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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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Chapter 2 
Within clutch co-variation of egg 
mass and sex in the black-headed 
gull (Larus ridibundus) 
 
Wendt Müller, Ton G.G. Groothuis, Corine M. 
Eising, Serge Daan, Cor Dijkstra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Submitted  

 

 



 
22 

 
Abstract Female birds of several species have the control over the 

production of daughters and sons. However, most studies failed 
to find a relationship between egg size and sex. This is intriguing 
as adjustment of egg size would constitute a powerful tool for 
the female to meet different resource demands of the sexes, 
particularly in size dimorphic species.  
Our results show that, within clutches of black-headed gulls 
(Larus ridibundus) the proportion of males was positively 
associated with egg mass. This applied for all three laying 
positions, independently of the absolute egg mass. There was 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. The 
potential adaptive value of this allocation strategy is evaluated 
with regard to male sensitivity to egg quality and competitive 
differences between the sexes.  
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Introduction 
As reproduction is costly current reproductive events should be traded off 
against future reproduction, especially in long-lived species (Stearns 1992). 
Female birds can reduce their costs of reproduction by laying lighter and fewer 
eggs. Furthermore, if one sex is more costly to rear and its fitness more heavily 
dependent on the nutritional circumstances, mothers should adjust the brood 
sex ratio towards the sex that profits most from given circumstances (Trivers and 
Willard 1973). This hypothesis is supported by evidence on biased offspring sex 
ratios in response to food abundance and female condition in avian species, 
where one sex is more vulnerable to harsh conditions (e.g. tawny owl Strix aluco: 
Appleby et al. 1997, zebra finch Taenopygia guttata: Kilner 1998). This may relate 
to sex differences in energetic requirements in the case of species with sexual 
size dimorphism (Anderson et al. 1993a, Dijkstra et al. 1998, Krijgsveld et al. 
1998, Riedstra et al. 1998). The theoretical predictions made by Trivers and 
Willard (1973) apply across a wide range of species, whenever the fitness of 
producing sons or daughters varies predictably with the circumstances under 
which the offspring is produced (Charnov 1979, 1982). These circumstances may 
not only be described by female condition or environmental factors, but also by 
the quality of the oocyte. This has indeed been shown for lesser black-backed 
gulls Larus fuscus , black-headed gulls Larus ridibundus and jackdaws, Corvus 
monedula where males were more susceptible to a reduction of size and/or 
quality of the eggs (Nager et al 1999, Arnold & Griffiths 2003, Müller et al. 
subm.). Thus females may not only numerically produce more offspring of a 
particular sex, but also skew their distribution of resources between the sexes to 
maximize inclusive fitness (Charnov 1982). 
Although the ability of mothers to manipulate the sex of the embryo according 
to her condition and/or food availability has been shown in a number of 
experimental studies (lesser black-backed gull: Nager et al. 1999, great skua 
Catharacta skua: Kalmbach et al. 2001, zebra finch: Rutkovska & Cichon 2002), 
these studies failed to find a direct relationship between egg mass and offspring 
sex even though their experimental food manipulation significantly affected egg 
mass. The absence of such a relationship is intriguing, as chicks benefit from 
enhanced egg mass (reviewed in Williams 1994, Christians 2002), and females 
may thus have a tool to diminish the higher vulnerability of the larger sex 
(Nager et al. 1999, Müller et al. subm.). Furthermore, the results of the studies 
that did find overall sex differences in egg mass, have been rather inconsistent, 
as high egg mass was correlated with the smaller sex (american kestrel Falco 
sparverius Anderson 1997, spotless starling Sturnus unicolor Cordero et al. 2001, 
brown song lark Cinclorhamphus cruralis Magrath et al. 2003) or larger sex (house 
sparrow Passer domesticus Cordero et al. 2000, jackdaw Arnold & Griffiths 2003). 
The interpretation of these results becomes further complicated, as within and 
between clutch effects are often insufficiently distinguished in the statistical 
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analyses. This makes it difficult to draw conclusions on both proximate and 
ultimate aspects of such co-variation.  
Females may bias the sex ratio of their eggs according to their rearing capacities 
(between clutch adjustment), which is supported by the results of the egg 
removal study of Nager et al. (1999). In his experiment females that were not 
supplementary fed throughout the experiment induced a female-bias among the 
last laid eggs of the extended sequence that were also significantly reduced in 
size. In contrast, no such bias in the sex ratio was observed in the supplementary 
fed group and their eggs were significantly heavier throughout the laying 
sequence. This suggests that the absolute egg mass may be of importance. 
Theoretically, in a between nest comparison light clutches and consequently 
light eggs, produced by females with a reduced rearing capacity and low body 
condition, should be biased towards the sex that is less affected by a reduced egg 
size and quality.  
Females may also adjust the sex of each individual egg according to its position 
and relative size within the clutch. Such a sex specific division of her resources 
would allow the female to interfere with competitive differences between the 
sexes and to respond to differential nutritional needs of the sexes (within clutch 
adjustment). The study of Rutkovska & Cichon (2002) provides such an example: 
Female zebra finches that switched from a high quality diet to a poor diet after 
laying of the first egg showed impaired increase in egg mass with laying 
sequence and biased the later eggs towards males (the less vulnerable sex in this 
species). In contrast, females that were able to substantially increase their egg 
mass after the opposite change in diet, shifted the sex of the last laid eggs 
towards females. Thus, although the last laid eggs of both experimental groups 
did not differ in their absolute weight as they started with different masses of 
the first egg, they differed in the sex ratio, indicating a within clutch adjustment 
of offspring sex to the current food conditions. 
 
In order to distinguish between these two possibilities, we investigated the 
relationship between offspring sex and egg mass, both in a within and between 
clutch comparison in black-headed gulls, a species with similar life-history and 
sexual size dimorphism as the lesser black-backed gull.  
In lesser black-backed as well as black-headed gulls, males are reported to be 
more sensitive to a reduction in egg size, egg quality and post hatching food 
conditions than females (Griffiths 1992, Nager et al. 1999, 2000, Müller et al. 
subm.). Hence, sex ratio adjustment as found under extreme experimental 
conditions with repeated egg removal (Nager et al. 1999), is therefore very likely 
of  relevance to compensate the enhanced male sensitivity. We therefore 
hypothesized that females transfer more resources to male oocytes or vice versa 
allocate the male sex to oocytes of higher quality.   
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We adressed the question, whether variation in absolute egg mass is the decisive 
factor in between clutch sex ratio adjustment among gulls species. Alternatively, 
each individual female may vary egg mass and offsping sex within her clutch in 
terms of a maternal strategy of sex specific resource allocation. 
 
 
Material and Methods 
(a) Study species and study population 
The Black-headed gull is a sexually size-dimorphic species with adult males 
about 15% heavier and skeletally larger than adult females (Glutz von Blotzheim 
& Bauer 1982). Their clutch typically consists of three eggs, which are laid over a 
three to six day period (Cramp & Simmons 1983). On average the eggs are 
incubated 23 days, after which the chicks hatch asynchronously (Glutz von 
Blotzheim & Bauer 1982). In 2000 and 2001, fieldwork was conducted in a large 
black-headed gull colony (about 2000 breeding pairs distributed over several 
sub-colonies) situated on the Northeast coast of The Netherlands.  
 
(b) Field work and data collection 
During the laying period, nests were controlled every day for freshly laid eggs. 
Each egg was marked with a non-toxic pen for its position within the laying 
order (A for first, B for second and C for last laid eggs) and the date of egg 
laying. On the day of clutch completion, the nest was marked with a numbered 
bamboo stick, and all eggs were weighed to the nearest 0.1 g. As first and second 
eggs were weighed a few days post-laying, their mass might be slightly 
underestimated. In 2000, all clutches remained in the field, where hatching took 
place. In this year we determined the sex (see below) of all three chicks of a 
clutch in 292 nests. At the time of hatching, all nests were checked once a day for 
freshly hatched chicks. Whenever a chick started to hatch, with its beak showing 
through the broken eggshell, we marked the bill with a non-toxic pen, in order 
to register, which chick came from which particular egg. At the day of hatching 
all chicks received a numbered colour ring for individual identification. From 
each hatchling we collected a drop of blood (about 20 µl) by puncture of the 
ulnar vein and stored it in 100 % ethanol. Although we did not establish the 
hatchling mass in the course of this experiment, previous work on our species 
has shown that hatchling mass strongly correlates with egg mass (Eising et al. 
2001). In 2001, none of the 142 clutches was allowed to hatch under natural 
circumstances. Of these clutches, 96 were collected on the day of clutch 
completion and placed in an incubator at 37.5 °C with 60 % humidity to allow 
some embryonic development for sex determination. Embryo and yolk of these 
eggs were separated. The yolk was used for other purposes (for details see 
Müller et al. in press) and a small tissue sample of the embryo stored in 100 % 
ethanol until analysis. Eggs of the remaining 46 clutches were taken to the 
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incubator about 4-7 days before hatching. These eggs hatched in the incubator 
and within a few hours after hatching we sampled a small amount of blood (see 
above). These chicks were subsequently cross-fostered as part of another 
experiment (Müller et al. subm.).  
 
(c) Molecular sex identification 
About 1 µl of the blood sample, and in case of the embryos a small tissue 
sample, was used for Chelex® resin-based DNA extraction (Walsh et al., 1991). 
Two µl of the resulting DNA solution was used in a polymerase chain reaction 
(PCR) to amplify a part of the CHD-W gene in females and the CHD-Z gene in 
both sexes (for details see Griffiths et al., 1998). The amplified products were 
separated in 2.5% agarose gels containing ethidiumbromide and visualized 
under UV light. Based on the presence of the PCR-products, hatchlings were 
identified as male (CHD-Z gene product only) or female (CHD-Z gene and 
CHD-W gene products). The reliability of this method has been evaluated with 
Black-headed gulls of known sex (see Müller et al. 2003), yielding a 100% correct 
match. 
 
(d) Statistical analyses 
Sex ratio data were analyzed using hierarchical linear modeling in the MLwiN 
program, version 1.10 (Rasbash et al., 2000). This method takes into 
consideration the nested relationship of different chicks in a nest in order to 
prevent pseudo replication and controls for multiple (independent) variables. 
Sex ratio data were first transformed using the logit function and their order 
penalized by quasi-likelihood estimation (Goldstein 1995). Significance was then 
tested using the Wald statistic, which follows a χ2–distribution. The following 
independent variables were included in the first model: egg mass, mean egg 
mass per clutch, position in the laying sequence (categorical variable), year and 
all possible interactions. As we were interested in within nest effects separated 
from the between nest variance, mean nest values of the tested variables were 
included in the model yielding separate estimates for within and between nest 
effects (Snijders & Bosker 1999). Post-hoc tests were in the same program. 
Changes in egg mass with laying sequence were analyzed in the MLwiN 
program as described above. In this second model we included: AC mass-
asymmetry (egg mass A-egg – egg mass C-egg), position within the laying 
sequence (categorical variable), laying date, year and all possible interactions.  
Egg mass in relation to laying position was analyzed in MLwiN, here 
significance was tested using the increase in deviance (∆deviance), when a factor 
was removed from the model, which follows a χ2–distribution (Wald statistic). 
To analyze the distribution of the sexes over the laying sequence we used Fisher 
exact tests, in case of the analysis of changes in egg mass with laying interval 
(=difference in laying date between first and last laid egg) linear regressions. 
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There were no significant contributions of year (p>0.26 in all cases) or laying 
date (p>0.59 in all cases) and all their two-way interactions in none of the 
analyses. In the absence of specific predictions with respect to the effects of these 
factors on sex ratio, the detailed non-significant statistics regarding year and 
laying date are not repeatedly presented in the results section.  
 
Results 

Variable mean [g] se Min [g] Max [g] Range [g] 

First-laid egg 37.11 0.14 28.8 46.8 18 

Second-laid egg 37.34 0.14 29.9 47.2 17.3 

Third-laid egg  36.12 0.14 28 45.8 17.8 

clutch mass 110.51 0.38 88.1 136.3 48.2 

 

Table 1: Clutch mass and egg mass in relation to position in the laying sequence (N=1302 
eggs out of 434 clutches). 
 
Between nest comparison 
The overall sex ratio in our sample of 1302 eggs/chicks from 434 nests was 49.8 % 
males. Fig. 1 shows the brood sex ratios as a function of average egg mass per 
clutch.  Variation in average egg mass per clutch did not co-vary with the brood 
sex ratio (Wald χ2 = 0.09, df=1, p=0.76, Fig. 1). Egg mass data, presented in table 1, 
showed considerable variation, ranging from 27g. to 47.2g. However, there was 
no significant association between the sex of an egg and its absolute mass (Wald 
χ2=0.13, df=1, p=0.72). There was also no significant relationship when A-eggs 
(Wald χ2 = 1.89, df=1, p=0.17), B-eggs (Wald χ2 = 0.76, df=1, p=0.38) or C-eggs 
(Wald χ2 = 0.21, df=1, p=0.65) were analyzed separately in post-hoc tests. 

 

Figure 1: Percentage of males in relation 
to the mean egg mass per clutch binned 
in average size classes of 2 [g] each. 
Data were pooled if the sample size per 
group dropped below the minimum of 
ten cases which was the case at both 
ends of the distribution. The respective 
sample sizes are indicated by the 
numbers. Statistical tests were done on 
individual data points (see text). 
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Within nest comparison 
Offspring sex was not significantly associated with the laying sequence (sex ratio 
of A-egg 0.52, B-egg 0.47, C-egg 0.50; Wald χ2 = 2.21, df=2, p=0.33). 
Within each clutch, males hatched from relatively heavier eggs compared to 
females (Wald χ2 = 8.46, df=1, p=0.004) (Fig. 2). Similar trends occurred in all 
three laying positions (post-hoc: A-egg: Wald χ2 = 3.61, df=1, p=0.06; B-egg: Wald 
χ2 = 1.83, df=1, p=0.18; C-egg: Wald χ2 = 4.36, df=1, p=0.04) (Fig. 2).  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Percentage of males in relation to the relative egg mass (individual egg mass 
relative to the clutch mean) binned in classes of 0.025, separately for each laying position. 
If the sample size per group dropped below the minimum of ten cases, which was the case 
at both ends of the distribution, these data were pooled. In these cases, the average X-
value is plotted. Statistical tests were done on individual data points (see text). Filled 
circles represent first laid eggs (dotted regression line), open circles second laid eggs (solid 
regression line), closed triangles last laid eggs (dashed regression line). 

 
We found that the second laid egg was more likely to be a male egg, if the first 
laid egg had been a male egg, which also applied for females. Thus the 
probability for two eggs of the same sex within the first two eggs of a clutch was 
significantly enhanced (58% same sex, Fisher exact test, p<0.001). However, this 
did not apply for the first versus last (49% same sex, Fisher exact test, p=0.70) 
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and the second versus last egg (51%, Fisher exact test, p=0.77). This may relate to 
changes in egg mass, as first and second egg only slightly differed in their 
weight (mean change +0.22g  ± 0.09 se, ∆dev 6.497, p=0.01), in contrast to the 
strong change in egg mass between first and last laid egg (mean change -0.99g ± 
0.11 se, ∆dev 79.72, p<0.001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 3: Sex ratio of first- (filled circles, solid regression line) and last-laid eggs (open 
circles, dotted regression line) in relation to the AC mass-asymmetry within the clutch 
{mass of first-laid egg (A-egg) minus mass of last-laid egg (C-egg)}. Sample sizes are 
indicated by the numbers. Data were pooled if the sample size per group dropped below 
the minimum of ten cases. Statistical tests were done on individual data points (see text). 
 
We further analyzed the relationship between within-clutch changes in egg mass 
(AC mass-asymmetry) and offspring sex, as egg mass may increase or decrease 
over the laying sequence. Clutches that either showed an increase or decrease in 
egg mass with laying sequence did not differ in their brood sex ratio (Wald χ2 = 
0.09, df=1, p=0.76). In contrast, they did differ in the distribution of the sexes over 
the laying sequence. In clutches with relatively heavy first eggs, male chicks 
were more likely to hatch from the first and females from the last egg. If the 
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heaviest egg was laid at the end of the sequence the distribution of the sexes 
over the laying sequence followed the opposite pattern (Fig. 3, interaction term 
AC mass-asymmetry * laying rank: Wald χ2 = 10.01, df=2, p=0.007; post-hoc: A-
egg: Wald χ2 = 3.76, df=1, p=0.05; C-egg: Wald χ2 = 4.851, df=1, p=0.03).  The AC 
mass-asymmetry was not correlated with the total clutch mass (Pearson 
correlation=0.02, p=0.68), but was related to the laying interval. With an 
increasing laying interval (duration between laying of the first and the last egg), 
egg mass of the last egg decreased significantly (N=421, t=-2.76, p=0.006), in 
contrast with the first egg of the clutch (N=421, t=0.29, p=0.77)(Fig. 4). This 
caused a significant change in AC mass-asymmetry with increasing laying 
interval (linear regression: N=421, t=4.03, p<0.001).  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Changes in egg mass of first laid eggs (A-egg, filled circles, dotted regression 
line) and last laid eggs (C-egg, open circles, solid regression line) in relation to the laying 
interval, binned in 1 day categories. 
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Discussion 
Based on the empirical evidence that a reduction in egg size and egg quality 
causes retarded growth in male black-headed gulls and reduces the survival 
probability in male but not female lesser black-backed gulls (Müller et al. subm., 
Nager et al. 1999), we expected light clutches to be biased towards females, the 
less costly and less vulnerable sex. However, we did not find any evidence that 
light clutches were female-biased (Fig. 1). Also Alonso-Alvarez & Velando (2003) 
did not find such a relationship in yellow legged gulls Larus cachinnans. At the 
individual level over a large range of egg masses (see table 1), male eggs were 
not significantly heavier. This indicates that egg mass itself is not the decisive 
factor for adjustment of the embryonic sex in our study species.  
Although egg mass determines how much nutrients are available for the 
developing embryo, due to their genetic background or their skeletal size, 
individual females are constrained in varying their egg size (reviewed by 
Williams 1994, Christians 2002). This hampers a comparison of an inter-
relationship of offspring sex and egg mass between individuals. However, 
females may differ in their allocation pattern between subsequent clutches or 
between different eggs within their clutch. This underlines the importance to 
distinguish within clutch effects and between clutch effects when analyzing the 
relationship between egg mass and offspring sex. When analyzing the 
relationship between egg mass and embryonic sex in a within clutch context, we 
did find evidence that sex ratio adjustment occurred, with lighter eggs within 
each clutch bearing females and heavier eggs males (Fig. 2). 
The lack of a relationship between absolute egg mass and embryo sex in the 
studies using an egg removal approach in other species (Nager et al. 1999, 
Kalmbach et al. 2001) may be caused by the fact that females were not allowed to 
complete a natural clutch. Hence, they could not adjust egg mass and offspring 
sex in interplay with the laying sequence, i.e. relative to the eggs already present 
in the nest since each egg was removed immediately after laying. Furthermore, 
both studies did not differentiate explicitly between within and between clutch 
effects when analysing the association between egg mass and offspring sex. The 
importance of such an approach is clearly indicated by our results. Egg mass, 
varying within and between clutches was not related to sex, but as we separated 
the two sources of variation, this revealed a significant within clutch association 
between (relative) egg mass and sex of the egg. The distinction between these 
two possibilities significantly affects the mechanistic as well as functional 
explanations. 
 
Black-headed gulls show extensive variation in egg mass within the clutch. The 
last laid egg is frequently the smallest in the sequence (modal clutch size three 
eggs). It may indicate the difficulties of the female to maintain egg mass in the 
course of laying. Indeed, within clutch variation in egg mass of gulls has been 
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shown to be influenced by the condition of the female and the environmental 
food situation. Females in enhanced condition increase the relative size of the 
last-laid egg (e.g. glaucous-winged gull Larus glaucescens: Reid 1987, lesser black-
backed gull: Hiom 1991). In our study, this is supported by the fact that females 
with longer inter-egg intervals laid smaller final eggs (Fig. 4), but did not lay 
lighter clutches. The AC mass-asymmetry may reflect the allocation pattern 
within the range of an individual female as an increase in egg size across the 
laying sequence has been shown to enhance the survival probability of later 
hatching chicks (herring gull Larus argentatus: Kilpi et al. 1996, see also red 
winged blackbird Aegelius phoeniceus Blank and Nolan 1983).  
In clutches with strongly decreasing egg mass across the laying sequence 
(positive AC mass-asymmetry), male offspring was allocated to the first two 
hatching positions and a females to the last (Fig. 3). This implicates that the 
majority sex is assigned to the those eggs of the clutch which have the best 
prospects for survival. Given the higher sensitivity of male chicks towards egg 
size and quality (Nager et al. 1999, Müller et al. subm.) and the higher 
vulnerability of the larger sex when hatching late (bald eagle Haliaeetus 
leucocephalus: Dzus et al. 1996, blue-footed booby Sula nebouxii: Torres & 
Drummond 1997, zebra finch: Bradbury & Blakey 1998, jackdaw: Arnold & 
Griffiths 2003), this maternal strategy may increase the reproductive output. 
In contrast, an increasing egg mass with laying sequence (negative AC mass-
asymmetry), tended to hatch a male from the last and two females from the first 
two eggs. Again, hatching more male chicks from the heaviest eggs within the 
clutch may relate to a different sensitivity of the sexes towards egg size and 
quality. The adaptive significance of the female bias in the first-laid egg may 
relate to the interference competition and the dominance of the larger sex 
(Bortolotti 1986, Anderson et al. 1993b, Velando et al. 2002) and extra need of 
females for the competitive advantage of hatching first.  
In conclusion, both, clutches showing an increase in egg mass over the laying 
sequence (of females presumed to be in good condition) or clutches showing a 
decrease in egg mass over the laying sequence (females of potentially poor 
condition) produced predominantly males in their heaviest egg and females in 
their smallest egg 
 
From a mechanistic point of view one could question, whether females adjust 
the sex of the offspring in relation to the egg mass or vice versa. Both 
mechanisms are possible. If yolk size determines final egg size, theoretically 
females could adjust the sex according to the size of the yolk, as the yolk is 
formed before meiosis takes place and sex of the embryo is determined (Sturkie 
1986). Such a mechanism may be possible, if the growth of different oocytes of 
an individual female is inter-dependent, allowing the female to “identify” 
relative egg mass already when determining the sex of the first egg. 
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Alternatively, since about two thirds of the egg mass is albumen (reviewed by 
Williams 1994) and formed after sex determination, females may also increase 
the allocation of albumen in relation to the sex of the offspring.  
We can not distinguish between these two possibilities. Nevertheless, we 
conclude that sex and mass of the eggs covary within black-headed gull clutches 
in an apparently adaptive manner, taking into account the higher vulnerability 
of males to reduced egg size/quality. 
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Abstract Maternal hormones are known to be present in avian eggs 
and can have beneficial effects on chick development. 
Recently, differences in avian yolk steroid concentrations 
between the sexes have been demonstrated, and in this 
context steroids have been hypothesized to be part of the 
avian sex-determining mechanism. In our study we clearly 
show that it is very unlikely that androgen concentrations 
alone are the decisive part of the sex-determining 
mechanism. We found that sex-specific differences in the 
yolk hormones strongly depend on the social rank of the 
mother. First, dominant females, but not subdominant 
females, allocated significantly more testosterone to male 
eggs than to female eggs. Second, subordinate females 
increased the testosterone concentrations of female eggs.  
This pattern of yolk hormone deposition can be functionally 
explained. In polygynous species as the chicken, 
reproductive success is more variable in males than in 
females. Parental investment in sons or daughters is 
therefore expected to occur in direct relation to parental 
rearing capacities. Social status of a hen was in our study 
indeed negatively correlated with her maternal capacities 
(body mass, egg mass). Differential androgen deposition 
might thus provide a mechanism for adaptive maternal 
investment depending on both sex of the egg and social 
status of the mother. 
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Introduction 
Avian eggs contain hormones of maternal origin. These hormones seem to 
reflect the hormonal state of the female during egg production (Schwabl 1996a, 
1997a) and have been shown to influence the development and phenotype of the 
offspring (Adkins-Regan et al. 1995, Schwabl 1993, 1996b, Lipar & Ketterson 
2000). In particular maternal androgens are known to increase competitiveness 
in the nestling as well as in the juvenile stage through higher aggressiveness and 
enhanced growth rate (Schwabl 1993, 1996 b, Eising et al. 2001).  
Systematic variation of maternal hormones both within clutches (e.g. Schwabl et 
al. 1997b, Gil et al. 1999, Lipar et al. 1999, Eising et al. 2001, French et al. 2001, 
Royle et al. 2001) and between clutches (e.g. Schwabl 1996, 1997a, Gil 1999, 
Groothuis & Schwabl 2002, Wittingham & Schwabl 2002) has been reported. The 
first has mainly been discussed as a possibility for the mother to compensate for 
detrimental effects of hatching asynchrony (Schwabl 1996a, Lipar & Ketterson 
2000, Eising et al. 2001, but see also Sockman & Schwabl 2000). The second level 
of variation suggested that social factors have a strong impact on androgen 
levels of a clutch [social environment: Schwabl (1996, 1997a), Reed & Vleck 
(2001), Groothuis & Schwabl (2002), Wittingham & Schwabl (2002); male 
attractiveness: Gil et al. (1999)]. 
In addition, Petrie et al. (2001) recently showed that for the peafowl (Pavo 
christatus) yolk steroids were also allocated differentially in relation to the sex of 
the embryo. Since the yolk is provided with hormones before the sex is 
determined (Sturkie 1986), Petrie et al. (2001) suggested that the steroids in the 
yolk itself may influence sex-chromosome segregation at the first meiotic 
division. Thus, sex specific differences in yolk hormone concentrations might be 
a consequence of these processes.  
However, we consider four possible confounding factors in Petrie et al.’s study. 
First, hormone levels in the peafowl were determined after 10 days of incubation 
and might therefore not represent maternal hormone allocation. This is 
supported by the results of Schwabl (1993) who found no sex specific androgen 
deposition in freshly laid eggs of the canary. Especially in size-dimorphic species 
(like the peafowl and other Galliformes like our study species) male and female 
embryos may consume maternal steroids in a different rate. Second, endogenous 
production of sex steroids of male and female embryos differs (Woods et al. 
1975) and subsequently may be passed through into the yolk (Jennings et al. 
2000). With an increase of incubation time both might lead to a (secondary) sex 
difference in yolk hormones. Third, housing four peahens with a male in a cage, 
like in the study of Petrie et al. (2001), most likely leads to an establishment of a 
social hierarchy (e.g. Banks 1956, Guhl 1962). Since it has been shown that the 
female endocrine state varies with her social position (Allee et al. 1939, Frank et 
al. 1985, Batty et al. 1986), we expect that this effect might be found back in the 
eggs via the yolk hormones. Yolk hormone contents of different hens within one 
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group might therefore vary systematically. Because number and weight of eggs 
are not evenly distributed over the different ranks (Leonard & Weatherhead 
1996), a random selection of single male/female eggs of one cage without taking 
the female into account might lead to a biased sample.  
In addition social factors might cause sex-specific within clutch variation in yolk 
androgens. In polygynous mating systems as in Galliformes, male mating success 
is more variable than female mating success (e.g. Guhl & Warren 1946, Graves et 
al. 1985, see also Clutton-Brock et al. 1984). Hence, optimal parental investment 
should be different for the sexes, depending on parental rearing capacities 
(Trivers & Willard 1973). Since social status has been shown to positively affect 
maternal rearing capacities (Collias et al. 1994, Leonard & Weatherhead 1996), 
dominant females should invest more in male than female offspring whereas 
subordinate females should invest more in daughters. This might result in a 
shifted sex ratio or lead to a differential resource allocation e.g. of yolk 
androgens that provide a mechanism to influence offspring phenotype. 
To evaluate these potential confounding factors that might have influenced 
Petrie et al.’s study we conducted an experiment were these factors were taken 
into account. We measured yolk androgen concentrations in eggs of White 
Leghorn chickens (Gallus gallus domesticus) in relation to the sex of the embryo 
after only three days of incubation. Thereby we minimized the possibility of 
secondary sex-specific processes affecting yolk hormone concentrations. This 
allows us to interpret any sex specific differences in yolk hormones as really 
reflecting maternal allocation. In addition we also investigated the relationship 
between social rank of the mother and yolk androgen deposition. 
 
Material and Methods 
(a) Animals 
25 individually color ringed White Leghorn chickens were housed in five groups 
of four females and one male for about two months before the experiment 
started. Thus a stable social hierarchy was established at the beginning of our 
experiment. Each pen was 5 x 10 m with outside and inside areas [natural 
daylight 12:12 h (march)]. The outside parts of pens were separated only by a 
chicken wire partition. Thus, acoustic and optical but no direct contact between 
groups was possible. Food and water was provided ad libitum. Every pen 
contained a single nest box where all hens laid their eggs. Only a single female 
could enter this box at one time to lay her egg. At the start of the experiment all 
females were weighed.  
 
(b) Behavioral observations  
The dominance hierarchy within each group was investigated by daily 20-min 
observations for a period of three weeks. All observations were conducted at the 
same time of the day (13.00-15.00 h), mostly combined with feeding of favored 
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food (e.g. mealworms). The order in which the cages were observed was 
randomized each day. During the feeding all agonistic interactions between the 
females were recorded. The dominance hierarchy was based on the proportion 
of winning or loosing interactions with other females. A female lost an 
interaction if she fled when another hen pecked, chased or threatened her. 
Subsequently the birds were ranked (highest rank: 1, dominant; lowest rank: 4, 
subordinate) according to which individuals they dominated. A hen was 
considered to be dominant to another if it won more interactions than it lost with 
that hen. In addition the percentage of feedings in which a hen obtained a share 
of the offended food was scored. 
 
