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Chapter 1 
General Introduction 
 
Wendt Müller 
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“Maternal effects occur when the phenotype of an individual is 
determined not only by its own genotype and the environmental 
conditions it experiences during development, but also by the 
phenotype or environment of its mother” (Mousseau and Fox 1998) 
 
 
Introduction 
Maternal effects influence the offspring phenotype and are potentially of great 
ecological and evolutionary significance (Mousseau and Fox 1998). They 
represent another important pathway - in addition to the well studied genetic 
inheritance – along which the offspring phenotype is shaped. The importance of 
maternal effects relates to their ubiquity and the fact that they can act at different 
stages of the offspring development. Mousseau and Fox (1998) subdivided these 
stages in: (I.) pre-ovulation (prezygotic), (II.) the embryonic period (postzygotic-
prenatal), (III.) the early postnatal development (postzygotic-postnatal).  
 
Maternal effects in birds 
I. Prezygotic maternal effects 
In avian species, the embryo develops in the sealed environment of the egg, 
which means that no further adjustments of the embryonic resource 
environment are possible once the egg is laid. The maternal allocation pattern 
during egg formation will therefore have a strong impact on reproductive 
success, as egg size and quality significantly influence offspring development 
and survival. Thus, prezygotic maternal effects may represent an important 
contribution of the mother’s phenotype on the expression of the offspring 
phenotype.  
Prezygotic maternal effects in avian species include variation in egg mass and 
egg quality such as yolk hormones, antioxidants and antibodies, and the 
adjustment of the sex of the embryo. All of these processes have been shown to 
influence offspring development and fitness as detailed briefly below. 
 
(a) Egg mass variation  
Variation in egg mass affects hatchling body size, growth rate and survival 
prospects (reviewed in Williams 1994) and thus represents a powerful maternal 
effect. Around 70% of the variation in egg size is caused by inter-female 
differences (reviewed by Williams 1994, Christians 2002). In addition, egg size 
has been shown to vary systematically with the position in the laying sequence 
of a clutch, which may relate to the reproductive strategy of a female (Blank and 
Nolan 1983). Often the last-laid egg is the lightest of the clutch, indicating the 
difficulties of the female to maintain egg size in the course of laying (e.g. Reid 
1987, Hiom et al. 1991). Within-clutch variation may therefore strongly affect the 
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predisposition of the chick in sibling competition with potentially lifelong 
consequences.  
 
(b) Sex adjustment  
Birds have chromosomal sex determination and the definition of a maternal 
effect as non-genetic inheritance may therefore not be completely appropriate. 
Nevertheless, the genetic constitution of the female – which is the heterogametic 
sex - in principle enables her to adjust the sex of her oocyte, although it remains 
unclear how the female influences the process of chromosomal sex 
determination (reviewed by Pike and Petrie 2003). It has been suggested that the 
process of sex adjustment may be affected by the mother’s phenotype, as for 
example her endocrine state (reviewed by Pike and Petrie 2003). Thus sex 
adjustment represents a special case where the offspring genotype is affected by 
the mother’s phenotype. There is convincing empirical evidence that female 
birds of at least some species have control over the sex of their offspring 
(Dijkstra et al. 1990, Komdeur et al. 1997, Nager et al. 1999, Legge et al. 2001, 
Kalmbach et al. 2001). This capacity may enable them to adaptively skew their 
resource distribution between the sexes. 
 
(c) Maternal hormone transmission  
The discovery that bird eggs contain maternally-derived steroid hormones (Prati 
et al. 1992, Schwabl 1993) raised the possibility that differential hormone 
allocation may serve as an adaptive maternal effect, since hormones have 
multiple effects on a wide variety of morphological, physiological and 
behavioral traits (Ketterson and Nolan 1999). This has been investigated in a 
number of experimental studies, which revealed that comparatively small 
changes in the hormonal (especially androgen) environment of an embryo 
induced a wide range of effects (e.g. Schwabl, 1993, 1996, Lipar and Ketterson 
2000, Eising et al. 2001). Such findings led to the hypothesis that maternal yolk 
androgens are beneficial to offspring, particularly in the context of hatching 
asynchrony (Schwabl 1993). However, early exposure to androgens may also be 
costly for the chick, for example by suppressing their immune system (Hirota 
1976).  
 
