 8; Nager et al. 1999) and the 
enhanced male mortality (Chapter 8, 9, BOX 1; Griffiths 1992, Nager et al. 1999, 
2000), we hypothesized that females may compensate for the enhanced 
vulnerability of male offspring by providing male embryos with more resources. 
Indeed, within clutches the proportion of males was positively associated with 
egg mass within all three laying positions, independently of the absolute egg 
mass (Chapter 2). This caused a significant relationship between the distribution 
of the sexes over the laying sequence and the egg mass change. When egg mass 
decreased over the sequence, first-laid eggs were male biased and last-laid eggs 
female biased, and vice versa. When we analyzed yolk testosterone content in 
relation to laying order and offspring sex, we found a complex sex specific 
pattern in interaction with laying sequence, which was highly consistent 
between the two years studied (BOX 4, see also Chapter 3 for sex specific 
testosterone allocation in the domestic chicken).  
In case of the last laid egg, females hatched from eggs with significantly higher 
androgen content compared to males. However, sex did not co-vary consistently 
with other variables of egg quality measured in terms of yolk carotenoids and 
yolk antibodies (Chapter 5, 6). The lack of such a potentially adaptive 
relationship may relate to the possibility that females are constrained in varying 
the allocation of these two components within the clutch, which was shown in 
Chapter 2 to be the important pathway of sex allocation. 
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BOX 4:  Maternal yolk testosterone in black-headed gulls: inter- 
sexual differences vary with the laying order     

Maternal yolk hormones are present in avian eggs and substantially affect the physiology 
and behavior of the chick. Yolk hormone concentrations vary systematically within clutches 
of the same species. This has been functionally interpreted as a possibility for the mother to 
differentially affect offspring development within her own brood.  

Recently, avian yolk steroid concentrations have also been demonstrated to vary with 
embryonic sex (Petrie et al. 2001, Müller et al. 2002, but see Schwabl 1993). Petrie et al. 
(2001) argued that these sex differences as found for peafowl may be causally involved in 
the process of sex determination itself, as the yolk is formed before the sex is determined. 
Subsequent studies on the domestic chicken have rendered this possibility unlikely (Müller 
et al. 2002, Eising et al. 2003). Although it still remains unclear how females adjust the sex to 
a given yolk hormone concentration, differential hormone transmission may allow them to 
favor the sex that benefits most.  
We evaluated yolk testosterone concentrations for the black-headed gull, hypothesizing 
that females may transfer more testosterone to male eggs, as males of several gull species 
are more vulnerable to harsh conditions.  
Maternal yolk testosterone increased within the laying sequence (see also Eising et al. 2001, 
Groothuis and Schwabl 2002) and yolk testosterone correlated with embryonic sex in 
interaction with the position within the laying sequence. Subsequent post-hoc tests revealed 
that female eggs of the last laying position contained significantly more yolk testosterone 
compared to male eggs (post hoc, first laid egg p=0.21, second laid egg p=0.85, third laid egg 
p=0.01).This pattern was consistent for both years investigated. Ultimately, this may relate 
to the interference competition and the dominance of the larger sex (Bortolotti 1986, 
Velando et al. 2002, Anderson et al. 1993a) and thus the competitive advantage of hatching 
from an egg with high androgen content  (see also BOX   3).  
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Figure 1: Maternal yolk testosterone concentrations 
in male and female eggs in relation to the position in
the laying order in two consecutive years {2000 (N=28
nests), 2001(N=49 nests); hierachical models, year: 
p<0.001; laying order: p<0.001; laying order x sex:  
p=0.002}                      
                                    (Wendt Müller & Corine Eising 2004)
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From the mechanistic point of view, females may take this decision at different 
developmental stages: 1. Mothers may adjust their resource allocation to the yolk  
in anticipation of the sex they will produce, which would indicate that the 
“decision” is already taken before the yolk is formed 2. Mothers could adjust the 
sex according to the size and quality of the yolk, as the yolk is formed before the 
sex of the embryo is determined (Sturkie 1986). In this case, yolk or particular 
yolk components may be involved in the process of sex determination, as 
suggested by Petrie and colleagues (2001) 3. Mothers may skew the distribution 
of resources once the sex is determined, for instance by differential albumen 
deposition. Thus, in this case, sex determination itself could be random.  
Testosterone is deposited before the sex is determined. Therefore, mechanism 
three cannot explain the sex specific co-variation between offspring sex and yolk 
testosterone concentrations (BOX 4, Chapter 3) and can only be an additional 
process 
 
In the long-term  
Prenatal maternal effects, which affect the pre-disposition of a chick in the 
sibling rivalry, as well as post-natal maternal effects that determine the 
nutritional circumstances for the whole brood, contribute to how the 
environment affects early development and the resulting phenotype of 
individual offspring (Lindström 1999). The size and quality of the egg, as 
dependent on the position in the laying sequence, influences individuals to 
develop different phenotypes through the variations in how they experience the 
environmental conditions during growth (Lindström 1999). This pre-disposition 
affects their ability to acquire food, which will be reflected in their 
morphological size. The latter may be maintained throughout the bird’s life 
(reviewed in Gebhardt-Heinrich and Richner 1998). Long-term consequences of 
the early developmental environment are not restricted to morphological 
differences alone.  
In seabird chicks food restriction, which leads to reduced growth, is 
accompanied by increasing corticosterone secretion, which enhances the begging 
behavior to the benefit of the chick during the nestling period (Kitaysky et al. 
2003). Such nutritional stress is also caused by the hatching position and last 
hatched chicks therefore experience much higher corticosterone levels (e.g. Love 
et al. 2003). In the long-term, corticosterone exposure during the nestlings period 
negatively affected the cognitive abilities thus leading to different personalities 
(Kitaysky et al. 2003).  
As pointed out above, the exposure of the developing chick to hormones also 
depends on maternally derived hormones, which have multiple effects during 
the nestlings phase and trigger subsequent developmental steps. Just as with 
corticosterone during the nestling stage these androgens may shape the chick’s 
phenotype in the long-term. The consequences of embryonic exposure to 
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maternal yolk androgens may thus reach into adulthood, to the benefit or 
disadvantage of the bird. Individuals hatching from high androgen eggs 
benefited from higher aggressiveness and an enhanced dominance status 
(Schwabl 1996, Eising 2004). In Chapter 10, we showed that embryonic exposure 
to maternal androgens significantly changes the immune system at least until 
the juvenile stage. Thus, the negative consequences of testosterone are also 
maintained in the long-term, which may well lead to the reduced survival 
probability of juvenile gulls that hatched from androgen treated eggs (Eising 
2004). 
 
Closing remarks 
There is a wealth of highly exciting relationships waiting to be unraveled on the 
fine tuning of resources provided by a mother to its egg. We clearly show the 
adaptive value of prenatal maternal effects and the constraints avian mothers 
face when providing their eggs. The optimal solution of when, where and which 
egg a mother should lay depends on the outcome of multi-factorial trade-offs in 
acute effects for the nestling. In addition, consequences way that endure into 
adulthood may contribute to the selective costs and benefits of such tuning and 
we are just on the verge of understanding how long-lasting different pre-natal 
maternal effects are. 
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