(c) Egg collection 
During the light period of the 3 weeks of the experiment it was registrated, 
which female entered the nest box. After a hen had left again, we checked 
instantly if an egg was laid. The egg was then removed and individually marked 
with a non-toxic marker. At the end of the day all eggs were measured and 
weighed and subsequently placed in an incubator at 37.5 °C with 60 % humidity. 
After incubation for 72 h all eggs were weighed again and stored at –20 °C. In 
total 182 eggs were collected. Laying order can not be a confounding factor in 
this study since the eggs of each hen were collected randomly with respect to 
day within the 3 week period. Laying order is also unlikely to be important in 
our birds since the hens lay eggs almost every day of the year, and not in 
separate clutches. 
 
(d) Molecular analyses 
For molecular analysis the collected eggs were defrosted and subsequently yolk 
and embryo separated. Both were separately prepared for 1. Molecular sexing 
(embryo) and 2. Androgen assays (yolk). The embryos were placed in 
eppendorff® tubes containing 100% ethanol and refrozen at –20 °C. The yolks 
were homogenized with 1 ml water per gram of yolk and stored again at –20 °C 
till the analysis.  
Because we were interested in sex differences, only fertilized eggs were used for 
further measurements (n=120). Unfortunately in one of the groups the cock was 
infertile, therefore this cage was excluded from the analysis of yolk hormones 
and sex ratios. Data of all 5 cages were used for all other analyses. 
 
I. Molecular sexing  
About 1 µg tissue of each embryo was used for Chelex® resin-based DNA 
extraction (Walsh et al. 1991). Subsequently 2 µl of the obtained DNA solution 
was used for the polymerase chain reaction (PCR) to amplify a part of the CHD-
W gene in females and the CHD-Z gene in both sexes (for details see Griffiths et 
al. 1998). The amplified products were separated in 2.5 % agarose gels containing 
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0.005 % ethidiumbromide and subsequently visualized under UV light. Based on 
the presence of the PCR-products embryos were assigned to be male (CHD-Z 
gene product only) or female (CHD-Z gene as well as CHD-W gene products). 
The method has been developed and validated for domestic chickens (Griffiths 
et al. 1998) and we checked it on the basis of all our adult birds, finding a 100% 
correct outcome. 
 
II. Androgen assays 
When available, at least 3 male eggs and 3 female eggs per hen were selected for 
hormone analysis. These eggs were randomly chosen throughout the laying 
period. The selected samples were defrozen and about 150 mg of the yolk/water 
emulsion was used for the subsequent analysis. All extraction and 
radioimmunoassay were done following a slightly modified standard procedure 
according to Schwabl (1993). In short, samples were extracted twice with 4 ml 
petroleum ether/diethylether (30/70%), followed by precipitation with 90% 
ethanol to remove neutral lipids. Subsequently the hormones were separated on 
diatomaceous earth chromatography columns. Androstenedione and 
testosterone concentrations were measured in double competitive binding 
radioimmunoassays (RIA) with tritiated hormone (NEN, The Netherlands) and 
hormone specific antibodies (Endocrine Science, USA). The average recovery 
was 66% for androstenedione and 50% for testosterone. The inter-assay 
coefficients of variation were 17% for androstenedione and 11% for testosterone, 
intra-assay variation was 15% for androstenedione and 14% for testosterone. 
 
(e) Statistical analyses 
Testosterone but not androstenedione concentrations were normally distributed. 
For androstenedione therefore log-transformed values were used in our analysis. 
Yolk androgen levels, egg weight, yolk weight and embryo weight were 
analyzed using hierarchical linear modeling in the MLwiN program 1.1 
(Rasbash et al. 2000). This method allows analyses of variances and co-variances 
considering the nested relationship of different chickens in a cage and repeated 
measures of the same hen. Significance was based on a two-tailed t-test. The 
following variables were tested in a backward elimination procedure: social 
rank, sex (of the embryo), female body weight, egg weight, yolk weight, number 
of eggs laid and all possible interactions. Only variables that contributed 
significantly (α ≤ 0.05) to the model were maintained. P-values of these variables 
are presented in the text. Posthoc analyses were performed for subsamples using 
the same test.  
Statistical analyses of  female body weight, number of eggs laid by a hen and the 
sex ratio in relation to the social status of the hen were performed using Linear 
Regression and Multiple Logistic Regression (in case of sex ratios) (Statistix® 7, 
Analytical software 2000).  
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 Results  
(a) Social Hierarchy 
Within a cage all females could be ranked according to the number of fights 
won. This resulted in a linear hierarchy, were the highest rank (rank=1) 
dominated all other females and the lowest rank (rank=4) was subordinate to all 
other females (table 1). In addition to the outcome of direct interactions, which 
are the main data for the determination of social dominance, all results were 
confirmed by the frequency that a hen obtained food during a feeding trial (table 
1). 

cage rank 1 2 3 4 frequency female weight
6 1 27/31 6/6 6/6 100 1915

2 7/7 6/6 75 1815
3 1/1 25 1886
4 13 1698

7 1 10/13 11/17 8/11 100 2084
2 21/27 14/23 100 1639
3 26/36 100 1642
4 0 1512

8 1 6/6 2/3 3/3 100 1775
2 9/9 32/48 92 1706
3 11/16 25 1560
4 8 1510

9 1 35/35 66/67 24/30 100 1570
2 49/55 12/13 75 1543
3 6/6 75 1626
4 0 1220

10 1 18/21 21/33 14/18 80 1968
2 12/21 4/5 60 1956
3 2/2 0 1988
4 0 1513  

 
Table 1: Social dominance hierarchy for the five cages based on direct interactions 
between the hens (Number of won fights/Number of fights) and participation during the 
feeding (% of feedings that a hen got at least one food item). 
 
Dominant females were heavier than subdominant females (N=20 females, 
r2=0.33, p<0.01). The egg weight of a specific hen was positively correlated with 
her body weight (p<0.01) and thus negatively with social status (p<0.05). Since 
yolk weight and egg weight were positively correlated (r2=0.15, p<0.001), the 
same pattern exists for yolk weight (body weight: p<0.001; social status: p=0.01). 
Embryo weight was not correlated to any variable included in the model. 
Furthermore, neither social rank nor body weight had an effect on the number of 
eggs that were laid (body weight: r2=0.11, p= 0.15; social status: r2=0.02, p=0.58) 
and both were not correlated with the sex ratio produced by a hen (body weight: 
F1,13=0.29, p=0.58; social status: F1,13=0.58, p=0.54) (for details see table 2a). 
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total no.    mean no.  total no. total no. of total no.
status of females mean body weight mean egg weight of eggs of eggs fertilized eggs of females sex ratio

1 5 1862.4+/-88.3 66.78±0.69 9.6±2.3 48 34 4 0.64
2 5 1731.8+/-71.4 67.92±0.46 10.4±1.5 52 40 4 0.48
3 5 1740.5+/-82.9 63.69±1.44 8.0±3.0 39 22 3 0.43
4 5 1502.6+/-78.4 63.49±0.57 8.6±2.2 43 24 3 0.44

sum 20 182 120 14

 
Table 2a:  Female body weight and characteristics of her eggs in relation her social status 
(mean +/-std. error). 

 
Table 2b: Androgen concentrations for male and female eggs in relation to the social 
status of the mother (mean+/-std. error). 
 
(b) Yolk androgens 
In total, 90 eggs of 14 different females were analyzed for yolk hormone 
concentrations (for details see table 2b). If we used sex of the embryo as the only 
factor in the model, we did not find a significant difference in either yolk 
testosterone or androstenedione concentrations between the sexes (testosterone: 
p=0.95, androstenedione: p=0.98) (figure 1).  

 
Figure 1: Yolk androgen concentrations 
(in pg per mg of fresh yolk) in male 
(N=44) and female (N=46) eggs of White 
Leghorn chickens (mean +/-std. error).  
 
 
 
 
 
 
 
 
 

In the final model a relationship between yolk testosterone levels and social 
status of the hen (p=0.009), sex of the embryo (p=0.002) and the interaction of 
these two variables (sex*rank: p=0.001) was retained. We found that with 
decreasing social position the testosterone concentrations in the yolk of 
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                      Testosterone                  Androstenedione
          males          females           males          females

status females no eggs concentration no eggs concentration no eggs concentration no eggs concentration
1 4 14 1.71±0.12 11 1.08±0.14 14 37.89±5.18 11 33.70±5.10
2 4 14 1.23±0.15 14 1.26±0.16 14 38.32±5.22 14 37.45±7.07
3 3 7 1.53±0.16 9 1.79±0.17 7 29.86±8.76 9 32.05±4.52
4 3 9 1.86±0.28 12 2.34±0.28 8 41.20±12.05 12 44.61±10.60

sum 14 44 46 43 46
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daughters increased (post hoc test, p<0.001), but did not change in sons (post hoc 
test, p=0.98). Moreover, in eggs of dominant females (rank 1), sons had 
significantly higher testosterone concentrations compared to daughters (post hoc 
test, p=0.001) (figure 2). In eggs of subdominant hens female eggs had somewhat 
higher testosterone concentrations compared to male eggs. However this sex 
effect did not reach statistical significance (Rank 2-4, p≥0.13 in all cases). 
 

Figure 2:  Testosterone concentrations in male (N=44) and female (N=46) eggs in relation 
to the social dominance status of the mother (1 = dominant, 2 = 1. intermediate, 3 = 2. 
intermediate, 4 = subordinate) (mean +/-std. error). 
 
Discussion 
(a) Sex determination and yolk hormones 
This study showed that in White Leghorn chickens yolk hormone concentrations 
of testosterone and androstenedione did not differ significantly between male 
and female embryos after three days of incubation (figure 1). These results are in 
contrast to the data of Petrie et al. (2001), showing sex-specific differences in yolk 
androgen levels of peafowl eggs. There may be various reasons for the 
discrepancies between both studies. First, the different results between our 
study and that of Petrie et al. (2001) may be caused by species specific differences 
in maternal hormone allocation, which is unlikely since peafowl and chickens 
are closed related species. Second, if the sex-specific results in the peafowl are a 
consequence of secondary sex specific processes during early development, a 
difference in incubation time (10 days in the peafowl, 3 days in this study) might 
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explain the different results in these two studies (Elf & Fivizzanni 2000, but see 
also Eising et al. in prep). Third, the social position of the female, which we now 
demonstrate to be of significant importance, may have confounded the peafowl 
data. 
When we included the social rank of the mother in our analysis we found a clear 
pattern for testosterone. With a decreasing position in the social hierarchy 
testosterone concentrations increased in female eggs but did not change in male 
eggs. Moreover, in eggs of dominant mothers testosterone concentrations were 
significantly higher for male eggs than for female eggs, while this was not the 
case for subdominant mothers. From a mechanistic point of view this raises the 
question how females can tell the sex of the offspring when providing the yolk 
with hormones, which would be necessary because sex of the embryo is 
determined after the yolk is formed (Sturkie 1986). Our results indicate that the 
androgens may be involved in sex determination, but that a simple causal link 
between yolk androgens and resulting offspring sex (Petrie et al. 2001) is 
unlikely (fig. 1). Our results indicate that if androgens (or a factor correlated 
with androgen levels) influence sex of the eggs they only do so in interaction 
with a factor that is linked to maternal social rank (fig. 2). This might be body 
weight (table 1), or other steroids. The latter suggestion fits with the data of two 
other studies. Petrie et al (2001) found that testosterone and androstenedione are 
higher while dihydro-testosterone and estradiol are lower in male than in female 
eggs. Bowden et al. (2000) found a similar result for turtles, although not at the 
level of the individual egg but at that of the whole clutch. Also stress hormones 
might be a relevant factor in this context since they have been shown to vary 
with social dominance and additionally to interact with reproduction (review in 
Creel 2001).  
 
(b) Functional aspects of maternal hormone allocation 
The sex-specific testosterone allocation fits the expectations of the sex allocation 
theory (see introduction). The family Phasanidae, which includes the ancestor of 
the domesticated chickens as well as peafowl, typically shows a polygynous 
mating system and a sexual size dimorphism with males larger than females 
(Glutz von Blotzheim 1973). In these polygynous mating systems male mating 
success is more variable than female mating success (e.g. Guhl & Warren 1946, 
Graves et al. 1985). In addition the larger sex is more expensive to rear due to 
higher food requirements (review in Anderson et al. 1993). Therefore, for parents 
with high rearing capacities increased investment in sons will have a greater 
impact on parental reproductive success than increased investment in daughters 
(Trivers & Willard 1973). Thus, parents capable of high levels of investment 
should either shift the sex ratio of their brood towards males or otherwise 
intensify the resource allocation to males. We did not find a shifted sex ratio in 
relation to the social dominance, which is in line with an earlier study on 
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chickens (Leonard & Weatherhead 1996). However, we found enhanced 
testosterone levels in male eggs relative to female eggs of dominant mothers. 
Since yolk androgens have been shown to increase competitiveness and growth 
(Schwabl 1996b, Eising et al. 2001), they provide a mechanism for adaptive 
maternal investment. Thus dominant females allocate particularly more to male 
offspring. Thereby they create a competitive asynchrony within their brood with 
an advantage for male chicks. This maternal favoritism probably enhances 
nutritional condition for sons, which has been shown to be of importance for 
males in the context of sexual selection (Gustafsson et al. 1995, De Kogel & Prijs 
1996, David et al. 2000, Ohlsson et al. 2001). Especially nutrition early in the 
nestling phase, where maternal androgens are most likely to act, has a 
significant impact on the expression of sexual ornaments at adulthood and 
therefore reproductive success in a related species (ring-necked pheasant, Grahn 
& von Schantz 1994, Ohlsson et al. 2001).  
Low-ranking females are probably restricted in the quantity of resources they 
can allocate to their offspring. In our experiment, the social status of a hen was 
negatively correlated with her body weight and mean egg weight in line with 
earlier findings (Collias 1943, Leonard & Weatherhead 1996), suggesting a 
reduction in her maternal capacities. Low-ranking females apparently are 
restricted in the amount of resources they obtain and thus can allocate to the 
eggs. Following the findings that maternal androgens have a beneficial effect on 
offspring growth (Schwabl 1993, Eising et al. 2001), subordinate females might 
try to compensate lower egg quality with an increasing amount of androgens in 
the yolk, balancing benefits against potential costs of testosterone (e.g. Sockman 
& Schwabl 2000). In line with sex allocation theory, they allocate more yolk 
androgens to the offspring with the lower variance in reproductive success, 
favoring daughters over sons. 
 
In conclusion, this study clearly shows that it is very unlikely that androgen 
concentrations alone are the decisive part of the sex-determining mechanism. 
However, differential androgen deposition does take place in relation to both 
sex of the egg and social rank of the mother, and this might provide a 
mechanism for adaptive maternal investment. 
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Abstract Hatching asynchrony in birds produces an age and size 

hierarchy among siblings. Later hatching chicks have a 
competitive disadvantage and brood reduction may occur 
when food availability is insufficient to raise all chicks. 
When early-hatched chicks fail to survive or if the 
circumstances allow raising all chicks, mothers should 
reverse the disadvantage to late-hatched chicks. Increasing 
deposition of maternal androgens with the laying sequence 
has been suggested to compensate for detrimental effects of 
hatching asynchrony, allowing a more precise adjustment of 
the survival probabilities of each chick.  
Here, we show for black-headed gulls that the increase in 
yolk testosterone with each successive egg is greater when 
the mother incubates more before clutch completion, which 
is the major determinant of the degree of hatching 
asynchrony. This finding supports the idea that yolk 
testosterone has a compensatory function in the context of 
hatching asynchrony. Our data further show that if the time 
needed to complete a clutch is lengthened, the 
developmental differences due to incubation between the 
first- and the last-laid egg increase. In addition, the onset of 
incubation before clutch completion occurs sooner as the 
breeding season progresses.  
Both long inter-egg intervals and the seasonal shift in 
incubation behavior enhance the necessity of compensation 
for later-hatching chicks. Indeed, yolk levels of testosterone 
increased more steeply over the laying order with a longer 
duration of the egg laying period and in later-laid clutches. 
We suggest that prolactin plays a key role in the adjustment 
of testosterone allocation to the incubation pattern. 
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Introduction 
Hatching asynchrony, as reported for a variety of avian species, results in broods 
that show a hatching-order-dependent size hierarchy amongst siblings (Clark 
and Wilson 1981, Stockland and Amudsen 1988). Due to the competitive 
disadvantage of later-hatched chicks, they are less likely to survive (Mock et al. 
1990, O’Connor 1978). Several hypotheses have been proposed to explain its 
adaptive value, of which Lack’s brood reduction hypothesis was the first and 
most prominent (Lack 1947). This hypothesis proposes hatching asynchrony as a 
means of adjusting brood size when food availability during the nestling stage is 
insufficient to raise the whole brood. However, experimental tests have 
provided little support for this and several other hypotheses have been put 
forward to explain hatching asynchrony (Stoleson and Beisssinger 1995). In 
Herring Gulls Larus argentatus survival of the last-hatched chick has been shown 
to be extremely rare unless one of the older siblings fails to hatch or survive 
(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 and Beisinger 1995). In 
case of no such failure, hatching asynchrony should facilitate the reduction to 
the optimal brood size. 
The main mechanism how birds induce hatching asynchrony is the timing of the 
onset of incubation before clutch completion (e.g. Mead and Morton 1985). 
However, birds, especially open field breeders such as gulls having high 
predation rates of unattended eggs (e.g. Brouwer and Spaans 1994, Parsons 
1972) and the risk of sun radiation that may lower the viability of their eggs 
(Webb 1987), might face a constraint in the onset of incubation. Thus, they might 
be forced to an early onset of incubation in order to avoid egg predation or a 
decline in egg viability (Bollinger et al. 1990, Dunlop 1910, Parsons 1976, Webb 
1987). This may preclude a complete control of the hatching pattern, thereby 
calling for additional mechanisms that allow the shaping of the optimal brood 
size.  
The transfer of maternal hormones into the eggs of avian species has been 
suggested to provide such a mechanism. Maternal hormones have been shown 
to vary systematically with the laying order within a clutch (e.g. French et al. 
2001, Gil et al. 1999, Lipar et al. 1999, Royle et al. 2001, Groothuis and Schwabl 
2002, Schwabl et al. 1997) and also affect embryonic development. In particular, 
increased yolk androgens enhance the development of the hatching muscle, 
which is needed for breaking the eggshell (Lipar and Ketterson, 2000, Lipar, 
2001), and lead to earlier hatching (Eising et al. 2001). Therefore, enhanced 
allocation of yolk androgens to later-laid eggs might reduce asynchrony in 
hatching and hierarchies within nests. Furthermore, yolk androgens promote 
competitiveness of the chick in the nestling stage (Eising and Groothuis 2003, 
Schwabl 1993, 1996). Thus, yolk androgens may serve as a mechanism to 
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mitigate detrimental effects of hatching asynchrony for later-hatched chicks in a 
brood.  
This leads to our following prediction: Mothers should adjust the hormone 
allocation to her incubation pattern in order to obtain a certain degree of 
hatching asynchrony. In other words, the steepness of the increase in androgen 
content with egg laying sequence should increase with an earlier onset of 
incubation since the latter leads to a larger degree of hatching asynchrony (e.g. 
Mead and Morton 1985). 
We tested this prediction for the black-headed gull Larus ridibundus, a species 
with a fixed clutch size, which typically hatches asynchronously (Cramp and 
Simmons 1983). As an open field breeder black-headed gulls face the typical 
high egg predation of Larus gulls (e.g. Dunlop 1910). In addition a clear increase 
in yolk androgens within the laying order has been described previously (Eising 
et al. 2001, Groothuis and Schwabl 2002). 
In addition we looked at two other factors that may influence hatching 
asynchrony and androgen allocation to the eggs. First, the degree of hatching 
asynchrony might not only depend on the onset of incubation, but also on the 
time intervals between laying of the subsequent eggs, which vary considerably 
between individuals of the same species (e.g. MacRoberts and MacRoberts 1972). 
Given the need for early onset of incubation, an increasing time span between 
the laying of the first and last egg potentially enhances the degree of hatching 
asynchrony. This makes a compensatory process such as elevated androgen 
levels in the last laid eggs particularly important.  
Secondly, in several avian species the tendency to start incubation earlier after 
laying of the first egg increases in the course of the breeding season (e.g. 
Beukeboom et al. 1988, Meijer et al. 1990, Sharp et al. 1979). Both could be 
responsible for the enhanced hatching asynchrony later in the year in species 
with a constant clutch size (e.g. Courtney 1979, Hebert and McNeil 1999). 
Therefore, the androgen allocation to the last-laid egg should increase over the 
time of year to compensate for the increased disadvantage of the last-hatched 
chick in nests of late breeders. 
 
Material and Methods 
(a) Study species and egg collection 
Black-headed gulls are monogamous, colonial breeders. The clutch typically 
consists of three eggs, which are laid over a three- to five-day period (Cramp 
and Simmons 1983). In 2000 and 2001, nests of several neighbouring black-
headed gull colonies (300-1000 breeding pairs) along the northeast coast of the 
Netherlands were checked once a day for egg laying. In 2001 we also collected 
late clutches that were laid after the whole colony area was flooded at a time that 
the first chicks just hatched. These clutches therefore are most likely replacement 
clutches (laying date >165). Freshly laid eggs were marked with a non-toxic 
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marker referring to the position within the laying order and date of laying ([day 
of the year]). In order to obtain as accurate laying dates as possible nests were 
visited between 10.00-11.00 each day since laying normally takes place during 
the early morning. After clutch completion all eggs of the clutch were collected 
on the same day and the eggs were weighed to the nearest 0.1 g. Based on the 
laying date the laying interval was defined as the difference in laying date 
between last and first egg (laying interval = 2: all three eggs are laid on 
consecutive days).  
 
(b) Estimation of hatching asynchrony 
In order to be able to obtain both, estimation whether and how long the eggs 
had been incubated prior to clutch completion and the hormone data of the same 
clutch, we incubated all eggs artificially (37.5 °C with 60 % humidity) a standard 
time to obtain measurable embryo weights. The incubation procedure differed 
slightly between years. In 2000 all eggs of a clutch were incubated for 72 h and 
subsequently stored at –20 °C. However, we observed that sometimes the 
developmental stage of the eggs varied quite markedly within a clutch 
indicating that incubation had started well before clutch completion. To avoid 
effects of differences in incubation time on yolk levels of androgens, in 2001 we 
tried to compensate for these differences by incubating last-laid eggs for one day 
longer than first-laid eggs. By doing so we tried to equalize the developmental 
stage of the first-laid and the last-laid egg within a clutch. This also reduced a 
potential effect of incubation on hormone levels. In a later study, we found for 
our study species that hormone levels drop from day 0 to day 1 of incubation 
and subsequently remain stable till day 8 (Eising CM, unpublished data; see also 
Elf and Fivizanni 2002 for similar data on the domestic chicken). Endogenous 
production of androgens, another potential confounding factor, does not start 
before day five of development (e.g. Woods 1975) and there are no indications 
that endogenous androgens are transferred into the yolk (Elf and Fivizanni 
2002). Since the mean incubation time in our study was 4.2 +/- 0.09 days and all 
our eggs were incubated for more than one day, differences in the hormone 
levels of subsequent eggs in a clutch cannot be explained by incubation time 
and/or endogenous production. 
For the analysis, eggs were defrosted and the yolk and embryo separated. The 
embryos were weighed to an accuracy of 0.1 µg. Based on a dataset of embryo 
weights resulting from known incubation times of 0-13 days (N = 137, Eising 
unpublished data), we derived a formula to calculate incubation times from 
embryo weights using the curve estimation function in SPSS 11.0, 2002 (see 
Parsons 1972 for a similar approach). The following formula was obtained: 
incubation time = 3.3652+ (4.8382 * embryoweight) + (-0.6073* (embryoweight)2, 
(df=134, r2=0.91). This formula was subsequently used to estimate the incubation 
time of our samples on the basis of embryo weight. We decided not to use 
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published formulas (e.g. Ricklefs 1987) since these estimations were done for 
embryos of much older age while there were large differences between species. 
Since embryos do not have any androgen receptors before they are at least one 
week old (see e.g. Godsave et al. 2002), embryonic development at that stage can 
not be influenced by maternal yolk androgens. Embryonic development 
therefore is very likely to depend mainly on maternal heat transfer. 
We were interested in the duration of incubation prior to clutch completion, 
since this determines the degree of hatching asynchrony. Therefore we 
subtracted from the estimated incubation duration the time that the eggs had 
been incubated artificially. The difference in natural incubation time between the 
last-laid egg and the first-laid egg was taken as estimate for how long maternal 
incubation had taken place before the last egg was laid. This estimated onset of 
incubation before clutch completion (subsequently OIC) was used for the 
statistical analysis. 
 
(c) Hormone analysis 
The yolks were homogenized with 1 ml water per gram of yolk. About 150 mg of 
the yolk/water emulsion was used for hormone analysis, keeping all eggs of a 
clutch in the same assay. Each assay contained clutches of the two different 
laying date categories. We followed a standard procedure according to Schwabl 
(1993), with a slight modification. Briefly, samples were extracted twice with 4 
ml petroleum ether/diethylether (30/70%), followed by precipitation with 90% 
ethanol to remove neutral lipids. Subsequently, the hormones were separated on 
diatomaceous earth chromatography columns. Androgen concentrations were 
measured in double competitive-binding radioimmunoassays (RIA) with 
tritiated hormone (NEN, the Netherlands) and hormone-specific antibodies 
(Endocrine Science, USA). The average recovery was 49.2 % for testosterone and 
58.6 % for androstenedione. The inter-assay coefficients of variation were 15.3 % 
for testosterone and 19.2 % for androstenedione; for testosterone, intra-assay 
variation was 12.6 %, for androstenedione 18.6 %. 
As a measure of the steepness of hormone change over the laying order of a 
clutch we used (H last-laid egg – H first-laid egg)/H first-laid egg, where Hx = yolk hormone titer 
of egg x. This corrected for between-clutch variation in hormone levels since we 
were interested in within-clutch variation. For all statistical analyses we used 
this obtained relative value for the increase of testosterone with laying order. 
 
(d) Statistical analyses 
All variables were checked for normality using the Kolmogorov-Smirnov test. 
Subsequently, variables were tested using parametric statistics (Pearson 
Correlation) or univariate linear regression. All tests were carried out using SPSS 
11.0, 2002.  
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Results 
Sixty-four clutches (22 in 2000, 42 in 2001) were included in the analysis. The 
onset of incubation (OIC) varied from 0.24 to 5.05 days before laying of the last 
egg of the clutch. Hormone concentrations of testosterone and androstenedione 
were within the range of a previous study (Eising et al. 2001, for details see table 
1), except for last-laid eggs of late clutches, but clutches of this laying date 
category were not included in the previous study. Due to extraction failure of 
either the first or the last laid egg for androstenedione only 56 out of the 64 
clutches could be analyzed. Both years showed the same pattern and did not 
differ significantly in relative increase in yolk hormones or estimated onset of 
incubation before clutch completion (t-test, p>0.167 in all cases). We therefore 
combined both years in all subsequent analyses. 
 

 
 

 

 

 

 

 

 

Table 1: Embryo size [g], testosterone (Testost.) and androstenedione (A4) concentrations 
[pg/mg] for first-laid (A-egg) and last-laid (C-egg) eggs (Mean+/-std. error) subdivided 
according to year and laying date category (early < 140 [day of the year], 2000: N= 22, 
2001: N=31, except for A4: N= 23; late > 163 [day of the year], 2001: N=11). 

 
First, we tested our prediction that the increase of yolk androgens should be 
steeper with a larger OIC. In line with our hypothesis, there was a significant 
positive correlation between OIC and the relative increase in yolk testosterone 
(Pearson correlation: 0.525, p < 0.001, Figure 1). This was not the case for the 
relative androstenedione increase in relation to the OIC (Pearson correlation: 
0.052, p = 0.68).  
Furthermore, we hypothesized that variation in OIC should depend on the time 
span between the laying of the first and the last egg, and on laying date. In a 
linear regression, we tested the effect of laying interval and laying date on OIC. 
Laying interval and laying date were not correlated (t = 22.737, df = 63, p = 0.795) 
and could therefore be used in the same model. 