(d) Maternal antibody transmission 
Maternal antibody transmission describes the transfer of components of the 
acquired immunity from the immunocompetent adult to the offspring (reviewed 
by Grindstaff et al. 2003). This seems adaptive as it provides a first antibody 
mediated immune defence at an early developmental stage of the offspring, 
when its own immune system is still inefficient and has only limited ability to 
endogenously synthesize antibodies (BOX 1, reviewed by Apanius 1998). Indeed 
the transfer of passive immunity has been shown to reduce the disease 
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susceptibility of the offspring towards specific pathogens (reviewed by 
Grindstaff et al. 2003). However, the transmission of maternal antibodies 
represents a significant immunological and energetic cost for the ovulating 
female (Klasing et al. 1998). Their allocation should therefore be adjusted relative 
to the risk of infection in the offspring, a risk which can vary with the local 
pathogen density. 
 

 

BOX 1:  ONTOGENY OF HUMORAL IMMUNITY  
Avian species have evolved a complex immune system. This includes the highly specialized 
and efficient acquired immunity, which enables them to defend themselves against 
parasites and pathogens. At hatch the chick is confronted with an abundance of parasites 
and pathogens, however,  the chick’s immune system is initially inefficient and immature as 
the humoral immune response has not yet developed (Apanius 1998). 
As in other birds, maternal antibody concentrations of black-headed gull hatchlings are 
high due to the presence of maternal antibodies. Maternal antibody concentrations decline 
as a consequence of being used in the immune defence or catabolized until the chicks 
develop their own humoral immunity. Plasma antibody titers of black-headed gull chicks 
are lowest at about 4 days of age and subsequently increase, indicating that the embryo has 
started to endogenously produce more antibodies than are catabolized. In the course of the 
nestling period, plasma antibody concentrations steadily increase and reach their maximum 
before the chicks fledge. The timing of the onset in endogenous production, as well as the 
increase till about 20-25 days of age, resemble previous results on domestic chickens and 
quail, as reported by Watanabe and Nagayama (1974).  
Thus, early in life, chicks are particularly vulnerable towards pathogens and parasites. 
Passive immunity, as transferred by the mother, the timing of the onset in endogenous 
antibody production, and other traits of the immune system, such as the T-cell-mediated  
immunity, may therefore have a strong impact on their survival.  
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Figure 1: Concentrations of plasma antibodies (mean +/- se) during the
nestling period (N=117 nests, N=208 chicks out of three experiments)
expressed relative to the lowest value measured within each experiment.
Sample sizes for each age class are indicated by the numbers.  
Wendt Müller & Heli Siitari 2003 
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(e) Maternal antioxidant transmission 
Maternally transmitted antioxidants (particularly Carotenoids and Vitamin E) 
play an important role in the prevention of oxidative damage common in 
rapidly growing organisms such as the embryo. Their powerful roles in the 
protection against lipid peroxidation and their function as immunostimulants 
make antioxidants an essential component of the egg (Surai and Speake 1998, 
von Schantz et al. 1999, Saino et al. 2003). However, antioxidants must be 
obtained from the diet as they can not be synthesized de novo (reviewed by 
Brush 1990). Their availability thus depends on the environmental food supply 
and the foraging ability of the bird. This natural supply may be restricted for the 
female, as supplementary feeding of the mother with an antioxidant enriched 
diet resulted in an almost twofold increase in the yolk concentrations (Blount et 
al. 2002). The high maternal investment that becomes obvious in the rich 
pigmented gull egg (Blount et al. 2000) suggests that yolk antioxidants play a 
fundamental role in the developing chick.   
 