   2000 (N=11)          2001 (early) (N=31)   2001 (late) (N=11) 

Testost. A [pg/mg]   7.11 +/- 1.05 15.90 +/- 1.38 14.46 +/- 3.40 

Testost. C [pg/mg]  10.53 +/- 1.23 19.78 +/- 1.47 32.78 +/- 5.30 

A4 A [pg/mg]  338.59 +/- 54.82 557.63 +/- 77.25 434.60 +/- 93.5 

A4 C [pg/mg]  896.90 +/- 187.15  968.78 +/- 149.25 654.65 +/- 133.77 

Embryo size  A [g]  0.39 +/- 0.10 0.16 +/- 0.02 0.36 +/- 0.07 

Embryo size C [g]  0.08 +/- 0.04 0.05 +/- 0.01 0.13 +/- 0.04 



 
54 

There was a positive correlation between duration of the laying interval and OIC 
[laying interval of two days (mean): 1.47 days of incubation (N=3); three days: 
1.31 (N=19); four days: 1.55 (N=28); five days: 2.03 (N=12); t = 2.511, p = 0.015]. 
Furthermore, OIC increased with a progressing breeding season (t = 3.353, p = 
0.001; Figure 2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Relative increase in testosterone concentration [pg/mg] between the last-laid and 
the first-laid egg, against the duration that incubation has already taken place before 
clutch completion in days [d] 

 
To investigate the individual contributions of laying date, laying interval and 
OIC itself on the steepness of the increase of yolk testosterone we performed the 
following linear regression in which the residuals of incubation onset (Res-OIC) 
on laying date and laying interval as well as the latter two variables were 
included as predictors for the relative increase in testosterone.  
With a longer laying period, the relative increase of testosterone over the laying 
order was enhanced [laying interval of two days: 0.59 (pg/mg) testosterone 
increase (N=3); three days: 0.51(pg/mg) (N=19); four days: 0.70 (pg/mg) (28); five 
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days: 1.36 (pg/mg) (N=12); t = 2.197, p = 0.03]. The relative increase of 
testosterone was also positively correlated with the laying date (t = 2.774, p = 
0.007; Figure 2). Res-OIC values were still positively correlated with the relative 
increase in testosterone (t = 3.761, p < 0.001). 
In a third linear regression, we analyzed the relative increase of androstenedione 
in relation to laying interval, laying date and the residuals of incubation onset 
(Res-OIC) over laying date and duration of the laying period. There was no 
relationship (linear regression, laying date: t = -0.901, df = 53, p = 0.251; duration 
of the laying period: t = -0.035, df = 53, p = 0.972; Res-OIC: t = 0.465, df = 53, p = 
0.465) 

 
Figure 2: Correlation between laying date ([day of the year], subdivided in categories: 
category 1:124-126, N=7; category 2: 126-128, N=11; category 3: 129-131, N=12; category 4: 
132-134, N=7; category 5: 135-142, N=14; category 6 (after flooding): 164-170, N=11) and (a) 
onset of incubation before clutch completion (open symbols, mean +/- s.e.) (b) relative 
increase in testosterone (filled symbols, mean +/- s.e.) 
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Discussion 
Based on the hypothesis that the increase of yolk androgens with laying 
sequence has a compensatory function in the context of hatching asynchrony we 
investigated whether yolk hormone allocation is adjusted to the extent of 
hatching asynchrony of the clutch. As predicted, the increase in yolk 
testosterone over the laying sequence was larger when the difference in 
embryonic development between first- and last-laid egg, which determines the 
degree of asynchrony at hatching, was enhanced. Furthermore, the differences in 
embryonic development and therewith the degree of hatching asynchrony 
depended on the inter-egg interval and the time of the year. In line with our 
hypothesis, also the allocation of testosterone was enhanced if the laying interval 
was lengthened and late in the year. 
Testosterone accelerates embryonic development, reducing the time difference 
in hatching between chicks of the same brood (Eising et al. 2001, Lipar and 
Ketterson 2000, Lipar 2001). In addition, it enhances the competitive skills that 
are particularly important for the youngest chick if the age difference in a brood 
is large (Eising and Groothuis 2003, Schwabl 1993; 1996). Therefore, our findings 
support the idea that increasing testosterone concentrations with laying order, as 
reported previously for the black-headed gull (Eising et al. 2001, Groothuis and 
Schwabl 2002), play a compensatory role in the context of hatching asynchrony.  
A possible causal explanation for the differential allocation of testosterone may 
be found in its relationship with prolactin levels. Increasing concentrations of 
plasma prolactin after the onset of laying enhanced the expression of incubation 
behavior in American kestrels (Sockman et al. 2000). Enhanced plasma prolactin 
also increased the deposition of yolk testosterone but not of androstenedione 
(Sockman et al. 2001). Although the detailed mechanism still has to be 
discovered, Sockman et al. (2001) suggested that prolactin could influence the 
activity of aromatase (inhibition), 3-hydroxysteroid dehydrogenase (activation) 
and 17- hydrosteroid dehydrogenase (activation). This could possibly lead to 
accumulation of testosterone but evoke only little changes in androstenedione 
concentrations. This very likely explains why for wrens a relationship between 
yolk androgens and hatching asynchrony could not be found (Ellis et al. 2001). 
Since an overall measure of androgens was used, rather than testosterone 
specifically, a potential correlation between testosterone and the degree of 
hatching asynchrony might be masked by much higher concentrations of 
androstenedione that did not show a relationship with OIC (e.g. Groothuis and 
Schwabl 2002, Schwabl et al. 1997, but see also Schwabl 1993).  
 
Our results on the relationship between the onset of incubation and androgen 
allocation in black-headed gulls are consistent with the results of Sockman et al. 
(2001). As in the kestrel, increased prolactin levels might induce both an early 
onset of breeding and enhanced testosterone deposition in last-laid eggs. 
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Sockman et al. (2001) also showed a seasonal rise in plasma prolactin that 
correlated with a seasonal increase in yolk testosterone in the last eggs of a 
clutch. Also in our study, testosterone increment over the laying sequence was 
larger with a progressing breeding season. Finally, there is some evidence that a 
seasonal increase in plasma prolactin reduces the time between onset of egg 
laying and start of incubation during the laying period (Meijer et al. 1990). 
Indeed, we found that later in the breeding season incubation started 
significantly earlier compared to the earlier laying dates. Thus, prolactin may 
play a key role in the adjustment of incubation pattern (and thereby degree of 
hatching asynchrony) and the deposition of yolk testosterone (compensating 
effects of hatching asynchrony) to each other. The mechanism by which 
prolactin could elevate yolk testosterone concentrations is unclear, since 
prolactin is supposed to be antigonadotropic (e.g. Buntin et al. 1999, Goldsmith 
1983).  
 
Regardless of the precise mechanism, our results support the hypothesis that 
increasing levels of testosterone over the laying sequence are adjusted to the 
degree of hatching asynchrony. This supports the idea that yolk testosterone has 
a compensatory function in the context of hatching asynchrony. 
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Abstract The offspring of avian species, especially those of colonial 
breeders, are exposed to a number of pathogens 
immediately after birth. The chick’s immune system is, at 
that early stage still immature and inefficient. As a 
consequence, diseases can have a strong impact on chick 
survival. The ability of mothers to transmit passive 
immunity in terms of antibodies of their own acquired 
immunity to their chicks is probably an essential pathway to 
enhance the chick survival. Since the production of 
antibodies is costly, females are expected to adjust the 
transmission of passive immunity to the local disease 
environment. We found that in Black-headed Gulls (Larus 
ridibundus) yolk antibody concentrations are positively 
correlated with local breeding density. This transmission 
pattern is likely to be adaptive, as the aggregation of birds 
will enhance the local presence of pathogens. When birds 
were forced to re-settle after the colony had been flooded 
(10-20% of the original number of breeding pairs re-settled), 
this relationship was not present anymore. The lack of such 
a relationship may be explained by the fact that females may 
retain certain levels of antibodies as a consequence of 
infections that occurred during the first breeding attempt at 
a different breeding density. Within clutches, maternal 
antibodies decreased with laying sequence, in particular in 
eggs hatching male chicks. This transmission pattern may 
contribute to the observed mortality pattern found in gull 
species. 
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Introduction 
In colonial breeding species, individuals can benefit from living in groups since 
it improves their defense against predators and their foraging efficiency (e.g. 
Ward & Zahavi 1973, Götemark & Andersson 1985, Danchin & Wagner 1997). 
Coloniality also entails costs. The aggregation of large numbers of individuals 
during the breeding season enhances the infection risks including a greater risk 
of acquiring parasites (e.g. Brown & Brown 1986, Tella 2002). In colonial 
breeding species this relationship not only applies to adults but also to their 
chicks that are faced with pathogens immediately after hatching. Therefore early 
immune function might be important to guarantee subsequent survival (e.g. 
Christe et al. 1998, Müller et al. 2003). In contrast to adults that possess of a fully 
developed immune system, chicks have initially an inefficient immune system as 
the humoral immune response is not yet developed (Apanius 1998). To 
compensate for this, females can transfer components of their own acquired 
immunity to their offspring. These early maternal effects can adaptively 
influence the chick phenotype via non-genetic inheritance (Mousseau & Fox 
1998).  
Thus, maternal antibody transmission might be a specific way to modify a 
chick’s phenotype to the local disease environment, which varies between 
nesting sites within a colony, according to the local breeding density.  
Indeed, previous studies showed that females increase their antibody 
production when allocating maternal antibodies to their offspring, probably to 
sustain their own baseline levels while providing the eggs (Klasing 1998, Saino 
et al. 2001). Both concentration and diversity of transferred antibodies correlate 
with the pathogen exposure of the female before egg laying (e.g. Gasparini et al. 
2001). This suggests that an infection at the nesting site (Gasparini et al. 2001) or 
re-activation of a dormant infection might affect the antibody concentrations. In 
general, females cannot transfer antibodies towards pathogens they have not 
been exposed to themselves (Heller et al. 1990, Leitner et al. 1990). The transfer 
of specific antibodies seems adaptive since it has been shown that it reduces the 
susceptibility of the offspring to those pathogens (reviewed in Grindstaff et al. 
2003). 
Since the transmission of maternal antibodies involves the price of mounting an 
immune response in the mother (reviewed by Sheldon & Verhulst 1996), females 
are expected to adjust their transmission to the exposure to pathogens at the 
current nesting site. Therefore, they may face limitations in the transmission of 
antibodies for nutritional reasons (reviewed in Grindstaff et al. 2003). Their 
endocrine state may also hamper the antibody transmission due to potentially 
suppressive effects of androgens on the acquired immune system (e.g. Grossman 
1985). This especially applies to species such as Black-headed Gulls Larus 
ridibundus. As in other bird species of the temperate zone, females increase their 
androgen levels with the onset of the breeding season (Wingfield et al. 1990, 
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Groothuis and Meeuwissen 1992). In these gulls both sexes show territorial 
behaviour and an increase in breeding density will lead to a higher number of 
social/territorial interactions. It is well known that this stimulates testosterone in 
the bird, which is necessary to maintain the territory (Beletsky et al. 1992, 
Silverin 1998, Alonso-Alvarez and Velando 2001). This may lead to a problem 
for the female as the need of antibody transmission increases as the breeding 
density increases, while at the same time her antibody production and so her 
transmission may be hampered due to her enhanced androgen levels. 
 
In this study, we investigated levels of maternal antibodies in the eggs of black-
headed gulls in relation to local breeding density. As our field site was 
completely flooded at the end of the incubation period, we were also able to 
analyse antibody concentrations of clutches that were laid when the colony re-
settled with much lower breeding densities. This enables us to analyse the 
flexibility of the maternal antibody transmission pattern.  
In the analysis we further included laying order and sex of the eggs, since both 
affect survival probabilities of the chicks in this species (Müller et al. 2003). 
Clearly, survival may be associated with immune function (Müller et al. 2003), 
and differential maternal transmission of immunity could be responsible for the 
variation in chick performance (Blount et al. 2001, Saino et al. 2003). 
 
Material and Methods 
(a) Study species and egg collection 
Black-headed Gulls are monogamous, colonial breeders. Within the breeding 
colonies, they defend small territories, starting about two weeks before egg 
laying takes place. The modal clutch is three eggs that are laid over a three- to 
five-day period (Cramp and Simmons, 1983). In 2001, a large black-headed gull 
colony (about 2000 breeding pairs distributed over several sub-colonies) along 
the northeast coast of The Netherlands was checked daily for nest building and 
freshly laid eggs. These eggs were marked with a non-toxic marker referring to 
the position in the laying order and the date of laying. On the day of clutch 
completion, all eggs from a total of 30 clutches were collected, weighed to the 
nearest 0.1 g and placed in an incubator at 37.5 °C with 60 % humidity to allow 
some embryonic development for sex determination. As some incubation takes 
place prior to clutch completion, the eggs were incubated differentially to 
approximately equalize the total incubation time (60h in case of the first laid egg, 
72h for the second-laid egg and 84h in case of the last-laid egg). All eggs have 
hence been incubated less than seven days in total, to guarantee that transport of 
antibodies into the embryo did not change the antibody concentrations as 
measured in the yolk (Kowalczyk et al. 1985).  
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We collected clutches during the normal laying period in May-June (N=16) and 
again in late July (N=14) after the whole colony area had been flooded in a 
western storm. These late clutches were likely replacement clutches. 
At the time the clutch was collected, we counted the number of nests of the same 
species (=neighbours) within a radius of 3m around the nest as an indicator of 
density. The radius of three meters approximates (depending on the vegetation 
cover) the distance chicks move away from their nest during the first two weeks 
of life.  
 
(b) Molecular sex determination 
The eggs collected were defrosted and yolk and embryo separated. A small 
tissue sample of the embryo was used for Chelex® resin-based DNA extraction 
(Walsh et al., 1991). Two µl of the resulting DNA solution was used in a 
polymerase chain reaction (PCR) to amplify a part of the CHD-W gene in 
females and the CHD-Z gene in both sexes (for details see Griffiths et al., 1998). 
The reliability of this method has been established in earlier studies on this 
species (e.g., Müller et al. 2003). 
 
(c) Enzyme-Linked Immuno-Sorbent Assay for antibody determination 
Antibody concentrations were determined using an indirect Enzyme-Linked 
Immuno-Sorbent Assay (ELISA) with commercial anti-chicken antibodies 
(Sigma© C-6409). This method provides a sensitive measurement of antibody 
concentrations that bind to a specific antigen (Janeway & Travers 1999). Using 
commercial anti-chicken antibodies in a direct ELISA has been shown to be a 
reliable technique to determine antibody concentrations for a variety of bird 
species (Martinez et al. 2003). In addition, we validated the assay for yolk 
samples of our study species. Briefly, samples were separated by means of SDS-
Page under reducing conditions, the gels have been Western blotted onto 
nitrocellulose filters and immune stained with the anti-chicken antibody used in 
the ELISA. The results show that the antibody detects only the light chain of the 
Immunoglobulins (molecular weight 22 kD) without binding to the heavy chain 
of the Immunglobulins or any other protein. Thus, using indirect ELISA is well 
suited for measuring yolk antibodies of black-headed gulls. 
 
The yolk was diluted 1:1 with distilled water. Two mg of the sample was taken 
and pH adjusted to 5.0-5.2 with 1M HCl. After centrifugation at 10.000 G for 25 
min, the supernatant containing the antibodies was separated and the antibody 
concentrations were determined using indirect ELISA. To assess total antibody 
levels, a standard of pooled yolk of all individuals included in the analysis was 
used, which was assigned a concentration of 106 arbitrary. All values were 
subsequently expressed relative to this standard (Antibody index=relative 
antibody titer/10.000). Briefly, 96-well ELISA plates (NuncTM Immunoplate) were 
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coated with anti-chicken antibodies (concentration 1:180, Sigma© C-6409) by 
overnight incubation at 4°C. After emptying the wells, they were incubated with 
1 % BSA- PBS (Roche Diagnostics©) for 1h, then washed with 300 µl PBS-Tween 
(three times). Yolk samples were diluted 1:10.000 in 1 % BSA- PBS to ensure that 
the samples are on the linear part of the standard curve. 50 µl of this dilution 
was added in replicate to the wells. Likewise dilution series of the standard was 
added in replicate, including a negative control. The plates were incubated for 
3h at room temperature, and then washed with 300 µl PBS-Tween (three times). 
Subsequently an alkaline phosphatase conjugated secondary antibody (Sigma© 
A-9171 antichicken IgG, 1:15 000 diluted in 1 % BSA- PBS) was added. Plates 
were incubated for another night at 4° C. In the last step plates were washed 
with 400 µl PBS-Tween (three times) and 100 µl of an alkaline phosphatase 
substrate (PNPP, p-nitro phenol phosphate, Sigma© 104 phosphatase substrate 
in 1 M diethanol amine buffer [1mg/ml]) was applied (50 µl).  
The absorbance was measured at 405nm in an ELISA reader 45 min after adding 
the substrate (or until the lowest standard reached the absorbance of 2.0).  
 
(d)  Statistical procedures 
All data were analysed in a backward elimination procedure using hierarchical 
linear models in the MLwiN program 1.10 (Rasbash et al. 2000). This method 
accommodates unbalanced data, allows analyses of variance and covariance 
taking into account the nested relationship of different eggs in a nest and 
controls for multiple (independent) variables. Significance was tested using the 
increase in deviance (∆deviance), when a factor was removed from the model, 
which follows a χ2–distribution (Wald statistic). The following variables were 
included in the analysis: number of neighbours (density), egg mass, laying 
order, laying date, sex of the embryo and all possible interactions. When 
analyzing the contribution of egg mass and offspring sex, we were mainly 
interested in the within nest effects, hence mean egg mass and mean sex ratio of 
the clutch were also included in the model (Snijders and Bosker 1999). Post hoc 
tests were done using the same program.  
As our data consists of two sets (early clutches [N=16]: laid during the “normal” 
breeding season; late clutches [N=14]: laid after the whole colony area had been 
flooded) we analysed these data separately.  
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Results 
Within the early clutches [N=16], antibody concentrations of a clutch positively 
correlated with the number of neighbours within a radius of 3m (Figure 1, 
Number of neighbours: estimate 0.10, error 0.03, ∆deviance=9.90, df=1, p=0.002). 
Antibody concentrations showed variation both between and within clutches. 
Notably, antibody concentrations of a particular egg within a clutch decreased 
through the laying sequence (laying sequence: ∆deviance 6.08, df=2, p<0.05), 
with first eggs having the highest antibody concentrations.  

 
Figure 1: Yolk antibody concentrations (mean value of each clutch, [antibody index = 
relative antibody concentration, see methods]) in relation to the breeding density, 
measured as number of neighbours within the radius of three meter (May) during the 
normal breeding season (July) after a period of re-laying at the end of the breeding season 
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In the second model, we analysed the clutches laid during the second breeding 
attempt in July [N=14]. In contrast to the early clutches, there was no effect of the 
number of neighbours on the transmission of antibodies (Figure 1, Number of 
neighbours: estimate -0.10, error 0.13, ∆deviance=0.30, df=1, p=0.58). Within 
clutches, antibody titers varied with the position in the laying sequence in 
interaction with embryonic sex (sex*laying sequence: ∆deviance=6.81, df=2, p= 
0.03). This is due to the fact that antibody concentrations were highest in first 
laid eggs in males, but did not vary with laying sequence in females (post hoc 
males (N=24), laying order: ∆deviance=10.39, df=2, p=0.005;  post hoc females 
(N=18), laying order: ∆deviance=1.96, df=2, p=0.38). Male antibody titers were 
significantly higher compared to female eggs in first laid eggs (∆deviance=5.44, 
df=1, p= 0.02), but significantly lower in second laid eggs (∆deviance=6.89, df=1, 
p= 0.01). There were no sex differences in yolk antibody concentrations in last 
laid eggs (∆deviance=0.06, df=1, p= 0.80) 

 
 
Figure 2: Yolk antibody 
concentrations [antibody index = 
relative antibody concentration, 
see methods] in relation to the 
position within the laying 
sequence and embryonic sex 
[males (grey bars), females (black 
bars); mean+/-se] (May) during 
the normal breeding season 
(July) after a period of re-laying 
at the end of the breeding season 
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Discussion 
Between clutch variation 
We found that the transmission of maternal yolk antibodies correlated with the 
number of breeding pairs within a radius of three meters around the nest. This 
transmission pattern is likely to be an adaptive maternal investment. The 
transmission of high levels of passive immunity via the mother has been shown 
to enhance disease resistance of the chick (reviewed in Grindstaff et al. 2003). 
Since the local pathogen exposure is likely to be relatively high at nest sites with 
high breeding density,, the transmission of antibodies might be more beneficial 
then elsewhere. These data are consistent with the transmission pattern in a 
seabird-ectoparasite system (Kittiwake Rissa tridactyla-seabird ticks Ixodes uriae) 
studied by Gasparini et al. (2001). These authors found that when the local 
ectoparasite density was high, the yolk antibody concentrations against disease 
transmitted by these ectoparasites were enhanced as well. In their study system 
actual breeding density and local ectoparasite concentration were not associated. 
Ticks over-winter at the host nest site and can accumulate according to the 
occupancy of the nest site of the birds (Gasparini et al. 2001). 
In contrast, due to the frequent flooding of the breeding site in autumn and 
winter, pathogen exposure in black-headed gulls depends on the actual number 
of birds present during that breeding season and thus very likely increases with 
density. It is not a function of densities in previous years as in the kittiwake 
system. At dense breeding areas elevated levels of aggressive encounters will 
lead to higher plasma testosterone levels (e.g. Beletsky et al. 1992). In our study 
species, both sexes are involved in establishment and maintenance of the 
territory. Thus, females also have elevated plasma testosterone levels, and are 
likewise affected by the relationship between social environment and endocrine 
state (Wingfield et al. 1990, Groothuis and Meeuwissen 1992). We therefore 
hypothesized that females may be limited in their transmission of passive 
immunity especially if breeding density is high, as high maternal androgen 
levels resulting from high breeding densities may lead to immunosuppresssion 
(e.g. Grossman 1985). We did not find any evidence for this as females had no 
reduced transmission of antibodies to their eggs in areas with high density. 
However, further experimental studies are needed to examine this relationship. 
Alternatively, the antibody pattern we found may also be explained by the age 
structure in a colony. As in a number of other colonial seabird species, young 
birds tend to breed at the outer boundaries of a colony with lower local breeding 
density (e.g. Wooler & Coulson 1977, Montevecchi 1978). Thus, the increase of 
maternal yolk antibodies may partly reflect maternal age, as females cannot 
transfer antibodies towards pathogens they have not been exposed to 
themselves (Heller et al. 1990, Leitner et al. 1990). However, this is not likely an 
alternative explanation, as the diversity of antibodies transmitted may vary 
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according to age, but the total maternal antibody titers did not correlate with age 
in Common Terns Sterna hirundo (Apanius and Nisbet 2003). 
The relationship between maternal antibody transmission and breeding density 
was only present during the initial phase of colony establishment. When the first 
chicks had just hatched (about 4-5 weeks after first egg laying), the whole colony 
area was flooded. Two weeks later, about 10-20 % of the birds had re-settled and 
started a replacement clutch. The range in clutch levels of maternal yolk 
antibodies was not reduced during the re-laying period (Figure 1), although at 
the time of re-laying, pathogen exposure was probably reduced, given the long-
lasting flood of salt water. This may be explained by the possibility that females 
may have enhanced their plasma antibody concentrations according to the 
pathogen exposure at the nest site during the first breeding attempt. After the 
infection, antibodies then remain high for weeks post-infection (Ots and Hõrak 
1998).  
After the reduction in numbers of breeding pairs, there was no longer a defined 
colony structure. It is likely that pairs returned to or stayed at their previous 
territory. After resettlement, the transmission pattern of antibody titers was no 
longer related to the actual breeding density anymore, as the time span between 
change in pathogen exposure and re-laying was probably too short for the 
females to adjust their transmission pattern. Alternatively, if pairs moved to a 
new territory, lateness of the year may have forced them to take quick decisions 
where to breed, without allowing for an adjustment of the transmission pattern 
to nest site characteristics.  
 
Within clutch variation 
Yolk antibody concentrations decreased with laying order as has been shown for 
the Lesser Black-backed Gull Larus fuscus (Blount 2001). Reduced antioxidant 
reserves (Royle 1999, Blount 2001), smaller size (e.g., Royle 1999) and low 
passive immunity (this study, Blount et al. 2001), and delayed hatching together 
may contribute to the reduced probability of survival of the last chick (Müller et 
al. 2003). This decrease of egg and consequently chick quality is particularly 
marked in gull species and might also indicate the difficulties of the bird to 
maintain egg quality during the laying period.  
When re-laying, the decrease in antibody concentrations with laying sequence 
was only present in eggs hatching male chicks. These data may indicate that 
females adjust the amount of antibodies and the sex of the egg towards each 
other (Saino et al. 2003). From a mechanistic point of view, sex-specific 
differences in the transmission pattern with laying order are difficult to explain, 
due to the lack of any indications for an active transport of antibodies into the 
yolk (reviewed in Grindstaff et al. 2003).  
However, sex-specific transmission pattern may be causally linked to the male-
biased mortality that frequently has been reported for gull species (Griffiths 
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1992, Nager et al. 2000). Depending on the time of the year, females may follow 
different sex-specific transmission strategies within the laying sequence, 
according to the probability to raise the more vulnerable sex. Further studies are 
needed to evaluate the adaptive significance of the observed sex differences in 
yolk antibody concentrations. 
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Abstract Prenatal maternal effects can profoundly shape offspring fitness, 

with egg size and quality being the most important effects for 
oviparous animals. Birds transfer multiple protective 
compounds to their eggs, such as antioxidants and 
immunoglubulins, that enhance neonatal disease resistance and 
early immune defence. These partly compensate for the 
incomplete functioning of the chicks' immune system early after 
hatching. Avian mothers also deposit substantial amounts of 
androgens in their eggs that enhance the chicks’ competitiveness 
but which might be at the cost of immune function. We 
investigated in the black-headed gull whether female deposition 
of antioxidants (carotenoids and vitamin E), Immunoglobulin G 
(IgG), testosterone and egg mass correlate. We further analyzed 
their relationship with hatching asynchrony and offspring sex, 
which both play a key role in determining offspring survival. 
Egg mass, yolk antioxidant and yolk IgG concentrations 
decreased over the laying order, while yolk testosterone 
concentrations showed the reverse pattern. This suggests that 
the last-hatched chicks are substantially handicapped in their 
immune defence, in addition to the age and size disadvantage 
caused by hatching in a last position, which could be mitigated 
by the competitive advantage conferred by high testosterone 
concentrations. The yolk antioxidant, IgG and testosterone 
concentrations and egg mass were neither associated with each 
other nor with the sex of the embryo, no matter whether we 
analyzed this for individual eggs or for clutch averages. The 
decrease in antioxidant levels across the laying sequence was 
greater when the increase in testosterone concentrations was 
greater. Furthermore, the decrease in antioxidants over the 
laying sequence was greater when mothers had a low body mass 
at the time of clutch completion. Female black-headed gulls 
seem to be constrained in the deposition of high levels of 
antioxidants and perhaps IgG in later-laid eggs. Mothers may 
compensate for the lower quality of their last eggs by enhancing 
testosterone levels in these eggs, which is possibly a less costly 
investment for the mother. We suggest that this enhanced 
transmission of immunosuppressive testosterone may represent 
an adaptive maternal strategy to re-allocate the chick’s 
investment from costly immune function to growth and 
competitive skills necessary to overcome the consequences of 
hatching late from an egg of reduced quality. 
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Introduction 
Parents influence the fitness of their offspring by transferring to them other 
resources than their genome only. The advantage of such parental or maternal 
effects (Mousseau and Fox 1998) is that they can be adjusted to the prevailing 
post-hatching conditions, since the effects may arise from the environment as the 
mother experiences it. Different maternal resources may in principle be adjusted 
towards each other to maximize maternal fitness. Birds are excellent models for 
studying maternal effects, producing relatively large eggs which represent a 
substantial maternal investment that markedly influences post-hatching 
development and survival (reviewed by Williams 1994, Christians 2002). This 
maternal resource allocation takes place in a short time window, and no further 
adjustments of the egg components are possible once the egg is laid.   
One important component of bird eggs that is present in substantial levels are 
maternally derived yolk androgens. Increased levels of maternal yolk androgens 
can influence hatching time (Sockman and Schwabl 2000, Eising et al. 2001), 
enhance begging behavior and post-natal growth (Schwabl 1993, 1996, Eising et 
al. 2001, Eising and Groothuis 2003), the first two probably by strengthening of 
the neck muscle (Lipar and Ketterson 2000). In this way the maternal hormones 
mitigate the negative consequences of hatching asynchrony for the last-hatched 
chick (Schwabl 1993, Eising et al. 2001). On the other hand maternal yolk 
androgens may entail costs for the offspring. In several bird species testosterone 
suppresses immune function (Ketterson and Nolan 1999, Peters et al. 2000, Duffy 
et al. 2001, but see Ros et al 1997, Hasselquist et al. 1999), as does experimental 
elevation of yolk androgens in chicks (Hirota et al. 1976, Groothuis et al. subm.). 
Experimental elevation of yolk androgens is widely recognized to suppress 
antibody responses via premature regression of the bursa of Fabricius (Hirota et 
al. 1976) but can also enhance the T-lymphocyte compartment by promoting 
thymic hyperplasia (Marsh 1992). Furthermore, androgens may promote 
oxidative stress resulting from accelerated growth (von Schantz et al. 1999).     
The effect of maternally derived androgens on immunity may indeed be of great 
importance for a young chick. At hatching the chick leaves the sealed 
environment of the egg and is confronted with a spectrum of infectious agents 
that can cause morbidity and mortality while their immune system is not yet 
fully developed (Apanius 1998). Therefore, avian mothers provide the egg, and 
thus enhance the immune defence of their offspring, with maternal 
Immunoglobulin G (IgG) (Gasparini et al. 2001, Buechler et al. 2002, Saino et al. 
2003) and antioxidants such as carotenoids and vitamin E (Royle et al. 2001, 
Blount et al. 2002, Saino et al. 2003). IgG, deposited in the egg yolk, provide 
protection during the vulnerable period between hatching and maturation of 
endogenous immune function (reviewed by Grindstaff et al. 2003). The 
protective role of maternally derived immunoglobulins has for example been 
demonstrated by experimental infections of domestic birds (Kariyawasam et al, 
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2004). Furthermore, transmission of maternal immunoglobulins has been 
documented in a variety of wild bird species and is positively correlated with 
nidicolous ectoparasite levels (Gasparini et al. 2001, Buechler et al. 2002). In 
domestic birds, the ability of the chick to raise an antibody mediated immune 
response develops during the first and second week post-hatch (Apanius 1998). 
If yolk androgens suppress neonatal antibody responses, then mothers may 
compensate for this potential cost by transferring an increased quantity of their 
preformed immunoglobulins into the egg. 
Maternally transmitted antioxidants (particularly carotenoids and vitamin E) are 
critical for embryonic development as they protect growing tissues from 
oxidative damage including lipid peroxidation (Surai et al. 1999, Surai 2002). 
Pertinent to this study, antioxidants are widely believed to enhance immune 
function. For example carotenoids have been shown to enhance T-cell-mediated 
immunity early post-hatching in barn swallow chicks Hirundo rustica (Saino et al. 
2003, for similar effect in adult zebra finches see Blount et al. 2003, McGraw and 
Ardia 2003). Maternal transfer of antioxidants to the yolk may also entail a cost 
for the mother. Antioxidants can only be obtained in the mother's diet and their 
availability may thus be suboptimal (reviewed by Brush 1990), while deposition 
into the yolk reduces their availability for the maternal self-maintenance (von 
Schantz et al. 1999). 
The size (mass) of an individual egg is directly related to the quantity of 
nutrients available for embryonic and post-natal growth, which in turn 
influences sibling rivalry in concert with hatching asynchrony. These nutrients 
determine energetic resources for growth as well as the development and 
expression of the immune system, both of which are energetically costly 
(reviewed by Sheldon and Verhulst 1996, Lochmiller and Deerenberg 2000). Egg 
size is likely to be traded off against maternal body condition (reviewed by 
Williams 1994, Christians 2002). 
The sex of the offspring can also play a pivotal role in the maternal allocation, 
and possibly rates of utilization, of these egg components. In many avian 
species, early nestling mortality differs between male and female offspring and 
subsequently influences their fitness value to the parents. In gulls, the 
relationship between nestling survival and egg size and quality varies with the 
sex of the offspring (Nager et al 1999, 2000).  
We may expect that the deposition of immuno-suppressive androgens, and 
immuno-enhancing IgG, antioxidants and nutrients are adjusted to each other. 
They should also be adjusted to the need to mitigate hatching asynchrony and 
the risk of infectious diseases. The expectation that mothers compensate for 
immuno-suppressing effects of elevated androgens in their last-eggs by 
transferring more IgG and antioxidants to these eggs has not been supported by 
previous studies of the lesser black-backed gull Larus fuscus. Levels of androgens 
increased while those of carotenoids, vitamin E and maternal IgG decreased 
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with laying order (Blount et al. 2002, Royle et al. 2001). This suggests a negative 
association between immuno-suppressing and immuno-enhancing factors. 
These trends at the population level may not accurately reflect the co-variation 
of these parameters within individual eggs.  Females may be physiologically 
constrained in their ability to vary these yolk components across the laying 
sequence within a clutch, but individuals may still differ in the transfer of these 
compounds within the whole clutch, as well as in the rate of increase or decrease 
across the laying sequence. In addition, they might vary the transfer of these 
compounds depending on the sex of the offspring. 
We ask whether several prenatal maternal effects exhibit mutual adjustment. We 
measure within and between clutch variation in egg mass, yolk testosterone, 
IgG, carotenoids and vitamin E, as well as the relations between these variables 
and with hatching asynchrony, offspring sex and maternal body mass in the 
black-headed gull Larus ridibundus. This is an appropriate model organism, 
producing  eggs that contain high levels of maternal androgens, which vary 
systematically between and within clutches (Eising et al. 2001, Groothuis and 
Schwabl 2002), and their functional consequences for growth and behavior have 
been convincingly demonstrated (e.g. Eising et al. 2001, Eising and Groothuis 
2003). In this species immune-relevant egg components such as IgG and 
antioxidants may be particularly important as it breeds in extremely dense 
colonies in which the aggregation of large numbers of birds during the breeding 
season enhances the risk of infectious diseases (Brown & Brown 1986, Loye and 
Zuk 1991, Tella 2002). Indeed, concentrations of maternal IgG in the yolk are 
positively related to breeding density and presumably to the potential risk of 
infection (Müller et al. in press). Finally, early nestling mortality in this species is 
related to hatching asynchrony, T-cell-mediated immunity, and sex of the 
offspring (Müller et al. 2003). 
 
Material and Methods 
(a) Study species and data collection 
Black-headed gulls are monogamous, colonial breeders. The clutch typically 
consists of three eggs, which are laid over a three- to five-day period (Cramp 
and Simmons 1983). In 2001, nests of several neighbouring black-headed gull 
sub-colonies (300-1000 breeding pairs) along the northeast coast of the 
Netherlands were checked once a day for egg laying. Freshly laid eggs were 
marked with non-toxic ink referring to the position within the laying order and 
laying date. We collected 20 complete clutches on the day of clutch completion. 
The eggs were weighed to the nearest 0.1 g and subsequently placed in an 
incubator at 37.5 °C with 60 % humidity to allow embryonic development, and 
then frozen at minus 20 °C. Since some incubation takes already place before 
clutch completion, the eggs were incubated differentially according to their 
laying position to approximately equalize the total incubation time (60h in case 
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of the first laid egg, 72h for the second-laid egg and 84h in case of the last-laid 
egg). This also reduced a potential effect of incubation on testosterone (Elf and 
Fivizanni, 2002, Eising et al. 2003), IgG (Kowalczyk et al. 1985) and antioxidant 
levels. Dummy eggs were used to maintain female incubation behavior so that 
we could capture the females (within three days of egg removal) to obtain body 
measurements (N=7). 
 
(b) Egg analyses 
The collected eggs were defrosted and the yolk and embryo separated. A small 
tissue sample of the embryo was used for Chelex® resin-based DNA extraction 
(Walsh et al. 1991). Two µl of the resulting DNA solution was used in a 
polymerase chain reaction (PCR) to amplify a part of the CHD-W gene in 
females and the CHD-Z gene in both sexes (for details see Griffiths et al. 1998). 
The reliability of this method has been established in earlier studies on this 
species (e.g., Müller et al. 2003). 
The yolks were homogenized for the analysis of hormones, IgG and 
antioxidants. In all cases all eggs of a clutch were analyzed in the same assay. 
 
I. Hormone analysis 
For hormone analysis, about half of the homogenized yolk was diluted with one 
ml water per gram of yolk and about 150 mg of this emulsion was used for 
hormone analysis. We followed a standard procedure according to Schwabl 
(1993), with a slight modification. Briefly, samples were extracted twice with 4 
ml petroleum ether/diethylether (30/70%), followed by precipitation with 90% 
ethanol to remove neutral lipids. Subsequently, the hormones were separated on 
diatomaceous earth chromatography columns. Androgen concentrations were 
measured in double competitive-binding radioimmunoassays (RIA) with 
tritiated hormone (NEN, the Netherlands) and hormone-specific IgG (Endocrine 
Science, USA). The average recovery was 49.4 %, the inter-assay intra-assay 
variation was 4.2 % . 
 
II. Immunoglobulin Assay 
Immunoglobulin concentrations in plasma and yolk homogenate were 
determined after 10-fold dilution (w/w) with an anionic detergent buffer (0.33 % 
sodium dodecyl sulphate in 0.5 M Tris-HCl pH 6.8 and 10% glycerol). This is the 
standard sample buffer for protein separation using polyacrylamide gel 
electrophoresis (Harlow and Lane, 1999), which we used to resolve the spectrum 
of egg-yolk proteins. Gull IgG was identified on the basis of molecular weight of 
the denatured molecule and of the molecular weight of the subunits produced 
under reducing conditions as outlined in Apanius et al (1983). IgG concentration 
was measured with a quantitative Coomassie G-250 staining protocol (Neuhoff, 
1988) using a standard curve based on purified chicken IgG (Sigma  I4881) and 
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expressed in mg/ml of serum and mg/mg of yolk. Randomly chosen serum 
(N=23 individual females) and yolk (N=36 eggs) samples were analyzed twice 
and the repeatability of the method (intraclass correlation coefficient) was 
estimated to be 0.977 (F22,23= 45.18, p<0.0001) and 0.683 (F35,36= 2.46, p<0.0032), 
respectively. In one clutch only two of the three eggs could be measured 
successfully, hence we excluded the complete clutch from the analysis of IgG. 
 
III. Biochemical assays for Carotenoid analysis 
An aliquot of yolk (~ 200 mg) was mixed with 0.5 ml 5 % sodium chloride by 
vortexing. Next, 1 ml ethanol was added to the mixture and homogenized for 20 
s, then 2 ml hexane was added and the mixture was homogenized for a further 
20 s. After centrifugation the lipophilic hexane phase was collected. Extraction 
using hexane was performed once more. The combined hexane phase was 
evaporated to dryness under a stream of nitrogen gas, then redissolved in 0.3 ml 
dichloromethane-methanol (1:1) ready for HPLC. For analysis of total 
carotenoids, samples (10 µl) were injected into an HPLC system fitted with a 
Spherisorb type S5NH2, 5µ C18 reverse-phase column (25 cm x 4.6 mm) (Phase 
Separations, Clwyd, UK) and a mobile phase of methanol-distilled water (97:3) 
at a flow rate of 1.5 ml min-1. Carotenoids were identified as a single peak at 445 
nm, and the concentration determined using lutein (Sigma-Aldrich, Poole, UK) 
in methanol as a standard. For analysis of vitamin E (α- and γ-tocopherol), 
samples (10 µl) were injected into an HPLC system fitted with a Spherisorb type 
S30DS2, 3µ C18 reverse-phase column (15 cm x 4.6 mm) (Phase Separations, 
Clwyd, UK), and a mobile phase of methanol-distilled water (97:3) at a flow rate 
of 1.05 ml min-1. Fluorescence detection of vitamin E involved excitation and 
emission wavelengths of 295 nm and 330 nm, respectively, and the concentration 
determined in relation to solutions of α-tocopherol and γ-tocopherol (Sigma-
Aldrich, Poole, UK) in methanol. Tocol was used as an internal standard. 
Concentrations are given in µg/g of yolk. Nineteen complete clutches were 
successfully analyzed. 
 
(c) Statistical analyses 
None of the data sets deviate significantly from a normal distribution. In the first 
approach we analyzed the within clutch allocation pattern using hierarchical 
linear models in the MLwiN program 1.10 (Rasbash et al. 2000). This method 
allows analyses of variance and covariance taking into account the nested 
relationship of different eggs in a nest and controls for multiple (independent) 
variables. Significance was tested using the increase in deviance (∆deviance), 
when a factor was removed from the model, which follows a χ2–distribution 
(Wald statistic). Position in the laying sequence, offspring sex and their 
interaction were included as categorical predictors. Since we were interested in 
within nest effects of offspring sex independently from sex differences at the 
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total clutch level, the clutch sex ratio was included in the model too (Snijders 
and Bosker 1999).  
In a second approach we investigated the potential relationships between levels 
of testosterone IgG, antioxidants and egg mass in individual eggs. To this end 
we calculated for each of these components the residuals over the laying 
sequence in the MLwiN program and subsequently applied parametric 
correlation analyses (Pearson, SPSS). In a third approach we correlated total 
clutch levels among the different yolk components.  
Finally, we correlated the change over the laying order among the different egg 
components. The increase in testosterone levels was calculated as the 
concentration of last egg minus that of the first egg. The decrease in other 
components was calculated as the concentration of the first egg minus that of the 
last egg. Since the biological effect of a certain absolute change is very likely to 
be stronger in case of low levels than of high levels of that compound in the 
clutch, we calculated relative changes over the laying order by dividing the 
changes over the laying sequence by the concentration of the first egg (see 
Müller et al. in press ).  
Levels of vitamin E and carotenoids very strongly correlated and showed similar 
trends in all analyses. Therefore, and because of their similar antioxidant 
function, we used the sum of both concentrations as a measure of combined 
antioxidant concentrations in all these analyses 
The relation between body mass of mother gulls and clutch levels and relative 
changes over the laying sequence of the four egg components (n=7 except for 
antioxidant levels where n=6) was analyzed by means of Pearson correlations.  
 
Results 
(a) Variation of the separate components within clutches 
Egg mass declined slightly with the laying sequence (fig 1a; laying sequence: 
∆deviance 12.08, df=2, p=0.002), independent of sex, or sex in interaction with 
laying sequence (table 1; sex: ∆deviance 0.79, df=1, 0.37; sex x laying sequence: 
∆deviance 0.30, df=2, 0.86). Post-hoc tests revealed that the second-laid egg was 
significantly heavier than the other eggs (post hoc, first vs. second: ∆deviance 
4.59, df=1, p=0.03; second vs. third: ∆deviance 11.76, df=1, p<0.001; first vs. third: 
∆deviance 2.42, df=1, p=0.11).   
Yolk IgG concentrations decreased across the laying sequence (fig. 1b; laying 
sequence: ∆deviance 11.90, df=2, p<0.005). There was neither a significant 
difference in yolk IgG concentrations between male and female eggs (table 1; 
sex: ∆deviance 0.04, df=1, p=0.84) nor an effect of sex in interaction with laying 
sequence (sex x laying sequence: ∆deviance 2.88, df=2, p=0.24).  
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Table 1: Mean egg mass (+/- se) and mean concentration (+/- se) of all egg components 
analyzed in this study, separated for the laying position of the egg and sex of the embryo. 
 
Yolk antioxidant concentrations consistently decreased from first to last laid egg 
(fig. 1c; laying sequence: ∆deviance 13.20, df=2, p<0.001). Again, neither sex nor 
the interaction between sex and laying sequence contributed significantly to the  

a-egg     
  N male N female 
egg mass 9 36.54 ± 1.55 11 35.05 ± 0.41 
Vitamin E α 9 109.69 ± 16.19 10 105.37 ± 13.23 
Vitamin E γ  9 3.85 ± 1.04 10 4.76 ± 1.25 
carotenoids 9 37.42 ± 4.71 10 36.14 ± 2.60 
antioxidants 9 150.97 ± 20.97 10 146.27 ± 15.99 
IgG 8 6.36 ± 0.64 11 6.23 ± 0.45 
testosterone 9 14.28 ± 1.50 11 13.99 ± 1.68 
     
b-egg     
  N male N female 

egg mass 9 36.62 ± 0.75 11 36.88 ± 1.15 
Vitamin E α 8 74.10 ± 6.82 11 99.57 ± 11.31 
Vitamin E γ  8 2.57 ± 0.60 11 4.57 ± 0.83 
carotenoids 8 29.21 ± 2.62 11 33.71 ± 3.27 
antioxidants 8 105.88 ± 9.52 11 137.85 ± 14.24 
IgG 8 6.03 ± 0.39 11 5.76 ± 0.38 
testosterone 9 15.88 ± 1.75 11 18.0 ± 1.05 
     
c-egg     
  N male N female 

egg mass 9 34.17 ± 0.63 11 34.91 ± 1.12 
Vitamin E α 8 71.46 ± 11.23 11 80.65 ± 5.92 
Vitamin E γ  8 2.11 ± 0.76 11 2.58 ± 0.38 
carotenoids 8 22.94 ± 2.83 11 29.49 ± 2.94 
antioxidants 8 96.51 ± 13.99 11 112.72 ± 8.63 
IgG 9 5.80 ± 0.43 10 4.96 ± 0.53 
testosterone 9 17.33 ± 1.56 11 18.84 ± 1.34 
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explained variation in antioxidant titers (table 1; sex: ∆deviance 0.45, df=1, 
p=0.50; sex x laying sequence: ∆deviance 0.69, df=2, p=0.71). The significant 
decrease in laying order was present in all antioxidant components measured 
(total carotenoids: ∆deviance 18.68, df=2, p<0.001; vitamin E α-tocopherol: 
∆deviance 14.61, df=2, p<0.001; vitamin E γ-tocopherol: ∆deviance 18.22, df=2, 
p<0.001). The separated values for all three components are shown in table 1.  
Consistent with earlier studies in Black-headed gulls, yolk testosterone 
concentrations increased across the laying sequence (fig. 1d; laying sequence: 
∆deviance 13.00, df=2, p=0.002). There were no significant associations between 
sex of the egg or sex in interaction with laying order and yolk testosterone 
concentration (table 1; sex: ∆deviance 1.66, df=1, p=0.20; sex x laying sequence: 
∆deviance 0.19, df=2, p=0.91). 

 
Figure 1: (a) Mean egg mass (+/- se) and mean concentrations (+/- se) of (b) IgG, (c) 
testosterone and (d) antioxidants in relation to the position of the egg in the laying 
sequence (a-egg= first-, b-egg= second- and c-egg=third-laid egg) 
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(b) Covariation among components.  
There was no statistically significant correlation among the residuals over the 
laying sequence of any of the four egg components presented in figure 1 (Table 
2, first two columns). This was also the case for variation at the level of the total 
clutch (Table 2, column 3 and 4). The relative increase in testosterone 
concentrations was larger when the decrease in antioxidant concentrations was 
also larger (Table 2 last two columns).   
 

  residuals    clutch level  relative change 

    pearson   p   pearson   p   pearson   p 

egg mass IgG 0.05 0.71  -0.22 0.36  0.16 0.51 
egg mass AOX 0.21 0.12  0.35 0.14  0.30 0.22 
egg mass Test 0.18 0.18  0.04 0.88  -0.11 0.65 
IgG AOX -0.01 0.97  -0.18 0.47  -0.15 0.54 
IgG Test 0.02 0.90  -0.12 0.63  -0.04 0.87 

AOX Test -0.12 0.36   0.13 0.61   0.47 0.04 
 
Table 2: Pearson correlation coefficients and related p-values for the correlations among 
the four egg components in the three levels of analyses. See text for further details. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Relative decrease in antioxidant concentration between the first-laid and last-
laid egg against the relative increase in testosterone concentration between the first-laid 
and the last-laid egg 
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(c) Maternal body mass and egg components. 
Female body mass was not correlated with clutch mass (Pearson correlation 
coefficient r=0.09, 9=0.85), clutch yolk IgG concentrations (r= 0.66, p=0.11), clutch 
yolk antioxidant concentrations (r= 0.36, p=0.49) or yolk testosterone levels of the 
clutch (r=-0.25, p=0.59). Female body mass was negatively correlated with the 
relative decrease in antioxidant concentration (fig. 2; r= -0.94, p=0.006) and was 
on the verge of a significant negative correlation with the increase in testosterone 
(r= -0.75, p=0.05). Female body mass was unrelated to the relative decrease in 
egg mass (r= -0.03, p=0.94) or IgG concentrations (r= 0.42, p=0.34) across the 
laying sequence. 
 
Discussion 
We studied maternal deposition patterns of four substances relevant to the 
immune defence in black-headed gull eggs. We were interested to what extent 
these patterns relate to hatching asynchrony and sex of the embryo, and whether 
they show mutual adjustment. We hypothesized that avian mothers may 
compensate the possible  immunosuppressive effects of elevated levels of 
testosterone, required for mitigating the negative consequences of hatching 
asynchrony for the last hatchlings, with higher levels of antioxidants and IgG, 
especially in later-laid eggs and eggs containing male embryos, the more 
vulnerable sex to early post-hatching mortality. The results do not support these 
predictions and reveal some interesting patterns that are contrary to our 
hypotheses.   
 
Changes within the laying sequence 
Maternally derived antioxidant and immunoglobulin (IgG) concentrations in the 
yolk decreased within the laying sequence (Figure 1b,c), as has been shown 
previously for the closely related lesser black-backed gull (Royle et al. 2001, 
Blount et al. 2002, Blount et al. 2004). The most parsimonious explanation for this 
pattern is maternal depletion. 
Females must obtain antioxidants from the diet (Brush 1990). Depending on 
their availability, the foraging ability of the mother, and the requirements for the 
mother’s own antioxidant activity, mother gulls may face limitations in the 
amount of antioxidants they can transfer to their offspring. This is supported by 
the fact that under natural feeding conditions, the yolk of lesser black-backed 
gulls is not maximally provided with antioxidants. Supplemental feeding with a 
carotenoid enriched diet resulted in an almost twofold increase of the yolk 
carotenoid concentrations (Blount et al. 2002). Interestingly, yolk carotenoid 
levels still declined over the laying sequence despite the additional supplement 
that was available until clutch completion. This may reflect competition among 
oocytes, with higher rates of yolking of the oocytes that ovulate first (Meathrel 
1991).  
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Like with the antioxidants, the transfer of maternal IgG to the yolk probably 
represents a cost to the mother, in particular during the period of rapid growth 
of the oocyte (Kowalczyk et al. 1985). However, the metabolic cost of 
immunoglobulin transfer to eggs is uncertain. It has been estimated that the 
fraction of the IgG pool that is transferred into oocytes is 10-20 % for chicken 
(Kowalczyk et al. 1985) and 1 % for turkey (Dohms et al. 1978). Furthermore, in 
barn swallows (Hirundo rustica), specific antibodies in eggs from immunized 
females did not vary across laying sequence (Saino et al. 2003). In this way, it is 
difficult to argue that declining immunoglobulin levels within the laying 
sequence are due to simple physiological depletion to systemic immunoglobulin 
production (Lochmiller & Deerenberg 2000). However, differences in physiology 
related to egg production between species should be considered here. In gull 
species egg production is relatively costly (Monaghan et al. 1998). In addition, 
immunoglobulin synthesis during egg production is under hormonal control 
(Barua et al. 1998), and the early onset of incubation in gulls may constrain the 
deposition of IgGs in last laid eggs. 
The decline in egg mass over the laying sequence can be explained in terms of 
macronutrient depletion, i.e. later oocytes are disadvantaged during the process 
of yolk formation as less maternal nutrient reserves are available. The rate of the 
decrease in egg mass across the laying sequence may reflect the mother’s current 
foraging intake of nutrients. Thus later oocytes have a disadvantage as the 
process of yolk formation is not independent for each separate oocyte and 
maternal reserves deteriorate during laying. The steepness of the decrease in egg 
quality over the laying sequence may reflect the mother’s ability of 
compensatory antioxidant supply and potentially IgG synthesis. Indeed, 
clutches produced by more brightly colored females, indicating higher body 
carotenoid levels, showed a smaller decrease in carotenoid levels between 
second and third egg (Blount et al. 2002). To counteract this decline, females may 
prolong the laying interval between their eggs to provide them sufficiently with 
resources. This may entail the cost of increased hatching asynchrony since 
incubation starts already early after laying of the first egg possibly as a means to 
suppress egg predation and a decline in their viability (Brouwer and Spaans 
1994, Webb 1987, Müller et al. in press).  
Gulls produce large eggs and we suggest that the decline of egg quality over the 
laying sequence is the result of a shift in the optimum for the mother. Since 
black-headed gulls rarely rear the full brood, the third egg is probably an 
insurance for loss of the first or second egg (Graves et al. 1984, Forbes et al. 1997, 
Stoleson and Beissinger 1995). In case of no loss, chicks of third eggs usually die 
in the first week after hatching, as a consequence of hatching asynchrony. 
Therefore, chicks of last-laid eggs have a much lower survival probability than 
those of earlier laid eggs (Müller et al. 2003), and the lower quality of the last less 
valuable egg may therefore reflect an adaptive maternal strategy in the light of 
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the value of the antioxidants and IgGs for herself. The low quality of the last-laid 
egg of a clutch explains why its chick has a lower survival even when corrected 
for hatching asynchrony and egg weight (Parson 1975). 
Yolk testosterone concentrations significantly increased with laying order, as has 
been shown in earlier studies on gulls, including the black-headed gull (Figure 
1d, Eising et al. 2001, Royle et al. 2001, Groothuis and Schwabl 2002, Verboven et 
al. 2003). In contrast to maternal deposition of antioxidants and macronutrients, 
androgen deposition is likely to be less costly for the female. Production of 
steroids is not costly in itself. In case deposition of androgens in the egg requires 
elevated circulating levels of testosterone in the female, exposure to this 
hormone might be costly to the mother. However, evidence for such passive 
transfer is ambiguous (Schwabl 1997, Verboven et al. 2003) and enhanced 
testosterone deposition would require elevated maternal levels of the hormone 
for only a relatively short time span. The finding that females of low body 
condition allocated more androgens to the yolk compared to females in good 
condition (Verboven et al. 2003) suggests no important cost of androgen 
deposition for the female.  

 
Sex allocation 
We expected that male embryos, because of their higher sensitivity to egg 
quality (Nager et al. 1999), would receive greater maternal investment. This 
expectation has been supported by several studies (e.g. steroids: Petrie et al. 
2001, Müller et al. 2002; egg size: Cordero et al. 2000, 2001; IgG: Saino et al. 2003) 
but not in others (steroids: Schwabl 1993, Verboven et al. 2003, carotenoids: 
Saino et al. 2003). We did not find any indication for sex specific allocation in 
this study.  

 
Mutual adjustment 
As a consequence of the different deposition patterns across the laying sequence, 
an indirect positive association between yolk concentrations of 
immunoglobulins and antioxidants, and a negative association between these 
two and yolk concentrations of testosterone was found. However, nor at the 
individual egg, nor at the level of the clutch, nor at the level of within clutch 
variation the deposition of antioxidants and antibodies were related. This may 
be due to the fact that antioxidants are markers for diet quality and foraging 
ability while IgG levels integrate exposure to infectious agents. Such covariation 
would have been adaptive, as antioxidants may protect the maternally derived 
IgG against catabolism in vivo (Haq et al. 1996). Our results indicate that 
mothers cannot interactively allocate these yolk compounds. In contrast there 
was a direct positive association between the rate of decrease in antioxidants and 
the rate of increase of the testosterone concentrations over the laying order. This 
will likely handicap the immune function of the last hatching chick even further. 
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Such a steep decrease of yolk antioxidants over the laying order may stem from 
a limited maternal antioxidant availability, which is supported by our finding 
that such mothers have a relatively low body mass. Such antioxidant limitation 
could be amplified in mothers that adaptively increase testosterone synthesis 
because the anabolic effects of testosterone may promote oxidative stress (von 
Schantz et al. 1999). The elevated levels of immunosuppressive testosterone and 
low levels of carotenoids in last laid eggs have been interpreted as a means of 
adaptive brood reduction in case of low food availability, while under food 
conditions that are sufficient for a proper development of immune function 
enhanced levels of maternal testosterone might help to overcome the 
disadvantage in sibling competition of the last hatched chick leading to 
enhanced survival (Royle et al. 2001). This elegant hypothesis does not take into 
account the high cost of egg production in gulls (Monaghan and Nager 1997, 
Monaghan et al. 1998) or the importance of the third egg as an insurance against 
failure of earlier eggs (see above). We suggest that the decrease in antioxidants 
with laying order is a constraint of the laying female, whereas enhanced 
testosterone allocation to last laid eggs serves as a mechanism to enhance 
competitiveness (Schwabl 1993, Eising and Groothuis 2003), which is especially 
relevant in eggs of poor quality. In addition we would like to suggest that the 
possible immuno-modulatory effects of yolk testosterone may be interpreted as 
an adaptive maternal effect. For a growing chick the costs of raising an immune 
response should be traded against the resulting reduction in growth and the 
potential loss of a size advantage in the sibling rivalry (Soler et al. 2002, 
Brommer 2003). As a consequence of the allocation of high amounts of energy to 
growth the last-hatched chicks have a higher vulnerability to infectious diseases, 
but without this biased allocation they would probably have died anyway. 
Therefore, under the constraints that mother gulls face both in their ability to 
maintain egg quality over the laying sequence and in the necessity of early 
incubation, leading to hatching asynchrony, our results suggest that the 
allocation of testosterone reflects an adaptive maternal strategy.  
 