II. Postzygotic-prenatal maternal effects 
In avian species the possibilities for postzygotic-prenatal maternal effects are 
restricted to the transfer of heat in the course of incubation as the embryo 
develops outside the mother’s body. However, the onset of incubation behavior 
before clutch completion can have sizable consequences for the survival 
probabilities of her offspring. Long time intervals between the onset of 
incubation and the laying of the last egg increase the timespan across which a 
clutch hatches. This places the last hatched chick in an age disadvantage and, 
because chicks are fed from the time they hatch, also a size disadvantage at birth. 
This hatching asynchrony has therefore a strong effect on the survival 
probability of the later-hatching chick. One of the first hypotheses to functionally 
explain hatching asynchrony was that it facilitates elimination of the later-
hatching chicks to the benefit of the parents when the conditions are unfavorable 
(Lack 1947). Under good nutritional circumstances detrimental effects of 
hatching asynchrony should be mitigated to avoid irreversible or imprecise 
brood reduction that is likely to reduce fitness (Evans 1996, Forbes 1994, Lipar 
2001). In addition, in gulls the survival of the last-hatched chick also depends on 
the failure to hatch or survive of one of the older siblings (Graves et al. 1984). 
The last-laid egg has therefore been suggested to be an insurance against 
hatching failure or early loss of the first- or second-laid egg or its chick (Forbes et 
al. 1997, Graves et al. 1984, Stoleson & Beisinger 1995). In case of no such failure, 
hatching asynchrony should facilitate the reduction to the optimal brood size. 
The adaptive significance of hatching asynchrony therefore depends on 
environmental variability in food availability and unpredictable predation or 
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hatching failure. In this context, prenatal maternal effects should be adjusted to 
the growth perspectives of the last hatching chick.  
 
III. Postzygotic-postnatal maternal effects 
Finally, differences in the environment during early ontogeny, especially the 
availability of resources, can cause permanent effects on morphology and 
quality of birds, leading to different phenotypes (Lindström 1999, Ohlsson and 
Smith 2001, Metcalfe and Monaghan 2001, 2003). As chicks often exclusively 
depend on the adult during the first days or weeks post-hatching, maternal care 
during this period represents a final pathway to how the chick’s phenotype is 
influenced by the mother’s phenotype. However, this will not be detailed within 
this study. 
 
 
The present study 
The decision as to what egg avian mothers should lay is of great importance in 
determining fitness. As detailed above, several pathways exist determining how 
the mother’s phenotype can influence offspring development. These different 
maternal effects may enhance or counterbalance each other to eventually 
optimize offspring performance. However, individual females may also face 
constraints in the optimal resource allocation, which will be reflected both in the 
total clutch level and the distribution of resources between the different eggs of a 
clutch. 
In the present study we evaluate the adaptive significance and potential 
constraints of prenatal maternal effects in the framework of: (a) hatching 
asynchrony: prenatal maternal effects may play a central role in the fine tuning 
of hatching asynchrony (b) offspring sex: males and females in a sexually size 
dimorphic species such as the black-headed gull may differ in their need and 
reproductive value. Consequently mothers may adjust resource deposition to 
offspring sex, eventually favoring one sex over the other (c) immunity: the 
optimal resource allocation to immune function in the offspring competes with 
other physiological functions such as growth. Maternal effects may mediate the 
trade-off between immune function and growth. 
 