In conclusion, we documented multiple pathways for maternal effects on 
offspring phenotype that suggest few opportunities for the mother to adjust the 
different maternal effects to each other. In particular possible immuno-
modulatory effects of maternal testosterone are not compensated by increased 
deposition of maternal antioxidants and IgGs. This may in part be explained by 
maternal constraints. The only indication for mutual adjustment of maternal 
effects is found in the deposition of testosterone, possibly the less costly 
pathway for the mother, as a compensation for low egg quality reflected in low 
levels of antioxidants.  
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Abstract Hatching asynchrony in avian species leads to age and size 
differences between nestlings within a brood, handicapping 
last-hatched chicks in the sibling rivalry. Starvation due to 
this competitive disadvantage has been regarded as the 
primary cause of an increase in mortality with hatching 
order. However, for gulls it also has been suggested that 
disease is the cause of mortality for last-hatched chicks, 
possibly through reduced immunocompetence and thereby 
an enhanced susceptibility to infection. In addition, the 
male-biased mortality reported for several gull species may 
be related to a higher vulnerability to diseases in males 
compared to females. 
To determine the potential influence of the immune system 
on these mortality patterns, we investigated the T-cell-
mediated immunity (CMI) of black-headed gull chicks in 
relation to hatching order and sex. We found a significant 
decrease in the CMI with hatching order. This result may be 
causally related to systematic changes in maternal yolk 
steroids and carotenoids within the laying sequence. For 
second-laid eggs, male CMI was significantly lower than 
female CMI. This is possibly linked to higher plasma levels 
of testosterone in male embryos which might have an 
immunosuppressive effect. If so, this effect is masked in 
eggs of either high (first egg) or low (last egg) quality. 
Chicks with low CMI showed enhanced mortality rates. 
Thus the differences in immune response are likely to 
contribute to the observed mortality patterns. However, 
hatching order significantly affected mortality 
independently of CMI, suggesting that competitive 
disadvantage due to hatching asynchrony is also important. 
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Introduction 
Asynchronous hatching has been reported for a variety of bird species and leads 
to a size and age hierarchy between the nestlings and to reduced survival of 
later-hatching chicks (Clark & Wilson 1981, Slagsvold 1986, Stockland & 
Amudsen1988, Magrath 1990). Gulls (Laridae) typically lay a three-egg clutch 
that hatches asynchronously, with an increased mortality for the last-hatched 
chick (e.g. Parsons 1975a, Griffiths 1992, Royle 2000). This mortality pattern is 
commonly explained by starvation due to the competitive disadvantage suffered 
by the last-hatched chick. However, Parsons (1975b) showed for the herring gull 
(Larus argentatus) that chicks from last-laid eggs suffered higher mortality even 
when placed in the first hatching position. Similarly, Hario and Rudbäck (1996, 
1999) suggested that the primary cause of mortality for last-hatched chicks in the 
lesser black-backed gull (Larus fuscus fuscus) was an enhanced susceptibility to 
infections, since neither supplementary feeding nor access to food changed the 
mortality pattern (Hario & Rudbäck 1996, 1999). Both studies suggest that 
factors other than a disadvantage in competing for food reduce the survival 
probabilities of last-hatched chicks. 
Mortality rates, particularly for the last-hatched chick, are highest during the 
first week of life (Bolton 1991, Royle 2000) and maternal effects may have a 
direct influence on this mortality pattern. Variation in egg size within a clutch is 
one form of differential maternal investment that might affect survival 
probabilities (Williams 1994). In the Laridae, egg size typically correlates with 
position in the laying order (Parsons 1975b, Reid 1987, Royle et al. 1999, 
Groothuis & Schwabl 2002). However, eggs may change over the laying 
sequence not only in size, but also in their contents (e.g. Royle 1999). Two egg 
components, yolk carotenoids and yolk androgens, may be of special 
importance. They are believed to influence immunocompetence and recently 
have been shown to vary with the laying sequence in two gull species, including 
our own study species (Larus ridibundus) (Royle et al. 1999, Royle et al. 2001, 
Eising et al. 2001, Blount et al. 2002, Groothuis & Schwabl 2002). 
Yolk carotenoids decrease within the laying order (Royle et al. 2000, Blount et al. 
2002). These antioxidants play an important role in deactivating free radicals and 
thereby reduce deleterious effects on the immune response (Royle et al. 2001). 
Reduced concentrations of carotenoids in last-laid eggs therefore might cause 
enhanced oxidative stress in chicks hatching from these eggs (Royle et al. 2001, 
von Schantz et al. 1999). This could be particularly important in the first week of 
life since hatching is highly stressful (Royle et al. 1999) and there is little 
assimilation of antioxidants from food at this stage (Surai 1999). The importance 
of carotenoids for immunity is supported by recent data, which show that they 
have a positive effect on T-cell-mediated immunity (CMI) (Blount et al. 2003). 
In contrast, yolk androgen concentrations increase with laying order in gulls 
(Royle et al. 2001, Eising et al. 2001, Groothuis & Schwabl 2002). High androgen 
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concentrations positively affect competitiveness and growth of the chick 
(Schwabl 1993, 1996, Eising et al. 2001), and therefore the allocation pattern over 
the laying sequence has been proposed as a compensatory mechanism for 
detrimental effects of hatching asynchrony (Schwabl 1996, Lipar & Ketterson 
2000, Eising et al. 2001). Androgens may entail a cost due to their 
immunosuppressive effects (Folstad & Carter 1992, Ketterson & Nolan 1999, von 
Schantz et al. 1999, but see also Hasselquist et al. 1999), and this may also apply 
to yolk androgens that potentially affect the immune system during embryonic 
development. 
Male-biased mortality during the nestling phase has previously been reported 
for two gull species (Sayce & Hunt 1987, Griffiths 1992, Nager et al. 2000a). It 
occurs early in the nestling period, when sexual size dimorphism is not yet 
sufficient to generate differences in food demand (Nager et al. 2000a, W. Müller 
unpubl. data). Therefore, male-biased mortality might be explained by a factor 
unrelated to this, such as a higher vulnerability to diseases. Again, androgens 
could be causally involved since male embryos have higher plasma levels of 
testosterone (Woods et al. 1975).   
In order to investigate the role of the immune system in determining the 
observed mortality patterns, we studied CMI in newly hatched black-headed 
gull chicks in relation to hatching order and offspring sex. CMI is one of two 
branches of the avian immune system (reviewed by Norris & Evans 2000), but 
since the second branch (the humoral response) is not yet developed in young 
hatchlings (Apanius 1998), early immune function depends much more strongly 
on CMI.  
In general, CMI is an important factor in resisting intracellular infections 
(Bowry, 1984), and is positively associated with nutritional conditions (reviewed 
by Alonso-Alvarez & Tella, 2001) and with the probability of survival (Christe et 
al. 1998, Merino et al. 2000, Tella et al. 2000). Furthermore, CMI is affected by 
both androgens (Duffy et al. 2000) and carotenoids (Blount et al. 2003) 
 
Material and Methods 
(a) Species and study area 
Black-headed gulls are monogamous, colonial breeders. During the breeding 
season they defend small territories within the colony, where nest building and 
egg-laying take place. A clutch typically consists of three eggs, laid over a period 
of three to six days (Cramp & Simmons 1983). On average the eggs are incubated 
for about 23 days and subsequently hatch over one to four days. The young 
fledge at roughly 28 days of age (Glutz von Blotzheim & Bauer 1982). Both 
parents participate in incubation and in delivering food to the young, mainly in 
the form of shrimps, earthworms and small fish.  
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During 2001 and 2002 we studied black-headed gulls in three different (sub-) 
colonies (one colony in 2001, two closely neighbouring sub-colonies in 2002) on 
the north coast of the Netherlands. Each colony contained 180-250 breeding 
pairs. 
 
(b) Laying and hatching order 
In 2002, nests were visited daily during the period of egg laying (May-July). 
Freshly laid eggs were marked with a non-toxic marker to record the position in 
the laying order and date of laying. In 2001 we were unable to begin working in 
the colony until after laying had taken place and therefore could not assess 
laying order within the clutches. However, laying order and hatching order are 
strongly correlated. In only nine out of 84 nests (214 chicks) with known laying 
order in 2002, two or more chicks hatched so close in time to each other that the 
position in the hatching order could not be distinguished on the basis of daily 
visits. However, in none of these 84 nests chicks passed their siblings in hatching 
according to the laying order, and nests with indistinguishable hatching order 
were excluded from the analysis in both years. Clutches in 2001 from which not 
all chicks hatched were also excluded since we could not determine the position 
of the chick that failed to hatch, and therefore the hatching order of the entire 
clutch was unknown.  
Prior to hatching, nests that were selected for immunological challenge were 
surrounded by small enclosures of opaque mesh with a diameter of 1.5 m and a 
height of 30 cm. These enclosures facilitated finding back the chick. The 
enclosure around a nest was removed when the last-hatched chick was 10 days 
old. During the hatching period, nests were checked once a day and chicks were 
color-marked on their egg tooth with a non-toxic marker as soon as the bill was 
visible (pipping stage), to indicate hatching position. On the day of hatching 
(day 0), chicks were individually marked with small, numbered rings to allow 
subsequent identification. For a subset of nests, chick body weight was 
measured to the nearest 0.5 g on the day of hatching and on the two subsequent 
days of the immune challenge, to investigate the growth pattern. All nests were 
visited daily until the last-hatched chick was 10 days old (i.e. seven days after 
the final measurement) to determine whether there had been any mortality. This 
time span was chosen to ensure that any mortality was not due to the sexual size 
dimorphism that appears after about 14 days. 
 
(c) Offspring immunocompetence 
We measured CMI in vivo by challenging the immune system with an injection 
of phytohemagglutinin (PHA). PHA is a mitogen that produces a local swelling 
due to a prominent perivascular accumulation of T lymphocytes followed by 
macrophage infiltration (Smits et al., 1999). This technique is considered to be a 
reliable method of measuring CMI (reviewed by Norris & Evans 2000). 
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We injected intradermally 0.04 ml of 1 mg ml–1 phytohemagglutinin-P (Sigma©) 
dissolved in phosphate-buffered saline (PBS) into the ball of the foot one day 
after hatching (day 1). If conditions were unfavorable for chick survival (e.g. 
rainy weather) we postponed the injection for a maximum of one day. The 
height of the ball of the foot (the distance between the base of the hind toe and 
the top of the ball when holding the foot at an angle of 90° to the tarsus) was 
measured three times with a sliding caliper (to the nearest 0.05 mm).  Although 
this measurement includes changes due to tarsal growth, such growth cannot 
explain the CMI we measured. In 2002, mean skeletal growth between days 1 
and 2 in this part of the tarsus for a subset of uninjected chicks was 0.06 +/– 0.005 
mm, whereas the mean response in our study was 0.48+/–0.04 mm. Thus, we use 
the measurement as an indicator of a chick’s CMI. 
Three repeated measurements were taken just prior to injection (initial), and a 
further three 24 h (+/– 1 h) after injection (final). We used the mean value of the 
three measurements for analysis, the repeatability (Lessells & Boag 1987) of the 
first and last measurement of the initial and final measurement being > 0.96 (F20, 

155>53.07, p<0.001 in both cases). The difference between initial (pre-injection) and 
final (post-injection) measurements was used as the response estimate (Smits et 
al. 1999), subsequently called CMI. We measured the CMI in this way for 176 
nestlings from 79 different clutches (2001: 50 nests, 124 chicks; 2002: 29 nests, 52 
chicks). 
 
(d) Molecular sex identification 
From each hatchling we collected a drop of blood (about 20 µl) by venepuncture. 
About 1 µl of this blood was used for Chelex® resin-based DNA extraction 
(Walsh et al. 1991), and 2 µl of the resulting DNA solution was used in a 
polymerase chain reaction (PCR) to amplify a part of the CHD-W gene in 
females and the CHD-Z gene in both sexes (for details see Griffiths et al. 1998). 
The amplified products were separated in 2.5% agarose gels containing 0.005% 
ethidiumbromide and subsequently visualized under UV light. Based on the 
presence of the PCR-products, hatchlings were identified as male (CHD-Z gene 
product only) or female (CHD-Z gene and CHD-W gene products). The 
reliability of this method was tested with 13 female and 24 male adult birds from 
our aviaries, yielding a 100% correct match. 
 
(e) Statistical analyses 
The CMI data were analyzed using hierarchical linear modeling in the MLwiN 
program, version 1.1 (Rasbash et al. 2000). This method allows analyses of 
variance and analyses of covariance to be performed using unbalanced data, 
taking into consideration the nested relationship of different chicks in a nest and 
controlling for multiple (independent) variables. Where two variables were 
correlated, we used the residuals of one factor on the other to avoid the problem 
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of collinearity. Significance was based on a two-tailed t-test. Only variables that 
contributed significantly (α ≤ 0.05) to the model were retained. Posthoc analyses 
were performed for sub-samples using the same program.  
In our first analysis (Model 1, 176 chicks, 79 nests) the effect of the following 
variables on CMI was tested in a backwards-elimination procedure: hatching 
order, sex of the hatchling, year of investigation, age at time of injection, 
hatching date, plus all possible interactions.  
We repeated this analysis for a subset of chicks whose body weight we had 
measured between hatching and final (post-injection) measurements. In this 
model (Model 2, 111 chicks, 48 nests) we included mass gain as an estimate of 
growth between the day of injection and the day of the final measurement. Since 
the growth pattern depends on the age of the chick, only those injected on day 1 
were used in this analysis. In addition, the following variables were included in 
the model: hatching order, sex of the hatchling, year of investigation, hatching 
date, body weight at hatching, plus all possible interactions. Since CMI and 
growth were correlated, in a third approach (Model 3) we used the residuals of 
CMI on growth (gCMI) as the dependent variable, thereby statistically 
controlling for the influence of growth on CMI.  
Mortality (Models 4 and 5) was analyzed using functions for binary data. These 
data were first transformed using the logit function and their order penalized by 
quasi-likelihood estimation (Goldstein 1995). Significance was then tested using 
the Wald statistic, which follows a χ2–distribution. For the first of these analyses 
(Model 4), the following variables were included in the model: sex of the 
hatchling, year of investigation, age at time of injection, hatching date, hatching 
order, residuals of CMI on hatching order, plus all possible interactions. In the 
second analysis (Model 5) we considered only the subset of chicks whose body 
weight and growth had been measured, using gCMI as the dependent variable 
and including the following variables in the model: sex of the hatchling, year of 
investigation, hatching date, body weight at hatching, hatching order, gCMI, 
plus all possible interactions. Sex ratio was analyzed in relation to hatching 
order, using the same statistical approach as for the mortality data. 
          
Results  
(a) T-cell-mediated immunity 
Of the variables in the first model (Model 1) only hatching order had a 
significant effect, being negatively correlated with CMI (logistic regression, 
hatching order, estimate: –0.158, error: 0.042, ∆df=1, p<0.001; for the complete 
model see table 1).  
For the 111 chicks (from 48 nests) we weighed daily, growth and hatching order 
were found to be strongly correlated. We therefore used the residuals of growth 
on hatching order to include both variables in the same model of CMI (Model 2; 
for the complete model see table 1). After backwards-elimination of non-
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significant variables, only hatching order and growth remained correlated with 
CMI (residuals of growth, estimate: 0.028, error: 0.01, ∆df=1, p=0.003; hatching 
order, estimate: -0.173, error: 0.052, ∆df=1, p=0.001).  
To exclude the possibility that tarsus growth explains a small but significant part 
of the variation in CMI, we used gCMI as the dependent variable. In this 
analysis, after backwards-elimination we found that gCMI was negatively 
correlated with hatching order independently of growth (gCMI, estimate -0.127, 
error: 0.052, ∆df=1, p=0.016). 

 

Figure 1:  T-cell-mediated immune response (CMI) in relation to hatching order for female 
(filled symbols) and male (open symbols) chicks of black-headed gulls (mean +/- standard 
errors) 

In a post-hoc analysis, we found a sex difference among second-hatched chicks 
(Fig. 1), with females showing a significantly higher CMI than males (N=65 
chicks, post hoc, sex: estimate:-0.171, error: 0.06, p=0.006). This sex effect 
remained consistent in the analysis using gCMI as the dependent variable (N=39, 
post hoc, sex: estimate: -0.166, error: 0.079, p=0.042).  
There was no indication that the proportion of males differed between hatching 
positions (first chick (N=64): 0.50 (32 ♂♂:32 ♀♀), second (N=65): 0.55 (36 ♂♂:29 
♀♀), third (N=47): 0.53 (25 ♂♂:22 ♀♀); hatching order, logistic regression Wald 
χ2 = 0.224, ∆df=1, p=0.636).  
 
(b) Survival 
The mortality rate of the chicks, defined as the probability of dying within seven 
days after the final measurement, was negatively correlated with CMI response 
(logistic regression, Wald χ2 = 5.999, ∆df=1, p=0.014, Fig. 2). Since we were 
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interested in the extent to which CMI and hatching order contribute 
independently to the observed mortality pattern, we wanted to include both 
variables in one model. However, CMI and hatching order were strongly 
correlated, so we calculated the residuals of CMI on hatching order (hCMI) and 
tested the effect of hCMI, hatching order and all other factors on mortality in one 
model (Model 4; for the complete model see table 1). After the backwards-
elimination there remained a nearly significant negative relationship between 
mortality rate and hCMI (logistic regression, Wald χ2 = 3.850, ∆df=1, p=0.05) and 
also a positive correlation between mortality rate and hatching order, with last-
hatched chicks being more likely to die (logistic regression, Wald χ2 = 8.799, 
∆df=1, p<0.003). Although not statistically significant, male chicks tended to 
suffer higher mortality (logistic regression, Wald χ2 = 2.84,  ∆df=1, p=0.092).   
 
 

 

 

 

 

 

 

 

 

 
 
 
Figure 2:  Mortality rate of chicks, defined as the probability of dying during the first 
seven days after the PHA measurements (i.e. until a chick reached the age of 10 days), as a 
function of CMI response. The curve represents the logistic regression for individual data 
points; dots represent the average probabilities (± s.e.m.) for 0.5-mm categories of CMI 
responses (category 1: < -0.21; category 2: -0.2 - 0.29; category 3: 0.3 - 0.79; category 4: > 
0.8). Numbers refer to the sample sizes in the four categories. 
 
For the subset of chicks with known growth (111 chicks, 48 nests), we used 
gCMI as the dependent variable to analyze whether CMI affects mortality 
independently of growth (Model 5). In this analysis, after backwards-elimination 
we found that only hatching order contributed significantly to the model 
(logistic regression, Wald χ2= 4.634, ∆df=1, p=0.031; for the complete model see 
table 1).  
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Table 1:   Effects of the main factors that were part of the statistical analysis on T-cell 
mediated immunity (CMI) (a) or chick mortality (b), including their statistical significance.  
In the subsequent analysis, all factors and interactions (not shown in the table) that did 
not contribute significantly to the model were excluded and significance levels for the 
remaining factors were adjusted accordingly. These values are presented in the text; they 
were slightly different from those in the complete model since fewer variables were 
included. 

(b) Model  4    Wald χ2 ∆df p value  
sex of the hatchling       2.938  1 0.087 
year of investigation        0.361  1 0.548 
age at time of injection       0.016  1 0.899 
hatching date         0.135  1 0.713 
hatching order        8.808  1 0.003 
residuals of CMI        3.954  1 0.047 
 
(b) Model  5   Wald  χ2 ∆df p value 
sex of the hatchling       0.153  1 0.7 
year of investigation       0.106  1 0.74 
hatching date         0.132  1 0.72 
hatching order        3.285  1 0.07 
body weight at hatching       0.180  1 0.67 
residuals of growth       1.285  1 0.26 

(a) Model  1   estimate error             ∆df          p value 
sex of the hatchling -0.035  0.035  1 0.32 
year of investigation   0.113   0.095  1 0.24 
age at time of injection -0.179  0.144  1 0.22 
hatching date    0.005  0.006  1 0.41 
hatching order  -0.151  0.042  1 <0.001 

(a) Model  2  estimate error             ∆df          p value 
sex of the hatchling -0.058  0.045  1 0.20 
year of investigation 0.163  0.104  1 0.12 
hatching date   0.004  0.008  1 0.62 
hatching order  -0.175  0.052  1 0.001 
body weight at hatching 0.000  0.0016  1 1.0 
residuals of  growth 0.029  0.010  1 0.005 



 
97

In
te

r-
se

xu
al

 d
iff

er
en

ce
s 

in
 im

m
un

ity
  

Discussion 
We found a significant decline in T-cell-mediated immunity (CMI) of black-
headed gull chicks over the hatching sequence of a clutch (Fig. 1). The weaker 
CMI of last-hatched chicks may enhance susceptibility to diseases, leading to the 
observed increase in mortality for such chicks. Previous studies have suggested 
a correlation of CMI with survival probability (Hõrak et al. 1999, Tella et al. 2000, 
Merino et al. 2001), based on the fact that nests in which at least one chick died 
had a lower mean CMI than those in which all nestlings survived. Christe et al. 
(1998) showed for the house martin (Delichon urbica) that the relationship 
between immunocompetence and survival probability also operates at the level 
of the individual. The positive correlation we found between the CMI response 
of individual black-headed gull chicks and their probability of survival early in 
life is consistent with these data. Our results support the idea that increased 
mortality for last-hatched chicks is due not only to their reduced competitive 
ability leading to reduced access to food and higher chances of starvation, but 
that reduced immunocompetence also plays an important role (Parsons 1975b, 
Hario & Rudbäck 1996). An effect of reduced competitive ability is supported by 
the fact that hatching order contributed significantly to mortality, independently 
of CMI. Thus, our major conclusion is that both reduced immunocompetence 
and a disadvantage in sibling rivalry makes last-hatched chicks more susceptible 
to mortality.  
Since CMI was measured shortly after hatching, it was probably strongly 
influenced by maternal investment in the egg. Larid species such as the black-
headed gulls typically show variation in egg weight within a clutch (Parsons 
1975b, Bolton 1991, Groothuis & Schwabl 2002). Since CMI entails costs (Martin 
et al. 2002), the decline in egg weight and therefore in the amount of available 
resources might be responsible for the observed decrease in cellular immunity 
with laying order. However, egg weight is unlikely to be the decisive factor, 
since in black-headed gulls, egg mass varies with laying sequence in a quadratic 
fashion (Groothuis & Schwabl 2002) with the second-laid egg being heavier than 
the first- or the last-laid egg. 
In addition to egg weight, the actual composition of the yolk might be of 
importance. First, yolk carotenoids decrease over the laying order in a closely 
related species, the lesser black-backed gull (Royle et al. 2001). If our study 
species exhibits the same pattern, which seems likely, a lower concentration of 
yolk carotenoids might reduce the immunocompetence of last-hatched chicks. 
Carotenoids play an important role in deactivating free radicals, thereby 
reducing deleterious effects on the immune response, and recently they have 
been shown to enhance the CMI (Royle et al. 2001, Blount et al. 2003). Secondly, 
androgens are believed to suppress immune function (Ketterson and Nolan 
1999, von Schantz et al. 1999, Duffy et al. 2000). The increase in yolk androgens 
over the laying sequence shown for our study species (Eising et al. 2001, 
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Groothuis & Schwabl 2002) might reduce immunocompetence in last-hatched 
chicks.  Overall, the combined effect of maternally derived androgens and 
antioxidants might doubly handicap the immune system of last-hatched chicks 
(Royle et al. 2001). Further experimental studies are needed to analyze the 
contributions of each component to a chick’s immune function in this species. 
If androgens indeed cause immunosuppression, levels of immunity will differ 
between the sexes since male embryos produce more androgens (Woods et al. 
1975). Indeed, in the Eurasian kestrel (Falco tinnunculus), CMI is related to 
offspring sex, with males having a significantly lower CMI (Martinez et al. 2001, 
Fargallo et al. 2002; but see also Tella et al. 2000, for the American kestrel Falco 
sparverius). In our study we found a clear difference between the sexes only 
when they were the second chick to hatch (Fig. 1). In theory, this might be due to 
sex-specific maternal allocation of certain yolk components, as has recently been 
shown for yolk androgens in some species (Petrie et al. 2001, Müller et al. 2002) 
but not in others (Lipar & Ketterson 2000, Schwabl 1993). Alternatively, males 
might be more strongly affected by the quality of the egg. First-laid eggs have 
been shown to be of higher quality in terms of nutrition and carotenoids (Royle 
et al. 1999, Nager et al. 2000b) which might buffer against the detrimental effects 
of androgens. Egg quality, but not egg size, is significantly lower in second-laid 
eggs. Perhaps this drop in quality means that male embryos are unable to buffer 
against the immunosuppressive effects of androgens, due to the additional 
handicap that, unlike female embryos, they are producing androgens 
endogenously in addition to those derived from the mother. Last-laid eggs are of 
even poorer quality and are significantly smaller, leading to an impairment of 
immune function in both sexes. This could mask the effect of the difference in 
androgen exposure between the sexes. Thus, the interplay between maternal 
allocation and embryonic hormone production could explain the observed sex-
specific pattern in CMI. However, although egg size in general might be partly 
responsible for the pattern, it cannot explain the sex difference in second-laid 
eggs, which are even heavier than first–laid eggs (Groothuis & Schwabl 2002). 
The sex difference we found in CMI could contribute to the male-biased 
mortality reported for gulls (Sayce & Hunt 1987, Griffiths 1992, Nager et al. 
2000a). This might be of special importance early in life, since later in the 
nestling phase sex-specific differences in size and consequently in food demand 
may be the decisive factor determining sex-biased mortality (Dijkstra et al. 1998). 
Indeed, in the lesser black-backed gull, male-biased mortality is a consequence 
of males being larger than females, and thus showing enhanced sensitivity to 
food shortage (Nager et al. 2000a).  
It has been suggested that CMI depends on food availability, especially when 
chicks are growing (reviewed by Alonso-Alvarez & Tella 2001). Consistent with 
this idea, our data show a positive relationship between CMI and gain in body 
mass between initial (pre-injection) and final (post-injection) measurements. This 
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correlation should be regarded with caution since the response to the challenge 
was measured as the change in height of the ball of the foot, and therefore might 
also include a minor part of skeletal growth. However, after controlling 
statistically for growth in the analysis of CMI, both the decline in CMI over the 
hatching sequence and the sex-specific difference in CMI in the second position 
remained significant. CMI therefore cannot be explained solely by differences in 
chick growth. 
In conclusion, our findings on the CMI of black-headed gull chicks are consistent 
with the idea that differences in immunocompetence contribute to hatching-
order-dependent mortality, and perhaps also to sex-biased mortality. Hatching 
order further contributes to this pattern independently of CMI, suggesting that 
competitive disadvantage in sibling rivalry also plays a role.  
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Abstract In sexually size dimorphic species, individuals of the larger 
sex often suffer from enhanced mortality during the nestling 
period. This has been attributed to enhanced nutritional 
requirements of the larger sex, which may render this sex 
more vulnerable to adverse food conditions. However, sex-
biased mortality might not exclusively depend on 
differences in food demand but also on other phenotypic 
differences, e.g., in competitiveness. Interference 
competition between the sexes and position in the laying 
sequence in particular may be essential components 
contributing to biased mortality.   
By creating synchronously hatched unisex broods in the 
sexually size dimorphic black-headed gull, we specifically 
tested the effect of sex-specific food demand by excluding 
interference competition between the sexes as well as 
hatching asynchrony. To test the effect of egg quality that 
varies with the position in the laying sequence, we 
composed each nest of chicks from eggs of all different 
positions in the laying sequence. 
All-male nests showed significantly enhanced mortality 
compared to all-female nests from the beginning of the 
development of the sexual size dimorphism onwards. 
Sexual size dimorphism at the end of the nestling period 
was less pronounced compared to the natural situation. Both 
results underline the role of a higher food demand in biased 
mortality of the larger sex. Growth rate, but not survival was 
positively associated with position in the laying sequence, 
especially in males. This indicates that the higher mortality 
of last hatched chicks in natural nests is mainly due to 
hatching asynchrony and egg size but not egg quality.  
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Introduction 
In many sexually size dimorphic vertebrates, individuals of the larger sex show 
enhanced mortality rates during the period of parental care (Clutton-Brock et al. 
1985, Røskraft and Slagsvold 1985, Griffiths 1992, Torres and Drummond 1997). 
It has been suggested that individuals of the larger sex require greater parental 
effort during the nestling period to meet their energetic requirements (Anderson 
et al. 1993, Krijgsveld et al. 1998, Riedstra et al. 1998, but see also Torres and 
Drummond 1999), which would render the larger sex more vulnerable to 
periods of insufficient food supply (Røskraft and Slagsvold 1985, Nager et al. 
2000). However, males and females not only differ in their food demand, but 
also in a number of other features such as competitive skills. Analyzing the 
contribution of the chicks’ food demand itself on the survival probability is 
therefore difficult to achieve (Clutton-Brock 1991). Sex differences in competitive 
skills as well as the vulnerability to food shortage strongly interact with hatching 
asynchrony and brood sex composition.  
Hatching asynchrony, a common phenomenon in avian species, imposes an age 
and size hierarchy among the siblings (Clark and Wilson 1981, Stockland and 
Amudsen 1988). Due to the competitive disadvantage, last hatched chicks suffer 
from enhanced mortality, if food is not sufficient to raise the whole brood 
(O’Connor 1978, Mock et al. 1990). The disadvantage of hatching late in the 
clutch has been shown to be stronger for the larger sex, which suffers heavier 
mortality if hatched late (Bradbury and Griffiths 1999, Dzus et al. 1996, Torres 
and Drummond 1997). This might be due to its higher vulnerability to food 
scarcity as well as a disability to overcome the competitive disadvantage as 
imposed by hatching asynchrony. Finally, the larger sex might be affected more 
by variation in egg quality. Later in the laying sequence, eggs are often 
substantially reduced in size as well as quality, e.g. in terms of contents of 
carotenoids or antibodies (Royle et al. 1999, Blount et al. 2002). When hatching 
from later-laid eggs, chick performance is handicapped by the smaller amount of 
resources, but also by the reduced quality (Parsons 1975). This sensitivity 
towards changes in egg size and quality has been shown to be particularly 
pronounced in the larger sex (Nager et al. 1999). 
Sex composition of the brood might affect growth and survival of males and 
females since the number of chicks of the larger sex may enhance the probability 
of an individual dying as a consequence of the total food requirements of the 
brood (Dijkstra et al. 1998). If offspring of more than one sex is present in a 
brood, sex differences in competitive skills become also of importance in 
interference competition for food (e.g. Bortolotti 1986, Velando et al. 2002, 
Anderson et al. 1993a). Finally, sex-biased growth or survival could also be a 
result of sex specific parental feeding behavior, although evidence is limited (e.g. 
Teather 1992).  
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Some studies did find sex composition related mortality (e.g. Bortolotti 1986, 
Nager et al. 2000). Other studies failed to show such a relationship, concluding 
that chick mortality is independent of the brood sex ratio (e.g. Drummond et al. 
1991, Green et al. 2002). Further experimental studies are needed to understand 
the possible consequences of different brood sex compositions, which is 
important in the context of adaptive sex ratio adjustment.  
 
The aim of this study is to disentangle some of these factors, and to test 
specifically the effect of brood sex composition dependent food demand on sex 
specific growth and survival, when brood sex ratios are experimentally 
manipulated. Our study species, the black-headed gull (Larus ridibundus), is 
sexually dimorphic, with males being about 15% heavier and skeletally larger 
than females (Glutz von Blotzheim and Bauer 1982). Male-biased mortality has 
frequently been reported for gull species (Sayce and Hunt 1987, Griffiths 1992, 
Nager et al. 2000), and a decrease in egg quality e.g. in terms carotenoids and 
antibodies over the laying sequence are especially pronounced (Royle et al., 
1999, Royle et al., 2001, Blount et al., 2002). 
We excluded direct competition between the sexes by experimentally creating 
all-male and all-female nests, containing three chicks to ensure a high level of 
sibling rivalry. Chicks of each experimental nest were matched for age and body 
mass, thereby excluding sex specific effects of the age and size disadvantage 
imposed by hatching asynchrony. Hatching asynchrony is pronounced in this 
species. Since the larger sex requires more resources (Anderson et al. 1993, 
Krijgsveld et al. 1998, Riedstra et al. 1998), we expect that all-male nests have a 
higher total food demand compared to all-female nests. Chicks in all-male nests 
should show impaired growth, leading to a less pronounced sexual size 
dimorphism at fledging. Hence, their increased food demand enhances the risk 
that the food is not sufficient for all chicks and starvation mediated mortality. 
We tested the effect of egg quality by placing one chick of each position in the 
laying sequence in each experimental nest. Since we match for chick size, we will 
be able to investigate, whether egg size or egg quality is responsible for the 
reduced performance of the larger sex as had been found by Nager and 
colleagues (1999). If egg quality is the decisive factor, we expect the 
consequences of laying sequence to be more pronounced in all-male nests. 
 
Material and Methods 
(a) Study species and population 
In the years 2000 till 2002 fieldwork was conducted in a large black-headed gull 
colony (about 2000 breeding pairs distributed over several sub-colonies) situated 
on the northeast coast of the Netherlands. During the laying period, nests were 
visited daily to control for freshly laid eggs. These were marked with a non-toxic 
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marker to record the position in the laying order (A for first, B for second and C 
for last laid eggs) and date of laying.  
 
Natural clutches 
In 2000 and 2002, all chicks hatched under natural circumstances in the field. 
Subsequently, we investigated their growth trajectories in relation to sex of 190 
nests in total (2000: N= 86, 2002: N=84). These data showed that the sexual size 
dimorphism in asymptotic body mass around fledging is already similar to that 
observed in adults in autumn (for details see Table 1, Glutz von Blotzheim & 
Bauer 1982). This indicates that the dimorphism is already established to full 
extend during the nestling period.  
 
 

 

 

 

 

 

 

 

 

Table 1: Asymptotic mass of male and female chicks separately for each laying position 
(2001) and the degree of sexual size dimorphism (SSD) in this experimental study. 2000, 
2002 indicate the SSD in the natural situation.  

Experimental clutches 
In 2001, we selected in total 315 eggs of known laying date and laying position 
for the sex ratio manipulation (105 A-eggs, 104 B-eggs, and 106 C-eggs). Shortly 
before hatching (3 days se ± 0.08) these eggs were taken to the incubator at the 
Zoological Laboratory, where hatching took place. Within a few hours (2-3 h)  
after hatching chicks were weighed to the nearest 0.1g, marked with a small 
numbered plastic band for individual identification and a small amount of blood 
(20 µl) was taken by punctuating the ulnar vein for molecular sex determination 
(Griffiths et al. 1998). All chicks were sexed within 24 h after hatching. Due to 
adverse weather condition during the beginning of our experiment, we were 
unable to cross-foster chicks at the day of hatching. Therefore chicks were 
housed in the laboratory in groups of similar age till they were maximally 5 days 
old. They were ad lib. hand-fed with fresh fish three times a day. On the day of 

Asymptotic mass    

 all  males females % SSD 

A-chick 267.87 279.4 257.38  

B-chick 255.13 262.99 247.26  

C-chick 256.4 264.37 248.9  

2001 (exp.) 268.18 250.97 6.9 

2000 (natural) 232.13 206.54 12.4 

2002 (natural) 253.89 224.3 13.2 



 

 
106 

cross-fostering we then composed nests of one A-, one B- and one C-chick of 
only one sex, matched for body mass of that day (equalized to the nearest gram) 
and age (hatched at the same day). 
 
(b) Cross-fostering 
Cross-foster nests were selected one day in advance of the actual cross-fostering 
and temporarily surrounded by “mini-enclosures”, 1 m2 in size of opaque mesh, 
to facilitate the adoption procedure. In addition, all foster nests were situated 
within larger enclosures (wire mesh, 40-50 cm high) varying in size from 30 to 60 
m2. These contained from 10 up to 25 experimental nests and enabled us to 
follow chick development till the time of fledging, after removal of the “mini-
enclosures” 3-4 days later. To maximize adoption rate we selected nests that 
contained chicks of the same age as the foster chicks. The latter were placed in 
neighbouring incomplete broods, following the same criteria as for the 
experimental nest. 
In total, 158 male and 157 female chicks hatched in the incubator. Out of these 
chicks 29 all-male and 29 all-female nests could be created. The remaining chicks 
were either used in another experiment (N= 40), died before cross-fostering (N= 
5) or could not be matched and were randomly cross-fostered to natural clutches 
(N= 96). Six nests (2 all-male nests, 4 all-female nests) were excluded, since all 
chicks died within 24 h after cross-fostering due to adoption failure.  
There was no significant difference in age at cross-fostering between males and 
females (males: 2.90 (se ± 0.13) d; females: 3.05 (se ± 0.13) d; df =154, t-test, 
t=0.769, p=0.44) or between hatching positions (A-chick: 3.0 (se ± 0.16) d; B-chick: 
3.0 (se ± 0.16) d; C-chick: 2.9 (se ± 0.16) d; t-test, p>0.67 in all cases). There was no 
significant difference in body mass at cross-fostering neither between the sexes 
(males: 34.01 (se ± 0.81) g; females: 33.31 (se ± 0.69) g; df =154, t-test, t=-0.657, 
p=0.51) nor between hatching positions (A-chick: 33.74 (se ± 0.86) g; B-chick: 34.1 
(se ± 1.0) g; C-chick: 33.19 (se ± 0.91) g; t-test, p>0.50 in all cases).  
Furthermore, hatching weight did not differ between male and female chicks 
(males: 25.63 (se ± 0.24) g; females: 25.69 (se ± 0.22) g; df =154, t-test, t=0.186, 
p=0.85) or between hatching positions  (A-chick: 25.88 (se ± 0.27) g; B-chick: 25.82 
(se ± 0.29) g; C-chick: 25.26 (se ± 0.0.28) g; t-test, p>0.12 in all cases). Since body 
mass did not differ at the age of cross-fostering, this suggests that there were no 
differences in growth according to sex or hatching position when the chicks 
were housed under ad lib. food conditions.  
 
(c) Data collection 
For all experimental nests the presence of each chick in the enclosures was 
recorded every day to assess the chicks’ survival. During the first three weeks of 
age chicks were considered dead when found so or when not seen anymore 
during the rest of the experiment. When older than three weeks, missing chicks 
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were defined as fledged when they were not found dead, because they may have 
managed to escape from the enclosures.  
To determine growth we measured body mass (to the nearest 0.5 g using a 
Pesola spring balance), tarsus and head-bill length (both to the nearest 0.1 mm 
using a caliper) of all chicks every third day. We followed chick growth in the 
field until they were 30 days old.  
 
(d) Statistical analyses 
All growth data were analyzed using hierarchical linear models in the MLwiN 
program 1.10 (Rasbash et al. 2000). This method accommodates unbalanced data 
and allows analyses of variances and co-variances considering the nested 
relationship of different chicks in a nest and controls for multiple (independent) 
variables.  
Data were analyzed in a three level model: nest (first level), individual (second 
level) and repeated measures within the individual (third level). To model the 
sigmoidal growth curve we included age, age2, age3 as predictors in the model 
analyzing offspring mass and size. The following variables were included in the 
analysis: sex, laying position (categorical variable), hatching date, number of 
siblings and all possible interactions. From the estimates of the model the 
predicted offspring weights can be derived and the prediction lines from the 
model are shown in Figure 1. 
Significance was tested using the increase in deviance, when a factor was 
removed from the model which follows a χ2–distribution (Wald statistic). In the 
analysis of body mass and skeletal size we included only data that were 
obtained after cross-fostering, except for hatching mass and size that have been 
included for an optimal growth fit.  
Since all nests started with a standard number of three chicks, the decrease in 
sibling number due to mortality significantly correlated with age. To avoid the 
problem of co-linearity between both factors in the model, we calculated the 
residuals of the number of siblings on age and included these in the analysis of 
body mass and skeletal size. 
Survival data were analyzed in relation to sex, position in the laying sequence 
(categorical variable), hatching date in the same program using the functions for 
binary data. These data were first transformed by the logit function and their 
order penalized by quasilikelihood estimation (Goldstein 1995).  
 
Results 
(a) Body mass  
In all analyses on body mass age, age2 and age3 revealed significant effects 
reflecting growth, and therefore, these statistics are not presented. 
Body mass was influenced by the position in the laying order in interaction with 
age and sex ([52 nests, 156 chicks], laying position x age x sex: ∆dev=11.231, df=2, 
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p=0.004). The number of siblings in a nest, corrected for age, negatively affected 
body mass (residuals number of siblings on age: ∆dev=5.779, df=1, p=0.016) (left-
hand graphs of figure 1).  
When analyzing the sexes separately, position in the laying sequence negatively 
affected body mass gain in both sexes (males [27 nests, 81 chicks]: position x age: 
∆dev=12.22, df=2, p=0.002; females [25 nests, 75 chicks]: position x age: ∆dev= 
6.951, df=2, p=0.03). In further post hoc analyses, we analyzed sex specific 
differences in body mass for each laying position separately. These results show 
that in interaction with age males were significantly heavier compared to 
females when hatching from A- and B- eggs, but not C-eggs ([52 chicks each], see 
Table 2, Figure 1). 
 

  
explaining variable ∆dev df p 

A-chick      

mass sex x age 5.73 1 0.017 

  resid sibs 3.423 1 0.064 

head sex x age 7.981 1 0.005 

  resid sibs 0.552 1 0.46 

B-chick      

mass sex x age 11.219 1 <0.001 

  resid sibs 0.685 1 0.41 

head sex x age 26.58 1 <0.0001 

  resid sibs 0.898 1 0.34 

C-chick      

mass sex x age 2.082 1 0.15 

  resid sibs 1.741 1 0.19 

head sex x age 0.965 1 0.33 

  resid sibs 2.986 1 0.08 

 
Table 2: All significant statistical parameters as included in the post hoc tests, analyzing 
the contribution of offspring sex and laying position on body mass gain and head-bill 
growth. 
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(b) Skeletal growth 
For the skeletal measurements age and age2 but not age3 did yield statistical 
significance and therefore age3 was not included in the final model. 
Head-bill length ([52 nests, 156 chicks], see figure 1, right hand panels) was 
negatively influenced by the position in the laying order in interaction with age 
and sex (laying position x age x sex: ∆dev=9.679, df=2, p=0.009). When analyzing 
the sexes separately, position in the laying position negatively affected head-bill 
length in males but not in females (males [27 nests, 81 chicks]: sex x age: 
∆dev=10.302, df=2, p=0.0057; females [25 nests, 75 chicks]: sex x age: ∆dev=2.318, 
df=2, p=0.31). Analyzing sex specific differences for each laying position 
separately, sex specific differences were smallest in chicks hatching from C- eggs 
(see Table 2). The number of siblings in a nest affected head bill length in 
interaction with laying position (residuals number of siblings on age x laying 
position: ∆dev=11.429, df=1, p=0.0003). Subsequent post hoc analyses revealed 
that the number of siblings negatively affected head bill length only in C-chicks 
(see Table 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Mean body mass [g] and Head-bill length [mm] in relation to age, splitted for 
laying order {(a) first laying position, (b) second laying position, (c) last laying position} 
and sex {males (open circles) and females (filled circles)}. 
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The length of the tarsus was not affected by the laying position in interaction 
with age ([52 nests, 156 chicks], laying position x age: ∆dev=3.615, df=2, p=16). 
Males had significantly larger tarsi than females in interaction with age (sex x 
age: ∆dev=21.645, df =1, p<0.001), which was not affected by the laying position 
(laying position x age x sex: ∆dev=0.675, df=2, ns). The number of siblings in a 
nest did not affect tarsus length (residuals number of siblings on age: 
∆dev=1.839, df=1, p=0.17). 
 
(c) Survival 
In total, 46 (15 A-chicks, 17 B-chicks, 14 C-chicks) out of 75 (61 %) female chicks 
(25 nests) and 33 (10 A-chicks, 15 B-chicks, 8 C-chicks) out of 81 (41%) male 
chicks (27 nests) survived the nestling period (Figure 2). This sex specific 
difference in the survival was statistically significant (χ2=6.47, p=0.01). Neither 
laying position (χ2=0.356, p=0.55) nor the interaction of laying position with sex 
(χ2=0.03, p=0.86) affected survival. The mortality tended to occur later in male 
compared to female chicks (mean mortality age males: 17.63 +/- 1.64 days; mean 
mortality age females: 13.34 +/- 1.64 days, df=75, t=-1.848, p=0.07). 
 

Figure 2: Cumulative survival [%] of males (open circle) and females (filled circle).   
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Discussion 
Brood sex composition 
We investigated sex specific differences in growth trajectories and survival of 
black-headed gull chicks in experimentally created unisex nests. Since our 
experimental design was such that effects of brood size, inter-sex competition, 
sex biased parental feeding within broods and as well as the age and size 
disadvantage of late eggs in hatching asynchrony were excluded, we specifically 
tested the effect of sex-specific food demand on chick performance. Since male 
black-headed gulls are larger than females well before fledging, we assumed 
that all-male nests have a higher food demand than all-female nests. If parental 
feeding rates do not fully match this increased food demand, this necessarily 
leads to a reduction in growth and a higher risk of starvation mediated mortality 
in male nests, especially at the age when sexual size dimorphism develops.  
Indeed, we found that the survival probability was significantly reduced in all-
male nests compared to all-female nests (Figure 2). This skewed mortality 
coincided with the period of maximal food demand (e.g. Gabrielsen et al. 1992). 
This indicates that the parents did not fully meet the higher energetic 
requirements of the larger sex. We did not analyze the cause of death. Mortality 
might be directly induced by starvation or mediated by secondary diseases in 
consequence of malnourishment. A higher susceptibility to diseases in the larger 
sex might also be a result of different allocation strategies.   
The sexual size dimorphism reached at fledging was small. Males and females 
differed in their asymptotic body mass by 6 % only, whereas under natural 
circumstances sexual size dimorphism in asymptotic body mass is 11-12 % 
(Table 1). This was not due to smaller males but by a rather high asymptotic 
body mass attained by females in comparison with the other years. This suggests 
two interpretations: First, females in (natural) mixed sex broods may suffer from 
the presence of the larger male siblings. Males may be better competitors or 
simply need more food, at the cost of their female siblings. Second, if the high 
female asymptotic mass is caused by a good environmental food situation in this 
particular year, males did not benefit at the same extent as a consequence of the 
high food demand in all-male nests. 
The synchronization in age and size of the chicks that we applied within each 
nest reduced the possibility to outcompete one of the siblings (Royle and Hamer 
1998). This may also explain why mortality during the first week was low (see 
e.g. Eising et al. 2001). This is consistent with the idea that the establishment of a 
size hierarchy through asynchronous hatching facilitates brood reduction, 
avoiding the extra costs of delayed brood reduction (Gibbons 1987) and 
maximizing the quality of the surviving chicks (Godfray 1995).  
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Egg quality 
Although we compensated for age and size differences as imposed by hatching 
asynchrony, chicks hatched from later laid eggs grew less well, which is possibly 
caused by a reduction in egg quality with laying order. This effect of laying 
position of the egg is even more striking when we take into account that we did 
match for body mass of the hatchlings initially. As a consequence we matched 
comparatively light A-chicks (hatching from light A-eggs) and heavy C-chicks 
(hatching from relatively heavy C-eggs), to compensate the natural decrease in 
egg mass with laying order. Thereby we may have reduced qualitative 
differences between the chicks compared to the natural situation. This result 
underlines the importance of egg quality on offspring performance (Parsons 
1975).  
Mortality did not correlate with laying position. The higher mortality of last 
hatched chicks in natural nests is hence not due to egg quality, but rather to egg 
size and the disadvantage of hatching late. 
In contrast to previous studies analyzing the contributions of egg quality in a 
non-competitive environment (single chick nests), the levels of competition were 
high in our study. This is indicated by the significant negative contribution of 
the number of siblings on chick growth. Maternal yolk androgens, which are 
highest in last laid eggs (in this species: Groothuis and Schwabl 2002), positively 
affect growth (in this species: Eising et al. 2001; Eising and Groothuis 2003) and 
should have favored chicks hatching from last-laid eggs. Yet, chicks hatching 
from last-laid (C) eggs did not gain upper-hand in the sibling rivalry. This 
apparent inconsistency may be related to a fundamental difference with studies 
that manipulated yolk hormones. Hormone manipulations were performed 
using eggs of the same laying position, mostly the first laid egg that is of rather 
good quality and contains low titers of yolk androgens (e.g. Eising et al. 2001). 
Thus, if egg quality is high, chicks hatching from eggs with experimentally 
elevated yolk hormones might gain a benefit. If egg quality is low, this might 
impose a disadvantage that yolk androgens can not fully compensate for.  
In an egg removal experiment Nager and colleagues (1999) showed that male 
chicks suffered more from being born late in the brood. We found that already 
within the natural laying sequence, male chicks are more affected when hatching 
from last-laid eggs. Sex specific difference in susceptibility towards changes in 
the egg quality within the laying order hampered the growth particularly in 
male chicks hatching from last-laid eggs. 
 
In conclusion, all-male nests showed a higher mortality than all-female nests, 
which probably is due to the higher food demand in all-male nests. Male chicks 
were more affected by a reduction in egg quality (in late laid eggs) compared to 
female chicks.  
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Abstract During early development male offspring in avian species often 
suffer from enhanced mortality compared to female offspring. 
This sex difference has been attributed to different nutritional 
requirements of the sexes, as this sex-biased mortality has been 
reported particularly in sexually size dimorphic species. 
However, also other traits of the male phenotype, e.g. differences 
in the embryonic hormone profile have been suggested to 
contribute to this male disadvantage. In particular the negative 
effects of sex steroids on immune function may be causally 
involved. We investigated the role of testosterone in the 
expression of male phenotype disadvantage through an 
experimental reduction of the availability of testosterone 
receptors by in-ovo injection of an anti androgen (Flutamide©). 
Experimental nests contained a male and a female chick hatching 
from control treated eggs and a male and a female chick 
hatching from flutamide treated eggs. Male-biased mortality 
occurred in control chicks at a stage where the sexes did not yet 
differ in their growth pattern. This suggests that sex specific 
nutritional requirements are not necessary for male-biased 
mortality to occur. Control males and females did not differ in 
their T-Cell-mediated immunity (CMI). This renders it unlikely 
that the observed skewed mortality was due to sex specific 
differences in the CMI. Treatment of the eggs with flutamide 
antagonistically affected males and females. As predicted, 
Flutamide treatment positively affected male development in 
particular through an enhanced growth rate, indicating that 
testosterone is involved in the expression of the male phenotype 
disadvantage. However, female chicks hatching from Flutamide 
treated eggs were disadvantaged in growth and CMI. The 
possible pathways of this sex specific effect of Flutamide are 
discussed with regard to differential consequences of blocking 
the beneficial effects of maternal androgens in both sexes and 
potentially detrimental effects of endogenously produced 
testosterone in males. 
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Introduction 
In many vertebrates, male-biased mortality occurs during early post-natal 
development, especially in species where males are the larger sex at maturation 
(e.g., Clutton-Brock et al. 1985, Røskraft & Slagsvold 1985, Griffiths 1992). It has 
been suggested that male development requires more resources, enhancing the 
vulnerability to food shortage, and causing greater post-natal mortality of the 
larger sex. This hypothesis is supported by the fact that the extent of the male 
bias in mortality positively correlates with the degree of sexual size dimorphism 
(Clutton-Brock et al. 1985). It furthermore increases under adverse 
environmental conditions where the risk of food shortage is greater (Røskraft & 
Slagsvold 1985, Nager et al. 2000). The role of sexual size dimorphism in sex–
biased mortality is further emphasized by the fact that when females are the 
larger sex (reversed sexual size dimorphism), mortality is specifically increased 
in females (Torres & Drummond 1997, Dijkstra et al. 1998).  
However, it is likely that other characteristics of the male phenotype, apart from 
sexual size dimorphism, contribute to the observed mortality pattern, as male-
biased mortality has also been reported when nutritional circumstances post 
hatching were optimal (Nager et al. 1999).  
The development of phenotypic differences between males and females, the 
process of sexual differentiation, begins early in embryonic development. Due to 
the sex specific production of gonadal hormones the individual’s physiology, 
endocrinology, immunity and (post-natal) behavior is sex specifically organized 
(for avian species see  Balthazart & Adkins-Regan 2003). Depending on the 
timing in the course of sexual differentiation and depending on the species, male 
embryos tend to produce more testosterone (Woods et al. 1975, Tanabe et al. 
1979, Ottinger et al. 2001, but see Tanabe et al. 1983, Tanabe et al.  1986, 
Schumacher et al. 1988). Furthermore, in all species but one studied so far, male 
and female embryos differed in the plasma testosterone to estrogens ratio 
(Woods et al. 1975, Tanabe et al. 1979, Tanabe et al. 1986, Schumacher et al.  1988, 
Ottinger et al. 2001 but see Tanabe et al. 1983). These differences in endocrine 
state during embryogenesis may be causally involved in the expression of lower 
immune function in males as observed for vertebrate species (reviewed in Klein 
2000, Olsen & Kovacs 1996, Grossmann 1985). Sex differences in immune 
function have been shown recently to be present as early as during the chick 
phase of avian species (Fargallo et al. 2002, Tschirren et al. 2003, Müller et al. 
2003).  
However, whereas several studies have examined the effects of sex steroids on 
immunity through hormone manipulation in adulthood, the question whether 
prenatal manipulation of hormone exposure affects postnatal immunity and 
thus mortality has rarely been addressed.  
We hypothesized that sex differences in prenatal hormone exposure may 
organize the immune system in a way that is sex specific, potentially causing sex 
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differences in post-natal survival probabilities in our study species, the black-
headed gull (Larus ridibundus). Gulls are sexually dimorphic (adult males about 
12-15% larger compared to adult females) and male-biased mortality during the 
nestling period has repeatedly been reported (Sayce & Hunt 1987, Griffiths 1992, 
Nager et al. 2000). 
We therefore investigated whether testosterone plays a role in the expression of 
the male phenotype disadvantage. Hence, we manipulated the embryonic 
testosterone exposure by a reduction in the number of available of testosterone 
receptors, which was induced by injection of an anti androgen (Flutamide©). Sex-
biased mortality occurs more commonly under harsh conditions (Røskraft & 
Slagsvold 1985) and when egg quality is reduced (Nager et al. 1999). We 
therefore increased the brood size by one, with each brood being composed of 
one male and one female chick of each treatment, and selected second and third 
laid eggs that are of lower quality (e.g. Royle et al. 2001, Blount et al. 2002).  
We expected male-biased mortality to occur in the control situation (sham-
treated eggs). If sex specific differences in the food demand are the only cause of 
this skewed mortality pattern, reduced male survival should occur at the time 
when the sexual size dimorphism develops. Sex differences in the survival 
probability before that time should be attributed to other aspects of the male 
phenotype, as there are no differences in metabolic rate yet (Eising et al. 2003). 
We investigated the T-cell-mediated immunity (CMI), as differences in survival 
probability between the sexes may be a consequence of sex differences in 
immunity.  
We expected the male phenotype disadvantage, causing reduced male survival, 
to be lower in the treatment group as a consequence of the anti androgen 
Flutamide.  
The effect of Flutamide for female chicks may be more difficult to predict, as 
female embryos particularly experience higher levels of estrogens (Woods et 
al.1975, Tanabe et al. 1979, Tanabe et al. 1983, Tanabe et al. 1986, Schumacher et 
al. 1988, Ottinger et al. 2001). They might thus be less affected by Flutamide, as 
the development of the female phenotype is less dependent on endogenously 
produced testosterone (reviewed by Balthazart & Adkins-Regan 2003) 
In both sexes the Flutamide is likely to block the effects of maternal androgens, 
which are known to be present in substantial amounts in gull eggs and 
positively affect chick growth (Schwabl 1996, Eising et al. 2001, Groothuis & 
Schwabl 2002). Thus Flutamide might be detrimental by reducing the beneficial 
effects of maternal testosterone on chick development, which might be stronger 
expressed in females. 
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Material and Methods 
(a) Study Species and population 
The Black-headed gull is a sexual size-dimorphic species with adult males about 
15% heavier and skeletally larger than adult females (Glutz von Blotzheim & 
Bauer 1982). The clutch of black-headed gulls typically contains three eggs, 
which are laid over a three to six day period (Cramp & Simmons 1983). 
Fieldwork in 2002 was conducted in two colonies of about 300-500 breeding 
pairs situated at the Northeast coast of The Netherlands. During the laying 
period nests were checked every day for freshly laid eggs and each egg was 
marked with a non-toxic marker for its position in the laying order (A for first, B 
for second and C for last laid eggs) and the date of egg laying. On the day of 
clutch completion either the B- or C-egg of a clutch was selected for the 
experiment and taken to the Zoological Laboratory, where egg treatment and 
incubation took place. 
 
(b) Egg treatment  
Experimental eggs were weighed to the nearest 0.1 g and the yolk was either 
injected with 50 µl of vehicle (Sterile cold-pressed Sesame oil) or 50 µl of vehicle 
containing 0.3 mg Flutamide. Chicks hatched from Flutamide injected eggs will 
subsequently be referred to as Flu-chicks (Flu-males/females), chicks from oil 
treated eggs as Control-chicks (Control-males/females). Flutamide has an anti-
androgenic function by blocking androgen receptor activity. We selected eggs 
laid later in the laying sequence as these eggs are known to be of lower quality 
(e.g. Royle et al. 2001, Blount et al. 2002). Furthermore these eggs contain high 
levels of maternal testosterone (on average 13.2/15.1 pg testosterone/ mg yolk, 
B/C-eggs respectively; Eising et al. 2001). The average yolk mass is 9.0 grams and 
the dose (0.08 µmol per egg) used in this experiment is similar to those used by 
Lipar and Ketterson (2000) and Burke (1996).  
The injections were made with a 25G needle near the blunt end of the egg. The 
hole in the shell was then sealed with a tiny strip of flexible wound dressing 
[Opsite, Smith & Nephew, Hull, UK; for a detailed description of the procedure 
see also Eising et al. (2001)]. After the treatment, eggs were placed in the 
incubator for the next 20 days until cross fostering. 
All clutches that provided eggs for experimental nests still contained two eggs. 
At the stage of cross-fostering, eggs of foster nests were used to refill the donor 
nests to the modal clutch size of 3, matched for laying date.  
 
(c) Experimental set-up 
Two days before the estimated hatching date, eggs were checked for embryonic 
development and all well developed eggs were cross-fostered by placing three 
eggs of the same treatment and same laying date in one nest. These nests had 
been surrounded by mini-enclosures one day before cross-fostering the eggs 
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(first cross-fostering). These enclosures were made of opaque mesh and 
measured about 1.5 m in diameter and about 40 cm in height to facilitate the 
adoption procedure. All mini-enclosures were situated within larger enclosures 
(wire mesh, 40-50 cm high) varying in size from 30 to 100 m2. Enclosures 
contained from 10 up to 15 nests and enabled us to follow chick development 
when the mini-enclosures were removed after the parent chick bond was 
established (5-7 days after cross-fostering).  
Whenever a chick started to hatch, with still only its beak showing through the 
broken eggshell, we marked the bill with a non-toxic pen in order to record 
which chick came from which particular egg in case more than one chick of the 
same clutch hatched on the same day. On the day of hatching (day 0), all chicks 
received a numbered colour ring for individual identification. In addition, a 
small blood sample (20 µl) was taken from the ulnar vein and stored in 100 % 
ethanol. Within 24h all sexes were determined using molecular sex 
determination according to Griffiths et al. (1998). 
The following day (day 1) all chicks were cross fostered (second cross-fostering), 
allocating four experimental chicks to each foster nest. These final experimental 
nest contained two males (1 Control-, 1 Flu- chick) and two females (1 Control-, 1 
Flu- chick) matched for (actual) mass, position in the laying sequence and 
hatching date. Subsequently, we assessed survival of every individual nestling 
by recording the presence of each chick in the enclosures every day. To 
determine growth rates we measured body mass (to the nearest 0.5 g using a 
Pesola spring balance) of all chicks at least every second or third day.  
Out of the 351 eggs that were injected (C-eggs: 84 Oil, 83 Flu; B-eggs: 88 Oil, 96 
Flu) 241 hatched. The total hatchability was 69.8 % (out of which 52 % Control-
chicks, 48 % Flu-chicks), similar to earlier injection studies (e.g. Eising et al. 2001, 
Eising & Groothuis 2003). In total we were able to create 29 (19 B-chick, 10 C-
chick) nests (116 chicks) in which all four chicks could be matched for mass, 
hatching date, laying order, sex and treatment. Experimental chicks that could 
not be used in the experiment (N=125) were allocated to foster nests, creating 
broods of three chicks that subsequently were not followed anymore. 
There were no significant differences in egg mass or chick body mass at cross-
fostering between the experimental chicks of the different treatment/sex groups 
within a nest (Table 1, paired sample t-test, p>0.10 in all cases) 
 
Black-headed gull chicks are especially vulnerable to adverse weather conditions 
in the period between about 10-14 days of age when they are too large to be 
protected by the parents and do not have sufficient plumage to protect 
themselves. Chilling as a consequence of cold and rainy weather can therefore 
have a strong impact on the reproductive output of a black-headed gull colony 
(e.g. Jennings & Soulsby 1958).  
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During this vulnerable period, about 24 hours of continuous rain occurred on 
the 13th day of the experiment, causing extensive chick mortality. Since all 
experimental nests were highly synchronized in age (all chicks hatched within 4 
days) nearly all chicks died due to chilling (19 survivors: 7 Flu-females, 5 Oil-
females, 5 Oil-males, 2 Flu-males). Therefore, the experiment was terminated. 
All subsequent analyses will be restricted to the early developmental period, 
when the chicks were a maximum of 10-13 days old, which is the period before 
the development of sexual size dimorphism. 
 
 
treatment sex Egg mass  body mass at CF 
oil male 36.19 +/- 0.73 29.82 +/- 0.77 
oil female 36.64 +/- 0.64 29.31 +/-0.66 
flutamide male 36.39 +/- 0.66 29.27 +/- 0.89 
flutamide female 36.95 +/- 0.58 29.03 +/- 0.90  

 
Table 1: Eggmass ([g], mean +/- se) and chick mass at the day of cross-fostering ([g], mean 
+/- se) separately for the four experimental groups. 
 