(a) Maternal effects in the context of hatching asynchrony  
The survival probabilities of black-headed gull chicks are characterized by 
hatching asynchrony that seriously reduces the survival probability of later-
hatching chicks (Figure 1). Given this severe impact on offspring survival, one 
might expect that mechanisms have evolved to allow a precise adjustment (or 
mitigation) of the degree of hatching asynchrony to the prevailing food 
conditions that influence survival perspectives. Transmission of maternal 
hormones to the yolk has been suggested to be such a mechanism (e.g. Schwabl 
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1993, Eising et al. 2001), as yolk 
hormones positively influence 
attributes relevant for this 
context (embryonic 
development, competitiveness 
and post-natal growth). This 
hypothesis has been developed 
based on a between-species 
comparison, but clearly needs 
to be evaluated in a within-
species context. This is the topic 
of Chapter 4. Variation in egg 
size could also serve as a 
maternal mechanism to 
modulate the size disadvantage 
of the last-hatched chick, which is dependent upon the difference in age in a 
brood and will be dealt with in Chapter 2. Females, however, may be limited in 
the amount of resources they can deposit in the course of the laying sequence, 
causing deterioration of egg quality in the laying sequence. Consequently later 
hatching chicks may additionally suffer from a reduction in egg quality. The role 
of egg quality in hatching order related mortality may have been 
underestimated thus far and one might question to what extent females can 
overcome or compensate for possible constraints (Chapter 6). To disentangle the 
respective contributions of different maternal strategies on chick performance 
requires an experimental approach, which will allow much more precise 
conclusions. We therefore performed an experiment to evaluate the importance 
of egg quality using eggs of different laying positions, but matched for age and 
size (Chapter 8). 
 
(b) Maternal effects - favoring sons or daughters  
The survival probabilities of black-headed gull chicks do not only depend upon 
the hatching sequence, but also on their sex. Mortality of gulls during the 
nestling phase has repeatedly been reported to be male-biased (Sayce & Hunt, 
1987, Griffiths 1992, Nager et al. 1999, 2000). As gulls are sexually size 
dimorphic, with males approximately 15% larger than females, it has been 
argued that differences in energetic requirements are responsible for the 
observed mortality pattern (Nager et al. 2000). However, it is likely that other 
characteristics of the male phenotype, apart from sexual size dimorphism, 
contribute to the observed mortality pattern (see BOX 2), as male-biased 
mortality has been reported when post-hatching nutritional circumstances were 
optimal, but egg size and quality was low (Nager et al. 1999).  
 

Figure 1: The proportion of first, second and third hatched 
chicks surviving (Wilcoxon Gehan statistics, N=84 nests, 
hatching/laying order p=0.006) 
                                    Durk Venema & Wendt Müller 2002  
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Given the sex differences in survival probability and the higher sensitivity of 
male chicks towards a reduction in egg quality, females could adjust the 
distribution of resources between the sexes, if they indeed have control over or 
can register the sex of their eggs. Do females anticipate sex specific requirements 
of their offspring? We therefore analyzed whether females can control the sex of 
their offspring and if so, how mothers distribute their resources between the 
sexes in terms of nutrients (Chapter 2), steroid hormones (Chapter 3, 6), 
antioxidants (Chapter 6) and antibodies (Chapter 5, 6).  
 
 
 
 

BOX 2:  THE MALE PHENOTYPE DISADVANTAGE  
In many avian species, male offspring are more vulnerable to adverse conditions during 
early development than are female offspring. These differences in survival probability have 
been attributed to differences in the energetic requirements as males are frequently the 
larger sex at maturation (sexual size dimorphism, Figure 1).  
However, differences in the survival pattern already occur at an age when males and 
females do not yet differ in their growth (Figure 1, 2). Thus, other traits of the male 
phenotype must also be responsible. The development of phenotypic differences begins 
early in embryonic development, when production of gonadal hormones organizes 
specifically the individual’s physiology, endocrinology, immunity and (postnatal) behavior 
sex (for avian species see Balthazart & Adkins-Regan 2003). Male embryos thereby 
experience much higher androgen to estrogen ratios than female embryos. This may play a 
central role in the expression of the male phenotype disadvantage, as androgens suppress 
the immune function (Grossmann 1985, Olsen & Kovacs 1996, Klein 2000). 
 