 
(d) Immunocompetence 
In order to investigate the cell-mediated immunity (CMI), we injected 
intradermally 0.04 ml of 1 mg ml–1 phytohemagglutinin-P (PHA, Sigma©) 
dissolved in phosphate-buffered saline (PBS) into the ball of the foot one day 
after hatching (for a detailed description of the injection method see Müller et al. 
2003). In vivo injection of PHA produces a local swelling due to a prominent 
perivescular accumulation of T lymphocytes followed by macrophage 
infiltration (Smits, Bortolotti & Tella 1999). It is considered to be a reliable 
method of measuring CMI (reviewed by Norris & Evans, 2000).  
Three repeated measurements of the swelling were taken just prior to injection 
(initial), and a further three 24 h (+/– 1 h) after injection (final). Because the 
repeatability of the successive measurements was high (r=0.98, p<0.001) we used 
the mean value of the three measurements for analysis. The difference between 
initial and final measurements was used as the response estimate (Smits 
Bortolotti & Tella 1999), subsequently called CMI. 
In total, we measured CMI in 101 out of the 116 chicks, with the remaining 15 
chicks dead before the final measurement. In 20 out of the 29 nests we were able 
to measure all four chicks. Only these clutches were included in the analysis of 
CMI, since brood size very likely influences the nutritional circumstances and 
thus potentially the CMI (reviewed by Alonso-Alvarez & Tella, 2001).  
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(e) Statistical analyses 
All body mass and CMI data were analysed using hierarchical linear models 
(Rasbash et al. 2000) to test the effect of sex and treatment in a nested design. The 
following variables were included in the models: treatment, sex, laying position 
of the egg and all possible interactions. In the case of body mass also number of 
siblings was included, as well age and age2  to model the growth curve (see 
Eising et al. 2001 for a similar approach). Since all nests started with a standard 
number of four chicks, the decrease in sibling number due to mortality 
significantly correlated with age. To avoid the problem of co-linearity between 
both factors in the model, we calculated the residuals of the number of siblings 
on age and included these in the model. 
Significance was tested using the Wald statistic, which follows a χ2–distribution 
and accepted at p< 0.05 (two-tailed). Survival data were analysed using the 
Wilcoxon Gehan statistics in the Life-tables option in SPSS.  
 
Results 
(a) Body mass 
Body mass increased with age and age2 (age: estimate: 4.527 [g/day], error: 0.604, 
∆dev 53.117, df 1, p<0.0001; age2: estimate: 0.351 [g/day2], error: 0.043, ∆dev 
62.263, df 1, p<0.0001). The number of siblings in a nest, corrected for age, 
positively affected body mass (residual siblings: estimate: 2.332, error: 0.935, 
∆dev 6.14, df 1, p=0.01). Treatment correlated with body mass in interaction with 
age and sex (treatment x age x sex: estimate: 1.171, error: 0.212, ∆dev 29.777, df 1, 
p<0.0001).  
Thus Flutamide treatment had a sex specific effect on body mass gain. 
In a subsequent post hoc analysis, sex turned out not to influence chick’s body 
mass when the analysis was restricted to control chicks (sex x age: estimate: -
0.177, error: 0.172, ∆dev 1.056, df 1, p=0.30), while residual siblings, age and age2 
still contributed significantly to the explained variance. In contrast, within the 
Flutamide group, body mass gain was different according to sex (sex x age: 
estimate: 1.101 error: 0.173, ∆dev 37.430, df 1, p<0.0001), while residual siblings, 
age and age2 again contributed significantly to the explained variance. Analysing 
the sexes separately showed that male body mass positively correlated with 
treatment, in interaction with age (treatment x age estimate: 1.009, error: 0.378, 
∆dev 7.028, df 1 p=0.008), while in the same model also residual siblings, age and 
age2 contributed significantly. In contrast Flutamide negatively affected female 
body mass (treatment x age estimate: -1.506, error: 0.309, ∆dev 22.632, df 1 
p<0.0001), while in the same model also residuals siblings, age and age2 
contributed significantly (Figure 1). 
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Figure 1: Mean body mass [g] for female [filled circle Oil-females, open circle Flu-females] 
and male chicks [filled triangle Oil-males, open triangle Flu-males] in relation to age 
between hatching and day 10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: T-cell-mediated immunity (CMI [mm] +/- se) measured two days after hatching 
of female [Oil-females (black bar), Flu-females (grey bar)] and male chicks [Oil-males 
(black bar), Flu-males (grey bar)]  
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(b) T-cell-mediated immunity 
In the control situation the sexes did not differ in their CMI (sex: estimate: -0.077, 
error: 0.072, ∆dev 1.096, df 1, p=0.30, Figure 2) nor did laying order affect the 
CMI (laying order: estimate: 0.078, error: 0.122, ∆dev 0. 405, df 1, p=0.52). 
Flutamide treatment affected CMI in interaction with sex (treatment x sex: 
estimate 0.201, error: 0.099, ∆dev 3.987, df 1, p=0.045, Figure 2). There was no 
effect of treatment on CMI when analysing male chicks separately (treatment: 
estimate: 0.117, error: 0.159, ∆dev 0.532, df 1 p=0.47, Figure 2). But flutamide 
negatively affected female CMI (treatment: estimate: -0.285, error: 0.129, ∆dev 
4.599, df 1, p=0.03, Figure 2). Within the Flu-chicks, females tended to have a 
lower CMI compared to male chicks (sex: estimate: 0.124, error: 0.062, ∆dev 3.62, 
df 1, p=0.057). 
Individual CMI scores did not correlate with survival probabilities (estimate: -
0.008, error: 0.106, ∆dev 0.005, df 1, p=0.94). 
 
(c) Survival 
When comparing the two sexes within the control-chicks survival was different 
for the sexes with males suffering higher mortality (Wilcoxon Gehan statistic= 
6.48, p=0.01; 37.9 % survival in Control-males compared to 62.1 % in Control-
females, Figure 3). In contrast, Flu-chicks did not show a sex-specific difference 
in their survival (Wilcoxon Gehan statistic= 0.803, p=0.37; 48.3 % survival in Flu-
males compared to 62.1 % Flu-female survival, Figure 3). 
Treatment did not significantly affect survival probabilities either in males 
(Wilcoxon Gehan statistic= 0.769, p=0.38) or in females (Wilcoxon Gehan 
statistic= 0.191, p=0.66). 
Given these results, we expect a significant interaction effect between treatment 
and sex (as in case of the CMI), but so far no techniques appear to be available to 
statistically test for interaction effects using the life tables approach. 

 
Figure 3: Cumulative 
survival [%] of Oil-
females (filled circle), Oil-
males (filled triangle), 
Flu-females (open circle) 
and Flu-males (open 
triangle) 
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Discussion 
Male biased mortality in control chicks 
This study shows that male black-headed gull chicks are at a survival 
disadvantage when compared to females in a situation where we controlled for 
age and size differences between the siblings/sexes and where sibling 
competition was enhanced by brood size enlargement (Figure 2). This is 
consistent with earlier studies, showing that the larger sex in sexually size 
dimorphic species is more vulnerable during the nestling phase when food is 
limited (Røskraft & Slagsvold 1985, Nager et al. 2000). While black-headed gulls 
are indeed sexually dimorphic, we found this difference in survival probability 
already during the first two weeks post hatching where no sex differences in the 
food demand are expected, since there is neither a sex difference in the metabolic 
rate (Eising et al. 2003) nor in growth (Figure 1). This renders it unlikely that 
differences in energetic requirements are responsible for this sex specific 
mortality pattern and points to other features of the male phenotype. 
Immunosuppression  has been hypothesized to be a possible cause for the male 
disadvantage (e.g. Klein 2000, Olsen & Kovacs 1996). We did not find evidence 
that the difference in survival probability between the sexes as found in this 
study depended on the T-cell-mediated immunity (CMI). When comparing the 
CMI in freshly hatched chicks, the on average somewhat lower CMI in control 
males did not statistically differ from the control female CMI (Figure 3). Thus, 
we did not find support for earlier evidence that males differ in their CMI from 
females (Müller et al. 2003, for sex differences in other species see also Fargallo et 
al. 2002, Tschirren et al. 2003,) or the decrease in CMI with laying position 
(Müller et al. 2003). Both have been suggested to be related to the production of 
endogenous testosterone in males and the increase of maternal yolk androgens 
with laying sequence (Groothuis & Schwabl 2002).  
Chicks appeared to have no sexual dimorphism in their energetic requirements 
or in CMI. However, the sexes may be dimorphic in their constitution at 
hatching. Indeed, for the closely related lesser black-backed gulls (Larus fuscus) it 
has been shown that male hatchlings are skeletally larger but not heavier than 
females (Nager et al. 1999, Verboven et al. 2003). This is consistent with data of 
the domestic chicken (adult males about 50% larger than adult females) (Nielsen 
& Torday 1985, Henry & Burke 1998). It shows that male and female embryos 
differ in the prenatal allocation pattern of nutritional factors. These different 
allocation strategies potentially influence the amount of yolk reserves male and 
female chicks carry during the first days of their life as well as structural size 
differences. This may have different impacts on their early survival, affecting the 
vulnerability to food shortage in the first weeks of age (reviewed in Williams 
1994). 
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Flutamide effects in females 
Flutamide negatively affected body mass gain in females and reduced their CMI 
compared to control females. This may be due to the fact that Flutamide induced 
detrimental effects in the female chick by blocking the beneficial effects of 
maternal testosterone. Maternal androgens are known to be present in 
substantial amounts in gull eggs (e.g. Groothuis & Schwabl 2002) and embryonic 
exposure to maternal testosterone is known to influence competetive skills and 
growth (Schwabl 1993, 1996, Eising et al. 2001). The level of sibling competition 
will have been high in the experimentally enlarged broods.  
Flutamide also blocks the exposure to endogenous testosterone, however, this is 
not likely to modify the female phenotype as feminization in the course of the 
process of sexual differentiation is mainly dependent on estrogen (Balthazart & 
Adkins-Regan 2003). 
Although we expected a positive effect of Flutamide on CMI, such a direct effect 
may be masked by an indirect effect of the reduced nutritional state due to the 
harsh competition since CMI is condition dependent (Alonso-Alvarez & Tella 
2001).  
 
Flutamide effects in males 
The positive effects of experimental in-ovo treatment with Flutamide in males are 
consistent with our hypothesis that testosterone is involved in the expression of 
the male phenotype disadvantage. Flu-males benefited from a reduced 
testosterone exposure particularly in terms of enhanced body mass gain. The 
effects on CMI and survival were in the same direction, but less strong than 
expected and did not reach statistical significance. Perhaps Flutamide affected 
the embryonic allocation pattern in males, possibly “feminizing” their structural 
size and yolk reserves at hatching. 
The small effect size in males may relate to the fact that Flutamide not only 
blocks the exposure to endogenously produced testosterone, but also the 
beneficial exposure to maternal androgens (e.g. Schwabl 1996, Eising et al. 2001). 
Thus, the results of this study very likely are an underestimation of the 
contribution of endogenous testosterone on the male phenotype disadvantage. 
Maternal and endogenous androgens may have opposite effects on male 
performance due to the different periods when these hormones are present and 
act on the embryo or to the much higher levels of endogenous compared to 
maternal testosterone (e.g. domestic chicken: Woods, Simpson & Moore 1975, 
Müller et al. 2001).  
Alternatively, if Flutamide mainly prevented the action of maternal testosterone, 
the opposing effects of a reduced testosterone exposure in male and female 
chicks might indicate sex specific effects of maternal testosterone. Antagonistic 
effects on male and female offspring may create an upper threshold of yolk 
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androgen deposition due to a trade-off between beneficial effects on one sex and 
detrimental effects on the other sex, thus favoring intermediate concentrations. 
Finally, the treatment with Flutamide could have lead to an increase of plasma 
testosterone via blockade of negative feedback on luteinizing hormone, as has 
been shown in implantation experiments with adult birds (Schwabl & Kriner 
1991, Soma et al. 1999). This could represent a possible pathway as the 
hypothalamo-pituitary axis becomes functional at day 12-14 of embryonic 
development (Li et al. 1991, Ottinger & Abelnabi 1997). The high levels of 
plasma testosterone might then induce de-masculinization as has been shown 
for the administration of exogenous testosterone before the end of the critical 
period (Wilson & Glick 1970, Sayag et al. 1989). Such a de-masculinization may 
come about by the fact that the enhanced levels of plasma testosterone provide 
additional substrate for aromatase activity and hence might be transferred into 
estrogen (Soma et al. 1999). 
Independent of the exact pathway, male chicks clearly benefited from a 
reduction in testosterone exposure. 
 
In summary, the male phenotype disadvantage is not exclusively linked to 
differences in the energetic requirements between the sexes when developing 
sexual size dimorphism since it is already present just after hatching. Male 
chicks benefited from flutamide treatment. This supports the idea that sex 
differences in endocrine state are involved in the expression of the male 
disadvantage. Female chicks hatching from flutamide treated eggs were 
disadvantaged, which may relate to the blocking of the positive effects of 
embryonic exposure to maternal androgens on competetive skills.  
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Abstract Avian eggs contain considerable amounts of maternal yolk 
androgens. These androgens have been shown to 
beneficially influence the physiology and behavior of the 
chick. As androgens may suppress immune functions, they 
may also entail costs for the chick. This is particularly 
relevant for colonial species, such as the Black-headed Gull, 
in which the aggregation of large numbers of birds during 
the breeding season enhances the risk of infectious diseases 
for the hatching chick. 
To test the effect of maternal yolk androgens on the chick’s 
immune function, we experimentally manipulated yolk 
androgen levels within the physiological range by in-ovo 
injection of either androgens (testosterone and 
androstenedione) or vehicle (control) into freshly laid eggs. 
We subsequently investigated both T-cell-mediated (CMI) 
and humoral immunity of the chicks to evaluate immuno-
suppressive effects at the beginning of the nestling period. 
We also investigated potential long-term immuno-
suppressive effects and challenged the immune system of 
the chicks once more when the chicks were fully grown. 
Embryonic exposure to elevated levels of androgens 
negatively affected both CMI and humoral immunity in gull 
chicks. The consequences of embryonic exposure to 
androgens on the offspring immune function exceeded the 
nestlings period, since at the juvenile stage individuals still 
differed in their immune system according to their 
embryonic hormone exposure.  
The short- and long-term immunosuppressive effects of 
embryonic androgen exposure suggest a trade-off between 
these costs of maternal androgens and the benefits of 
enhanced competitiveness and growth. 
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Introduction 
Bird eggs contain maternally derived steroid hormones (Prati et al. 1992, 
Schwabl 1993). The large variation in maternal yolk hormone concentrations, 
both within and between clutches, suggests that differential hormone 
transmission may represent an adaptive maternal strategy (e.g. Gil et al. 1999, 
Reed and Vleck 2001, Groothuis and Schwabl 2002, Verboven et al. 2003, Pilz 
and Smith 2004). The effects of pre-natal hormone exposure on the development 
and phenotype of the chick have now been examined in a number of 
experimental studies, in which fresh eggs were injected with androgens. 
Comparatively small differences in the androgen environment of an embryo 
induced a wide range of effects on physiology and behavior of the offspring (e.g. 
Schwabl 1996, Lipar and Ketterson 2000). In short: maternal yolk androgens 
accelerate embryonic development, enhance post-natal growth rate and affect 
competitiveness in both the nestling and the juvenile stage (e.g. Schwabl 1993, 
1996, Lipar and Ketterson 2000, Eising et al. 2001). These findings led to the 
hypothesis that maternal yolk androgens are beneficial to offspring. The large 
variation of yolk hormones within clutches related to the position of the egg in 
the laying sequence has consequently been interpreted as a possibility for the 
mother to individually increase the survival probabilities of her offspring by 
mitigating the effect of hatching asynchrony (Schwabl 1993, Eising et al. 2001).  
Pre-natal exposure to androgens, however, can also be detrimental for survival 
of the offspring (Sockman and Schwabl 2000). This may result from re-allocation 
of resources mediated by androgens, which is particularly important during 
post-hatching development. Accelerated growth induced by maternal yolk 
androgens (Schwabl 1996, Eising et al. 2001) may be at the cost of the immune 
system because of the trade-off between body mass gain and immune function, 
which are both energetically costly (reviewed by Sheldon and Verhulst 1996, 
Lochmiller and Deerenberg 2000). There are, furthermore, some indications that 
pre-natal androgens have a direct suppressive effect on the development and 
organization of immune function. Androgens may modulate the size of immune 
organs, such as the bursa of Fabricius, thymus and bone marrow, which all have 
high-affinity androgen receptors (Coulson et al. 1982, Fasler et al. 1986). Indeed, 
experimental pre-natal treatment with relatively high (pharmacological) doses of 
testosterone in birds has been shown to cause regression of the bursa, leading to 
impairment of the antibody production in the domestic chicken (Hirota et al. 
1976, Glick 1983). However, not much is known about the effects of pre-natal 
exposure to androgen concentrations within the physiological range on the 
organization of immune function in birds. In addition, embryonic androgen 
exposure may also affect other branches of the avian immune systems, such as 
the T-cell mediated immunity, which has not been studied so far.  
There is indeed some evidence from studies on adult birds that experimentally 
elevated testosterone levels suppressed the humoral immunity measured as the 
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response to a novel antigen (Duffy et al. 2000, Peters 2000, Casto et al. 2001 but 
see Hasselquist et al. 1999) and the T-cell-mediated immunity (Duffy et al. 2000).  
Clearly, pre-natal androgen exposure may impose a severe immunological cost 
for the developing chick. This potential cost of maternal yolk hormones may 
even have lifelong consequences, as exposure to androgens before birth has 
long-lasting organizing effects on the physiology, endocrine state and behavior 
in mammalian and avian species (reviewed by Clark and Galef 1995, Balthazart 
and Adkins-Regan 2003). Long-lasting modulating effects of pre-natal 
androgens on immune function have not been investigated so far, but are highly 
interesting since immunocompetence is an important life-history trait. 
 
We examined the effect of yolk androgens on the chick’s immune function in 
black-headed gulls (Larus ridibundus). This species is highly appropriate for the 
study of hormone mediated effects. The eggs of this species contain high levels 
of maternal androgens that vary systematically between and within clutches 
(Eising et al. 2001, Groothuis and Schwabl 2002, Müller et al. in press). 
Furthermore, functional consequences of embryonic androgen exposure on 
growth and behavior have been convincingly demonstrated over the past years 
(e.g. Eising et al. 2001, Eising and Groothuis 2003).  
We experimentally manipulated yolk androgen levels by in-ovo injection of 
either androgens (testosterone and androstenedione) dissolved in vehicle within 
the physiological range or vehicle only (control) into freshly laid eggs. 
Subsequently, we investigated two branches of the avian immune system, the T-
cell-mediated (CMI) and the humoral immunity during the early developmental 
period, one and seven days after hatching respectively. Taking into account 
different branches of the immune system is particularly important in this case, 
since testosterone may induce a shift from one component to the other (Braude 
et al. 1999, Norris and Evans 2000). We also investigated whether immuno-
suppressive effects are long-lasting and challenged the T-cell mediated and 
humoral immune system of the young once more in semi-natural conditions 
after fledging. 
We expected that chicks hatching from androgen treated eggs have a lowered T-
cell mediated and humoral immunity compared to chicks from control treated 
eggs.  
 
Material and Methods 
(a) Field work and egg treatment 
In 2003, three sub-colonies of 200-300 breeding pairs each within a large black-
headed gull colony (6000 breeding pairs) in the “Workumer Waard” adjacent to 
the IJsselmeer (The Netherlands) were checked daily for freshly laid eggs. Eggs 
were individually marked with a non-toxic marker referring to the position 
within the laying order and date of laying. At the day of clutch completion, we 
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manipulated hormone levels of the first laid egg of a clutch, which contains the 
lowest maternal androgen concentration (Groothuis and Schwabl 2002). Eggs 
were injected either with 50 µl of vehicle (control, sterile cold-pressed Sesame oil, 
subsequently called Control-eggs) or 50 µl of vehicle containing a mixture of 0.12 
µg testosterone and 10.0 µg androstenedione (=T-eggs). Hormone levels in T-
eggs were elevated to resemble those naturally occurring in last laid eggs (see 
Eising et al. 2001 for details on the injection procedure). After injection, all eggs 
were relocated to their original nest.  
Within three days 224 eggs were injected (107 Control-eggs, 117 T-eggs). Of 
these eggs 14 (9 Control-eggs, 5 T-eggs) were predated, while 58 eggs (26 
Control-eggs, 32 T-eggs) failed to hatch. Thus 72 % of all injected eggs, Control- 
and T-eggs respectively, successfully hatched {68 chicks hatched from Control-
eggs (=Control-chicks), 82 chicks from T-eggs (=T-chicks)}, which is similar to 
previous studies (e.g., Eising et al. 2001).  
 
(b) Experimental nests  
Shortly before hatching, all experimental eggs were cross-fostered. Three eggs of 
the same treatment and the same laying date were placed in one nest. These 
nests had been surrounded by mini-enclosures one day before cross-fostering 
the eggs. At hatching, we registered which chick came from which particular 
egg and chicks received a numbered color band for individual identification. 
Additionally, a blood sample (20 µl) was taken from the ulnar vein and stored in 
100 % ethanol. Within 24h all sexes were determined using molecular sex 
determination according to Griffiths et al. (1998), which was validated for our 
study species. 
At the day of hatching, all experimental chicks were again cross-fostered, 
allocating one chick of each treatment to an experimental nest, matched for 
(actual) body mass and if necessary and possible adjusted 24h after hatching 
according to sex. We created 48 weight-matched broods each containing one 
Control- and one T-chick, of which 33 nests were also sex-matched (actual body 
mass at cross-fostering: Control-chicks: 27.38 ± 0.40 g, T-chicks: 27.36 ± 0.36 g; 
paired sample t-test, t=0.03, p=0.97).  
 
(c) Housing conditions 
When the chicks were about to fledge (25-28 days old), 44 juveniles (13 Control-
females, 9 Control-males, 11 T-females and 11 T-males) were taken to the 
Zoological Laboratory of the University in Groningen. If available, we took both 
chicks of an experimental nest. However, due to mortality this was not always 
possible. As a consequence, the fledglings that were moved to the Zoological 
Laboratory represent a selection of survivors.  
At the Zoological Laboratory chicks were housed in a large outside aviary of in 
total about 100 m2 [LD=16:8, (July and August)]. Food and water were available 
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ad libitum. During the first two weeks, birds were fed with a moistened mixture 
of pellets for trout farming (Travis, Trouw, Gent), food used for growing 
chickens (Sivo Start, Bogena, Waalwijk) and moistened cat food. This diet was 
gradually shifted to dry trout pellets and moistened cat food only. Seven 
juveniles died before post-fledging immune challenges (four Control-males, one 
Control-female and two T-males). A further two birds became sick and were 
excluded from the immune challenges (one Control-female, one T-female). 
 
(d) Immunity-tests 
The time schedule of the different immune challenges is outlined in Figure 1. 
 

 
Figure 1: Outline of the experimental procedure between hatching and the age of about 2 
months. Numbers represent the age in days of the chick (± 2 days). After day 25, birds 
were blood sampled (=Final field) and moved from the field to the Zoological Laboratory 
and were subsequently housed under semi-natural conditions with ad libitum food. (CF= 
cross-fostering; PHA {phytohemagglutinin-P}: challenge of the T-cell mediated immunity, 
LPS {lipopolysaccharides from E.coli}; SRBC {sheep red blood cells}: challenges of the 
humoral immunity) 
 
I. T-cell mediated Immunity: PHA-challenge 
One-day after hatching T-cell mediated immunity (CMI) was measured via in 
vivo injection of phytohemagglutinin-P (PHA, Sigma©). This method is 
considered to reliably measure CMI (reviewed by Norris and Evans, 2000) as it 
produces a local swelling due to a prominent perivescular accumulation of T 
lymphocytes followed by macrophage infiltration (Smits et al. 1999). We injected 
intradermally 0.04 ml (at the age of 1 d) or 0.1 ml (at the age of 40 d) of 1 mg ml–1 
PHA dissolved in phosphate-buffered saline (PBS) into the ball of the foot, in 
order to investigate CMI in terms of the local swelling (for a detailed description 
of the injection method see Müller et al. 2003). Three repeated measurements of 
the height of the ball of the foot (the distance between the base of the hind toe 
and the top of the ball when holding the foot at an angle of 90° to the tarsus) 
were taken with a sliding caliper (to the nearest 0.05 mm) just prior to injection, 
and a further three 24 h (± 1 h) after injection. Because the repeatability of the 
successive measurements was high (r>0.95 in all cases, p<0.001) we used the 
mean value of the three measurements for analysis. The difference between pre-
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injection and post-injection measurements was used as the response estimate for 
CMI (Smits et al. 1999). 
In 43 out of the 48 nests we were able to measure the response of both chicks 48h 
after hatching (age 1 d). There were no significant differences in body mass 
between chicks of different treatments at the time of injection (Control-chicks: 
34.95 ± 0.73 g, T-chicks: 33.94 ± 0.55 g; paired sample t-test, t=1.45, p=0.15). We 
also measured growth over 24h and 48h after the challenge to evaluate potential 
trade-offs between a response to the immune challenge and growth (Martin et al. 
2002). 
In captivity (age 40 d), 35 juveniles were successfully challenged with PHA, (11 
Control-females, 5 Control-males, 8 T-females and 11 T-males). Juveniles 
differed in body mass according to sex (males: 257.33 ± 5.7 g, females: 230.41 ± 
3.8 g, ANOVA, F=22.42, p<0.001) and treatment (Control-chicks: 246.65 ± 5.39 g, 
T-chicks: 239.39 ± 5.86 g, ANOVA, F=5.79, p=0.02).  
  
II. Humoral immunity, LPS challenge 
To evaluate the effects on the humoral immunity at a very early developmental 
stage of the immune system, chicks were challenged at day 7 ± 2 days after 
hatching with lipopolysaccharides from the cell wall of E.coli (LPS, serotype 
O55:B5, Sigma©). LPS mimics a natural bacterial infection, which is common in 
gulls, but as it is an inert antigen the negative effects of the pathogen are 
temporary. LPS increases the release of cytokines and induces an inflammatory 
response, which is followed by the production of antibodies (Poxton 1995, 
Leshchinsky and Klasing 2001). As bacterial antigen, LPS gives rise to an 
antibody response of the IgM type, which is not followed by a memory response 
(Janeway and Travers 1999). Furthermore, because T-cell independent antibody 
responses shortly after birth are higher than T-cell dependent response, LPS is 
an appropriate antigen to use at this early developmental stage (Apanius 1998).  
23 nests were included in the experimental immune challenge. Within each nest 
both chicks were either intraperitoneally injected with 0.1 ml PBS (Control 
treatment, N=11 nests) or with 0.1 ml LPS antigen dissolved in PBS 
(concentration 1 mg/ml, LPS treatment, N=12 nests).  
Chicks of these nests were blood sampled shortly before injection (initial) and 
48h after injection (final) by punctuating the brachial vein of the left wing with a 
25G needle. Blood (60 µl) was collected in a capillary. The capillary was sealed 
and stored cool (about 8°C) for the rest of the day (max. six hours). In the lab, 
capillaries were centrifuged for 10 minutes at 10.000 rpm. The separated plasma 
was then stored in eppendorff tubes at -20°C until analysis. Antibody titers were 
determined using ELISA (see below) and the change in concentration between 
initial and final sample was used as an estimate for the antibody response.  
At the day of injection, there was a significant difference in body mass between 
Control- and T-chicks of the PBS treated group (Control-chicks: 119.45 ± 5.34 g; 
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T-chicks: 109.09 ± 6.12 g, paired sample T-test, t=3.11, df=10, p=0.01). This was 
not the case in the LPS treated group (Control-chicks: 111.42 ± 7.54 [g]; T-chicks: 
106.25 ± 4.93 [g], paired sample T-test, t=1.04, df=11, p=0.32). 
On the last day in the field, all chicks were weighed and a blood sample was 
taken in all but three chicks to investigate plasma antibody concentrations 
(=Final field sample). Plasma of three chicks could not be analyzed because the 
capillaries leaked.  
 
III. Humoral Immunity: SRBC challenge 
When the birds were 50 ± 2 days old, they were challenged with sheep red blood 
cells (SRBC) to investigate long-term consequences of embryonic androgen 
exposure on the humoral immune system. SRBC challenges are commonly used 
to assess the humoral immune response in birds (Apanius 1998).  
Shortly before immunization a blood sample was taken to determine 
background antibody concentration (initial). Birds were then intraperitoneally 
injected with 500 µl of a 2% SRBC suspension (corresponds to 5*108 cells per ml) 
dissolved in PBS [0.01M]. Six days post-immunization birds were re-sampled 
following the same procedure (final), which is the time that antibody titers in the 
plasma have reached their peak in this species (Ros et al. 1997). Blood was 
transferred into eppendorff tubes containing 3 µl heparin and centrifuged at 
10.000 rpm for 10 min. Plasma was separated from the blood cells and stored at –
20 °C until further analysis. In total, we were able to investigate the humoral 
immune response of 35 juveniles (11 Control-females, 5 Control-males, 8 T-
females, and 11 T-males). Antibody concentrations were determined using 
ELISA and a standard hemagglutination assay (for both see below). In both 
cases, the difference between the initial and final was used as the response 
estimate for the humoral immune response. 
At injection, males (250.57 ± 5.89 g) were heavier than females (222.96 ± 5.66 g) 
(ANOVA, F=14.71, p=0.001). Control-chicks were on average slightly but not 
significantly heavier than T-chicks (Control-chicks: 238.78 ± 6.96 g, T-chicks: 
232.05 ± 6.33 g; ANOVA, F=3.69, p=0.06). 
 
(e) Enzyme-Linked Immuno-Sorbent Assay for antibody determination 
Antibody concentrations were determined using an indirect Enzyme-Linked 
Immuno-Sorbent Assay (ELISA) with commercial anti-chicken antibodies 
(Sigma© C-6409). This method provides a sensitive measurement of antibody 
concentrations that bind to a specific antigen (Janeway and Travers 1999). Using 
commercial anti-chicken antibodies in a direct ELISA has been shown to be a 
reliable technique to determine antibody concentrations for a variety of bird 
species (Martinez et al. 2003). In addition, we validated the indirect ELISA for 
our study species. Briefly, samples were separated by means of SDS-Page under 
reducing conditions, the gels were Western blotted onto nitrocellulose filters and 
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immune stained with the anti-chicken antibody used in the ELISA. The results 
show that the antibody detects only the light chain of the Immunoglobulins 
(molecular weight 22 kD) without binding to the heavy chain of the 
Immunglobulins or any other protein. Using indirect ELISA is hence well suited 
for measuring antibodies of black-headed gulls. The anti-chicken IgG antibody 
binds both to the light chain of the IgM and IgG (Jokinen I., unpublished data). 
In the analysis we therefore can not distinguish between an IgM and an IgG 
response. As the primary immune response, which is assessed here, consists 
primarily of IgM, we probably measured to a large extend IgM.  
To assess antibody concentrations, a standard of pooled plasma of all 
individuals was used, which was given an arbitrary concentration of 106. All 
values were subsequently expressed in units relative to this standard [U/ml]. 
Briefly, 96-well ELISA plates (NuncTM Immunoplate) were coated with anti-
chicken antibodies (1:180, Sigma© C-6409) by overnight incubation at 4°C. After 
emptying the wells, they were incubated with 1 % BSA- PBS (Roche 
Diagnostics©) for 1h, then washed with 300 µl PBS-Tween (three times). Plasma 
samples were diluted 1:5000, 1:10.000 or 1:15.000 in 1 % BSA- PBS to ensure that 
the samples are on the linear part of the standard curve. 50 µl of this dilution as 
well as the standard was added in replicate to the wells including a negative 
control. The plates were incubated for 3h at room temperature, and then washed 
with 300 µl PBS-Tween (three times). Next an alkaline phosphatase conjugated 
secondary antibody (Sigma© A-9171 antichicken IgG, 1:15 000 diluted in 1 % 
BSA- PBS) was added. Then plates were incubated overnight at 4° C. Finally, 
plates were washed with 400 µl PBS-Tween (three times) and 100 µl of an 
alkaline phosphatase substrate (PNPP, p-nitro phenol phosphate, Sigma© 104 
phosphatase substrate in 1 M diethanol amine buffer [1mg/ml]) was applied (50 
µl).  
The absorbance was measured at 405nm in an ELISA reader 45 min after adding 
the substrate (or until the lowest standard reached the absorbance of 2.0).  
 
(f) Hemagglutination assay 
The quantification of the immune response induced by the SRBC challenge used 
also the standard hemagglutination assay, following the protocol as described 
by Ros et al. (1997), who established this technique for our study species. The 
titers were scored visually and the highest dilution at which the erythrocytes still 
agglutinate indicates the amount of antibodies in the samples (Hudson and Hay 
1976). The measures are represented as integers on a log scale and the mean 
value of the two replicates of each sample was used to calculate the initial and 
final antibody concentration.  
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(g) Statistical procedures 
All data were checked for normality and in the case of the plasma antibody 
concentrations at the age of 7, 25 and 50 days log transformations were applied 
to obtain a normal distribution. Since during the nestling period the data 
represented a nested structure, we used hierarchical linear models (MLwiN 1.10, 
Rasbash et al. 2000). In these cases, statistical significance was tested using the 
increase in deviance when a factor was removed from a model (Wald statistic), 
which follows a χ2–distribution. For CMI we tested the effect of treatment, sex 
and the interaction term of these two variables. In the case of the humoral 
response, we tested the effect of treatment, sex, LPS-challenge, age (given the 
slight variation in age of injection), body mass (given mass differences between 
treatment groups) and all possible interactions. All factors with a significance 
level of p<0.05 were retained in the final model. Elsewhere and for post-hoc 
analyses we used parametric statistics (Pearson correlations, independent T-test, 
paired sample T-test) in SPSS. All tests were two tailed and significance was 
accepted at p< 0.05. 
During the juvenile phase all individuals were housed together. These data were 
not nested and analyzed using GLM or independent sample T-Tests. The 
predictors treatment, sex and their interaction were only maintained in the final 
model when they reached statistical significance (p<0.05). In all analyses of the 
SRBC-challenge and CMI at the age of 40 d body mass was included as a 
covariate, as there is some evidence that immunity is condition dependent 
(Lochmiller et al. 1993), while the treatment groups differed in body mass. 
However, body mass never reached statistical significance and was therefore not 
retained in any final model.  
In all analyzes offspring sex as well as the interaction term between offspring sex 
and androgen treatment only revealed statistical significance in the case of the 
hemagglutination assay. Detailed statistics are hence only presented in this 
particular case and not for CMI, humoral immunity or body mass change.  
Previous treatment with LPS during the nestlings period did no affect the T-cell 
mediated immunity, plasma antibody concentrations or humoral immunity 
measured at the juvenile stage (p>0.25 in all cases) 
 
Results 
(a) T-cell mediated immunity of the nestlings 
CMI measured shortly after hatching was significantly higher in chicks hatching 
from Control-eggs (0.59 ± 0.07 [mm]) than their nest mates from androgen 
injected eggs (0.37 ± 0.08 [mm]) (treatment: estimate -0.22, error 0.09, ∆dev 5.39, 
df 1, p=0.02; Figure 2a).  
There was no significant difference in body mass gain between Control-chicks 
(8.45 ± 0.46 g) and T-chicks (8.36 ± 0.46 g) within 24h after the PHA injection 
(paired sample t-test, N=43, t=0.17, p=0.86). In 38 out of the 43 nests included in 
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the PHA-challenge we also measured the body mass 48h after injection. Again, 
there was no difference in growth between Control-chicks (21.74 ± 0.77 g) and T-
chicks (21.80 ± 1.23 g) (paired sample t-test, N=38, t=-0.05, p=0.96). 
CMI did not correlate with body mass at the day of injection or body mass gain 
during the time of the challenge either in Control-chicks or in T-chicks (Pearson 
p>0.16 in all cases). 

(a) day 1

C
M

I [
m

m
]

0.0

0.2

0.4

0.6

0.8

1.0
(b) day 40

control     testosterone control     testosterone

N=43          N=43 N=16           N=19

 
Figure 2: T-cell mediated immunity (CMI, mean ± se) in relation to in ovo androgen or 
control treatment at (a) day 1 (N=43 nests) and (b) day 40 (16 Control-chicks, 19 T-chicks).  
 
(b) Humoral immune response of the nestlings to LPS  
Initial plasma antibody concentrations at the age of 7 ± 2 days did not differ 
between Control-chicks (35415 [U/ml] ± 3858) and T-chicks (41066 [U/ml] ± 4867) 
(p>0.36).  
The change in antibody concentrations from pre- to post injection differed 
significantly between LPS- and PBS-challenged chicks in interaction with the 
embryonic androgen treatment (LPS challenge x androgen treatment: estimate -
679692 [U/ml], error 21535, ∆dev 8.54, p=0.003, Figure 3). In subsequent post hoc 
analyses, androgen treatment turned out not to affect the change in plasma 
antibodies within the PBS-group (PBS-treated Control-chicks: 13324 [U/ml] ± 
6000; PBS-treated T-chicks: 12149 [U/ml] ± 13981; paired sample T-test, t=0.07, 
df=10, p=0.94; Figure 3a). In both treatments, the change in plasma antibody 
concentrations as response to PBS did not deviate significantly from zero (PBS-
treated Control-chicks: t=2.22, p=0.051; PBS-treated T-chicks: t=0.87, p=0.40) 
LPS-treated Control-chicks showed a much stronger immune response than 
LPS-treated T-chicks (LPS-treated Control-chicks: 95232 [U/ml] ± 14185; LPS-
treated T-chicks: 26369 [U/ml] ± 9947; paired sample T-test, t=4.30, df =11, 
p=0.001; Figure 3b). LPS-treated T-chicks did not differ from PBS-treated T-
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chicks (independent sample T-test, t=-0.84, df 21, p=0.41; Figure 3a,b). In 
contrast, LPS-treated Control-chicks significantly differed in their change from 
PBS-treated Control-chicks (independent T-test, t=-5.15, df 21, p<0.001; Figure 
3a,b). The change in antibody concentrations was significantly different from 
zero for Control- and T-chicks (LPS-treated Control-chicks: t=6.71, p<0.001; LPS-
treated T-chicks: t=2.65, p=0.02). There was no effect of age on the humoral 
response in reaction to the LPS challenge (age: estimate -688 [U/ml], error 5078, 
∆dev 0.01, p=0.93). 
There were no differences in growth within 48h after the challenge between 
Control-chicks and T-chicks (PBS-treated group: Control-chicks 18.91 ± 2.96 [g], 
T-chicks: 24.27 ± 4.41 [g]; LPS-treated group: Control-chicks 28.25 ± 5.37 [g], T-
chicks 22.92 ± 3.30 [g]; paired sample T-test, p>0.19 in all cases). LPS did not 
affect body mass gain either in T-chicks or Control-chicks compared to the PBS 
challenged group (independent sample T-test, p>0.15, in all cases). 

Figure 3: Change in plasma Immunoglobulins [U/ml] in relation to treatment within 48h 
after experimental challenge (N=23 nests), (a) PBS {control-treatment} (N=11 nests) (b) LPS 
{Lipopolysaccharides from E.coli} treatment (N=12 nests). Chicks were 7 (± 2) days old at 
the day of injection. Initial plasma immunoglobulin concentrations were 35415 [U/ml] ( 
Control-chicks) and 41066 [U/ml] (T-chicks) respectively.  
 
(c) T-cell mediated immunity of the juveniles (age 40) 
The CMI of Control-chicks (0.95 ± 0.08) on day 40 was higher than in T-chicks 
(0.75 ± 0.09)(Figure 2b). This difference was similar to the difference on day one 
(mean:    -0.20 [mm] vs. -0.22 [mm]), but no longer statistically significant 
(ANOVA, F=2.68, p=0.11).  
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(d) Humoral immune response of the juveniles to SRBC  
I. Measured with ELISA 
There was no difference in plasma antibody concentrations between Control-
chicks (5.3 ± 0.4 *105 [U/ml]) and T-chick (5.8 ± 0.7 *105 [U/ml]) when 25 ± 2 days 
old (Final field sample, ANOVA, N=34, treatment: F=0.85, p=0.37, Figure 4a).  
Over the about three weeks of captivity, Control-chicks and T-chicks 
significantly differed in the change in plasma antibody concentrations (change in 
antibody concentrations in Control-chicks: -1.5 *105 [U/ml], T-chicks: 1.1*105 

[U/ml]; ANOVA, F=10.97, p=0.003). Subsequent post hoc tests revealed that 
Control-chicks decreased their antibody titers (paired sample T-test, t=-4.20, 
p=0.001). In contrast T-chicks maintained similar levels (paired sample T-test, 
t=1.66, p=0.12).  
Consequently, there was a significant difference between Control- and T-chicks 
in initial (age 50) plasma antibody levels (ANOVA, F=22.59, p<0.001, Figure 4b). 
Nevertheless, Control-chicks (1.4 ± 0.5 *105 [U/ml]) and T-chicks (2.4 ± 0.1 *105 

[U/ml]) did not differ in their immune response to the SRBC challenge (ANOVA, 
treatment: F=0.001, p=0.97; Figure 5). However, the immune response of Control-
chicks significantly differed from zero (t=2.85, p=0.01), which was not the case 
for the T-chicks (t=-0.36, p=0.72). 

Figure 4: Plasma Immunoglobulins ([U/ml], Log scale) in relation to treatment at (a) 25 ± 2 
days of age (blood sample of birds that were taken to the lab) and (b) age 50 ± 2 days 
(=initial blood sample of the SRBC experiment). Boxes show the median and the 25th and 
75th percentile. Whiskers above and below the box indicate the 90th and 10th percentiles. 
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II. Measured with Hemagglutination assay 
Initial values (age 50) differed between Control-chicks (0.39 ± 0.16) and T-chicks 
(1.4 ± 0.35), as also found above with ELISA (ANOVA, F=6.1, p=0.02). Similar to 
the outcome of the ELISA, this did not result in a different immune response to 
the SRBC challenge between Control-chicks (2.63 ± 0.49) and T-chicks (1.87 ± 
0.57) (ANOVA, treatment: F=0.26, p=0.61; Figure 5b). However, there was a 
significant effect of sex with males having a lower response (1.27 ± 0.62) 
compared to females (3.01 ± 0.40) (ANOVA, sex: F=4.32, p<0.05), but not in 
interaction with androgen treatment (ANOVA, treatment x sex F=0.49, p=0.49). 
Both treatments significantly differed in their response from zero (Control-
chicks, t=5.392, p<0.001; T-chicks (t=3.30, p=0.004). 

 
 
Figure 5: Change in plasma 
Immunoglobulins (*105, 
[U/ml]) in relation to 
treatment over 6 days after 
injection of SRBC (35 chicks).  
 
 
 
 
 
 
 
 
 
 

 
Discussion 
Maternal yolk androgens and early immune function  
To the best of our knowledge our experimental field study demonstrates for the 
first time that embryonic exposure to elevated androgen concentrations within 
the physiological range suppresses the T-cell mediated as well as the humoral 
branch of the avian immune system, measured at an early developmental stage 
of the nestling period (Figure 1a; Figure 3a,b). 
We measured T-cell mediated immunity (CMI) shortly after hatching and found 
that T-chicks had a significantly lower CMI when compared to their Control-
chick nest mates (Figure 1). The increase in yolk testosterone concentrations 
within the laying sequence as reported for our study species (Eising et al. 2001, 
Groothuis and Schwabl 2002) may hence be causally involved in the reduction of 
the chick’s CMI over the hatching order (Müller et al. 2003). The reduction in 
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CMI as a consequence of the experimental elevation of the yolk androgen 
concentrations in first-laid eggs to the levels of naturally last-laid eggs was 
somewhat smaller than these data in the natural situation had suggested. This 
indicates that the decrease in CMI within the hatching order is not exclusively 
due to changes in yolk androgens concentrations, but may also depend on yolk 
carotenoids, which have been shown to decrease with position in the laying 
order in gulls (Royle et al. 2000, Blount et al. 2002) and have recently been shown 
to enhance CMI of barn swallow chicks (Saino et al. 2003).  
Yolk testosterone is thus involved in suppressing CMI and this effect occurs at a 
stage of development when large parts of the immune system are still immature 
and when the newly hatched chicks highly depend on the CMI (Apanius 1998). 
We have previously shown that CMI positively correlates with survival 
probability in this species (Müller et al. 2003, see also Christe et al. 1998, ), and 
suppression of the CMI through embryonic androgen exposure is therefore 
likely to be highly biologically relevant. In a recent study, Andersson et al. (2004) 
failed to show a relationship between CMI and androgen treatment in ovo. The 
outcome of their study is difficult to evaluate, as the natural concentrations of 
yolk androgens in their study species (Chinese painted quail, Coturnix chinensis) 
are not known, while yolk androgen levels vary significantly between species 
and position in the laying sequence (e.g. Gil et al. 1999, Reed and Vleck 2001, 
Groothuis and Schwabl 2002, Pilz and Smith 2004).  
When the chicks were about one week old, we challenged the immune system 
with LPS and measured the change in antibody concentration in order to obtain 
an estimate for the humoral response. The response to bacterial antigens 
inducing a T-cell independent immune response was evaluated 48h after 
injection. The results are in line with our hypothesis. In contrast to their Control-
chick nest mates, which raised a steep humoral immune response, T-chicks only 
slightly responded to the challenge (Figure 3a, b). As the LPS-challenge mimics a 
bacterial infection (Poxton 1995), the lack of a humoral response in the T-chicks 
may indicate their difficulties to deal with natural infections. It has been 
suggested that androgens negatively affect the transition of the switch from IgM 
to IgG without affecting changes in the IgM concentrations (reviewed by 
Schuurs and Verheul 1990). Here we show that also the production of IgM is 
reduced by testosterone. Thus exposure to maternal yolk androgens imposes a 
strong immunological cost for the developing chick also with respect to the 
humoral immune response.  
During the nestling period chicks may face a trade-off between body mass gain 
important for the maintenance of a size advantage in sibling competition and 
raising an immune response (Soler et al. 2003, Brommer 2003). Both are 
energetically costly (reviewed in Sheldon and Verhulst 1996, Lochmiller and 
Deerenberg 2000). Thus, the differences in immune function due to androgen 
treatment may relate to the fact that androgens alter the allocation of resources. 
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This is indeed likely as maternal yolk androgens accelerate growth (Schwabl 
1996, Eising et al. 2001). However, we did not find evidence that would indicate 
a trade-off between growth and immunity since Control-chicks, showing a 
higher immune response, were not impaired in their growth.   
Our data show clearly that the ability to raise an immune response to an 
immune challenge is reduced in T-chicks. This may be due to differences in the 
development of immune organs (Hirota et al. 1976, Glick 1983). Alternatively, as 
black-headed gull chicks produce testosterone themselves from an early age 
onwards (Ros et al. 2002) chicks hatching from eggs with elevated androgen 
levels may produce higher androgen levels after hatching, which may suppress 
their immunity. Finally, they may have an enhanced androgen sensitivity of 
their immune cells.  
 
In contrast to previous studies, we did not find evidence that T-chicks had a 
higher growth rate (Schwabl 1996, Eising et al. 2001). Rather the opposite was 
true, around fledging Control-chicks were significantly heavier than T-chicks. 
This may relate to the lower level of competition in broods of two instead of the 
modal brood size of three chicks, which diminished the competitive advantage 
of the T-chicks (Eising and Groothuis 2003). Alternatively or in addition a 
different disease environment in the year of this study may have imposed higher 
energetic costs for immune defense on the T-chicks, impairing their growth 
below the level of Control-chicks.  
 
Long-term consequences of maternal yolk androgens on juvenile immunity 
We moved a number of our experimental birds into semi-natural conditions 
with ad libitum food conditions at the Zoological Laboratory, in order to 
investigate the consequences of embryonic androgen exposure on the immune 
system once the birds were fully grown. 
The CMI of juveniles was not significantly different anymore between chicks 
that hatched from Control- and T-eggs respectively (Figure 1b). T-birds had on 
average a 0.20 [mm] lower CMI compared to the Control-birds, which is similar 
to the difference measured directly after hatching when the difference was 
statistically significant. The lack of a statistically significant relationship at the 
older age may be a result of the reduced statistical power because of too few 
individuals and the non-nested data structure. The data suggest that more than a 
month after hatching negative effects of androgen exposure on the CMI were 
still present. 
During the time between capture (25 days of age) and the start of the SRBC 
challenge (50 days old), plasma antibody titers changed. Control-chicks 
significantly decreased their plasma antibody concentration, while T-chicks did 
not (Figure 4a,b). This may indicate that older T-chicks had to fight infections 
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that were already cleared by Control-chicks, in line with the lower immunity in 
the T-chicks. 
Following the SRBC-challenge, T- and Control-chicks showed a similar change 
in antibody concentrations, both when measured with ELISA or 
hemagglutination assay (Figure 5). The antibody change of the Control-chicks 
was in both cases different from zero, but the response of the T-chicks was only 
significantly different from zero when measured in the hemagglutination assay. 
This may indicate in line with above that the T-chicks raised a humoral response 
to the SRBC challenge at the cost of another ongoing immune response, since the 
ELISA measured total antibody concentrations including antibodies to other 
antigens than SRBC. In contrast, Control-chicks that had already cleared 
previous infections could enhance the production of antibodies in response to 
the challenge, which therefore also enhanced the total plasma concentration.  
We measured the humoral immunity at a similar age of the chicks as Ros and 
colleagues (1997), who used a post-natal androgen manipulation in the same 
species. Post-natal androgen treatment had a long-term positive effect on the 
response to SRBC challenge, contrary to our pre-natal treatment. Apparently the 
timing of the hormone treatment is of importance for its effect on the immune 
response. Such contrasting effects of pre- and post-natal treatment have been 
found on behavior in the domestic chicken (Clifton and Andrew 1989). 
The (significant) difference in antibody concentrations of the juveniles in the 
unchallenged conditions, the (non-significant) tendency of T-juveniles to have a 
lower CMI and the differences in response to the SRBC challenge suggest that 
differences in the immune system in relation to the embryonic hormone 
exposure are still present at the juvenile stage.  
In conclusion, in addition to the repeatedly reported beneficial effects of 
maternal androgens for the chick, these hormones also entail costs in terms of 
immunosuppression. Consequences of the hormonal environment of the embryo 
for its immune function are still present in the juvenile stage. Further studies are 
needed to fully understand these intriguing long-term consequences and to 
evaluate the ultimate costs and benefits of maternal androgen deposition for 
avian offspring. 
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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 
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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:  
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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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Naast de bekende genetische overdracht zijn maternale effecten van groot belang 
voor de ontwikkeling van het fenotype van de nakomelingen. Maternale effecten 
worden door het fenotype van de moeder en door haar omgeving bepaald. 
Vooral het laatste is een groot voordeel vergeleken met genetische overerving: 
Op deze manier kunnen moeders hun nakomelingen voorbereiden op de lokale 
omstandigheden na de geboorte. Bij vogels zijn eigrootte en eikwaliteit in het 
algemeen de belangrijkste (prenatale maternale) effecten. Vogels leggen relatief 
grote eieren, hetgeen een substantiële investering is. Vogels kunnen de kwaliteit 
van hun eieren verhogen door antilichamen, lysozymen en antioxidanten toe te 
voegen, die het kuiken beschermen tegen infecties direct na de geboorte. Dit is 
bijzonder belangrijk omdat in die periode hun immuunsysteem nog niet 
volledig ontwikkeld is. Het toevoegen van maternale hormonen kan een 
belangrijke organisatorische effect hebben op de ontwikkeling van het embryo in 
zowel fysiologie als ook gedrag. Zo verhogen androgenen (waaronder 
testosteron gerekend wordt) bijvoorbeeld de groeisnelheid en competitief 
gedrag na uitkomen. Ze zijn daarom uitermate belangrijk voor competitie tussen 
kuikens en uiteindelijk voor de individuele overleving en fitness. 

 Vrouwtjes hebben verschillende mogelijkheden maar ook beperkingen in 
hoeveel resources zij naar hun legsel kunnen alloceren en hoe zij hun resources 
verdelen over de verschillende eieren binnen hun legsel. Dit proefschrift 
behandelt de vragen welke factoren een invloed hebben op deze moederlijke 
“beslissingen” en of moeders verschillende maternale effecten kunnen 
combineren ten voordele van hun kuiken. Verder werd bestudeerd welke kort- 
en langdurige effecten deze maternale beslissingen hebben op de ontwikkeling 
van het fenotype van hun nakomelingen. 

Maternale allocatie van resources naar legsels varieert tussen individuele 
vrouwtjes. Dit is o.a. afhankelijk van de omgeving waarin de moeder haar legsel 
produceert. Zo is de allocatie van maternaal geproduceerde androgenen 
afhankelijk van hun sociale omgeving en de daarmee samenhangende mate van 
sociale stimulering. Sociale hiërarchieën in groepen (zoals de pik orde ofwel de 
individuele dominantie volgorde) zijn hier een voorbeeld van, zoals wij in 
Hoofdstuk 3 voor kippen laten zien. Ook de maternale allocatie van 
antilichamen naar de eieren wordt door de omgeving, in dit geval de 
aanwezigheid van parasieten en ziekteverwekkers, beïnvloedt. Gebieden met 
hoge broeddichtheid bevatten ook het grootste risico voor een pas geboren 
kuiken een infectie te krijgen. Een versterkte allocatie van antilichamen zou dus 
een adaptieve functie kunnen hebben. Inderdaad, des te hoger de dichtheid aan 
broedparen, des te meer antilichamen aan de eieren werden doorgegeven 
(Hoofdstuk 5).  

Maternale allocatie varieert niet alleen tussen legsels maar ook systematisch 
binnen een legsel. Bij de kokmeeuw neemt, afhankelijk van de conditie van het 
vrouwtje, de kwaliteit van de eieren binnen de legsequentie meer of minder 
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sterk af. Dit betreft de eigrootte (Hoofdstuk 2) en belangrijke eicomponenten 
zoals antioxidanten en antilichamen (Hoofdstukken 5 en 6). Kuikens die uit deze 
later gelegde eieren komen hebben niet alleen het nadeel dat zij jonger en kleiner 
zijn als hun nestgenoten (kokmeeuwen vertonen hatching asynchrony: het niet 
tegelijkertijd uitkomen van kuikens), maar zij hebben ook een slechter 
immuunsysteem (Hoofdstuk 7). Vrouwtjes in slechte conditie met een sterke 
kwaliteitsafname van hun eieren proberen dit te “compenseren” door in grotere 
mate testosteron in het ei door te geven (Hoofdstuk 6). Daar blootstelling aan 
maternaal geproduceerd testosteron het immuunsysteem van het embryo 
onderdrukt (Hoofdstuk 10), lijkt dit op het eerste gezicht geen adaptieve 
strategie te zijn. Maar embryonale blootstelling aan maternaal testosteron 
bevordert de groei alsmede competitiviteit van de kuikens. Dit is van groot 
belang, als ouders van slechte kwaliteit zijn en dus veel competitie tussen de 
kuikens om relatief weinig voedsel bestaat. Het hebben van een goed 
immuunsysteem is onder deze omstandigheden misschien minder belangrijk 
dan competitief te zijn. De voor- en nadelen van maternaal testosteron werden 
bovendien mede bepaald door de hatching asynchrony. In Hoofdstuk 4 laten wij 
zien dat moeders meer testosteron naar laatst gelegde eieren alloceren, hoe 
vroeger ze begonnen zijn met broeden. En vroege begin met broeden leidt tot 
versterkte hatching asynchrony en vergroot de nadelen voor het laatste kuiken 
vergelijken met hun nestgenoten, dus de noodzak competitief te zijn om te 
overleven.  

Naast afhankelijk te zijn van hatching asynchrony en ei–kwaliteit, is het 
overleven van een kokmeeuwkuiken ook sterk afhankelijk van geslacht. 
Mannelijke kuikens hebben een kleinere kans de kuikenperiode te overleven dan 
vrouwelijke kuikens (Hoofdstukken 1, 8 en 9). De hogere mortaliteit van 
mannetjes kan deels verklaard worden door hun grotere voedselbehoefte. 
Mannetjes van deze seksueel dimorfe soort hebben namelijk een grotere 
voedselbehoefte wat hen kwetsbaarder maakt voor voedselschaarstes 
(Hoofdstuk 8). Verhoogde sterfte onder zonen treedt echter al op voor de 
ontwikkeling van de seksuele dimorfie. Dit zou mogelijk door de negatieve 
effecten van testosteron op het immuunsysteem van mannelijke kuikens 
verklaart kunnen worden. Wij konden deze hypothese echter niet empirisch 
ondersteunen (Hoofdstuk 9). Onze gegevens suggereren dat testosteron 
weliswaar de verhoogde mannelijke sterfte beïnvloedt, maar dat de oorzaken 
vooral in een verschillend gebruik van de voedingsstoffen in het ei te vinden zijn 
(Hoofdstuk 9). Mogelijkerwijs is dit de reden waarom zonen gevoeliger voor 
slechte eikwaliteit zijn dan dochters (Hoofdstuk 8). Moeders zouden dit nadeel 
voor hun zonen mogelijk kunnen verhelpen door meer voeding en belangrijke 
eicomponenten naar zonen te alloceren. Dit lijkt inderdaad het geval te zijn:  Uit 
de grootste eieren binnen legsels komen voornamelijk zonen en uit de kleinste  
eieren voornamelijk dochters (Hoofdstuk 2 ).
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