Male chicks are thus already at a survival disadvantage early in life, due to their enhanced 
androgen exposure during embryonic development. This disadvantage becomes even more 
pronounced by sex-specific energetic requirements of the growing chicks, with the males 
typically requiring a greater amount of food.  
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Figure 2: The proportion of male and female chicks
surviving (N=87nests, p=0.04)

Figure 1: Body mass changes with increasing age for male
                and female chicks (N=87 nests, p<0.001)
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(c) Immunity 
In the course of the project, the development and expression of the immune 
system as a central life history trait became increasingly important, since 
maternal effects and the chick’s immune system are entwined to a large extent. 
At hatching a chick’s immune system is largely immature (BOX 1) and maternal 
effects can have a strong impact on the chick’s immune function, e.g. via the 
transfer of passive immunity. Mothers can deposit carotenoids and vitamin E in 
the egg yolk, which have an important function as antioxidant (Chapter 6). 
Antioxidants buffer oxidative stress during embryonic development and 
hatching, thus prevent lipid peroxidation and enhance the CMI post-hatching 
(von Schantz et al. 1999, Surai 1999, Surai 2002, Saino et al. 2003). Furthermore, 
females may use the transmission of elements of their acquired immunity to 
reduce offspring susceptibility towards specific pathogens early in life (reviewed 
by Grindstaff et al. 2003). Whether this is adjusted to the prevailing pathogen 
environment is analysed in Chapter 5.  
Conversely, maternally transmitted androgens may suppress immune function 
(Hirota et al. 1976). The presence of maternally derived hormones in avian eggs 
has stimulated several studies investigating yolk hormone patterns and their 
functional consequences. However, the costs for the offspring associated with 
the transmission of maternal androgens to the yolk have so far received little 
attention. Immunosuppression through maternal androgens is one such 
potential cost. This can represent an important counterbalance of the effects of 
increasing maternal hormone deposition with laying order to compensate for 
hatching asynchrony. Also, in an inter-clutch comparison, high levels of 
androgens, e.g. as a consequence of high breeding densities, may be particularly 
costly, since the aggregation of a high number of birds simultaneously enhances 
the infection risk for the offspring.  
Hence, the suggestion that maternal yolk androgens are beneficial has perhaps 
been overemphasized and several important questions remain unsolved: why do 
birds only allocate high levels of androgens to the yolk under specific 
circumstances? And why is there hatching asynchrony, as yolk androgens are 
such a powerful tool to reduce developmental differences? Do maternal 
androgens affect male and female offspring in the same way? 
We investigated the (sex specific) consequences of maternal androgens on the 
chick’s immunity (Chapter 7). We also considered the potential trade-off in the 
allocation of resources to immune function and growth, both in the short and 
long term using experimental manipulations of the embryonic hormonal 
environment (Chapter 9, Chapter 10).  
Embryonic androgen exposure - and thereby potential immunological costs - 
depends not only on maternal yolk androgens but also on endogenously 
produced hormones. The endogenous produced sex steroids differ between 
male and female embryos in their concentration and their ratio towards each 
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other (Woods et al.1975, Tanabe et al. 1979, Tanabe, Takashi & Nakamura 1983, 
Tanabe, Saito & Nakamura 1986, Schumacher, Sulon & Balthazart 1988, Ottinger, 
Pitts, & Abelnabi 2001), which has been attributed to be the underlying 
mechanism for the expression of the male phenotype disadvantage (BOX 2). The 
male handicap may also enhance the importance of egg quality (Nager et al. 
1999) to buffer against immunosuppressive effects of androgens. We therefore 
investigated whether males and females differ in their immunity in relation to 
changes in egg quality that occur in the course of the laying sequence (Royle et 
al. 2000, Blount et al. 2002) (Chapter 7). We also experimentally manipulated the 
embryonic hormone exposure by injection of an anti-androgen to evaluate 
whether higher testosterone levels are the cause of the male-biased mortality 
early in life (Chapter 9).  
 
 
Outline 
We first will investigate multiple maternal traits, to provide us with a complete 
picture on the interaction between prenatal maternal effects and hatching 
asynchrony, sex and immunity (Chapter 2-6). Second, in a number of 
experimental field studies we will evaluate the functional consequences of 
different maternal strategies and the importance of particular egg components 
on growth, behavior, immunity and survival of male and female offspring 
(Chapter 7-10). Finally, we will present an integrative perspective of prenatal 
maternal effects, and will indicate directions for future work (Chapter 11). 
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