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1. INTRODUCTION

Offspring phenotype is the product of genes transferred from parents and the environment
experienced by the offspring. In addition, parents affect the environment of their offspring
for example by providing resources and parental care. Maternal effects are referred to
when maternal phenotype affects offspring phenotype (Bernardo 1996a, b; Mousseau
and Fox 1998a, b). In a broad sense, maternal effects can be solely environmental,
genetic, or genes and the environment may interact (indirect genetic and environmental
effects, Mousseau and Fox 1998a; Wolf and Wade 2009). Previously maternal effects
have been treated as a source of confusion in determining quantitative genetic parameters
precisely, but it is now widely appreciated that maternal effects are ubiquitous and can
play a very important role in evolutionary processes (Bernardo 1996a, b; Rossiter 1996;
Mousseau and Fox 1998a, b; Galloway 2005; Résédnen and Kruuk 2007; Marshall et
al. 2008; Badyaev 2008; Uller 2008; Badyaev and Uller 2009). Maternal effects can be
seen as a source of adaptive trans-generational phenotypic plasticity: via the resources
and the growth environment parents provide for their young, parents can translate their
environmental or social experience into adaptive variation in the offspring, increasing
offspring fitness (Mousseau and Fox 1998a). The adaptive nature of maternal effects
has been discovered in various animal and plant taxa (reviewed by Bernardo 1996a;
Rossiter 1996; Mousseau and Fox 1998a, b; Lindstrom 1999; Metcalfe and Monaghan
2001; Galloway 2005; Groothuis et al. 2005b; Hasselquist and Nilsson 2009). However
it must be acknowledged that not all maternal effects are adaptive from the offspring
perspective, but can be adaptive from the maternal perspective, in the context of life-
time reproductive output: A decrease in offspring fitness may be favored to increase
the mother’s future reproductive success and survival (Trivers 1974; Godfray 1995;
Marshall and Uller 2007; Uller 2008). Maternal effects are thus subject to different
selection pressures from both the parent and the offspring side, which will often lead to

conflicts.

1.1. Avian egg as a model

Avian egg is an excellent model to study maternal effects, as all the material resources
the embryo has for growth and development are incorporated in the eggs (compared to
mammalian systems), and the egg components can be fairly easily measured and even
manipulated (Groothuis and von Engelhardt 2005). In addition to nutrients (proteins
and lipids) for the growing embryo, eggs contain several components important for
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the development of the young. These include carotenoids, which are antioxidants
that reduce lipid peroxidation in the embryo and enhance immune function (Surai
and Speake 1998; Blount et al. 2000). Eggs also contain maternally-derived
immunoglobulins which provide the primary form of humoral immune defence for the
offspring, as underdeveloped young cannot synthesize these (reviewed by Grindstaff
et al. 2003; Boulinier and Staszewski 2008; Hasselquist and Nilsson 2009). Albumen
contains maternally-derived lysozyme, an enzyme that destroys bacterial cell walls
and is thus a major component of the antibacterial immunity of the egg (e.g. Trziszka
1994; Saino et al. 2002b). Avian eggs also contain substantial amounts of hormones,
such as androgens (testosterone, androstenedione and dihydrotestosterone), estrogens
and corticosterone (reviewed in Groothuis et al. 2005b; Gil 2008).

1.2. Hormone-mediated maternal effects

Hormone-mediated maternal effects are important as they have been shown to have a
considerable impact on offspring development, phenotype and life-history traits in many
vertebrate species (e.g. Hews et al. 1994; Clark and Galef 1995; Lovern and Wade 2001;
Ryan and Vandenbergh 2002; Dufty et al. 2002; Uller and Olsson 2003; Groothuis et
al. 2005b; Gil 2008). For example, in rodents, early exposure to hormones affects vital
life-history traits such as breeding success, sexual behaviour and sex-ratio (reviewed in
Clark and Galef 1995; Ryan and Vandenbergh 2002). In reptiles, hormone exposure has
been shown to be related to the expression of male morphs (Hews et al. 1994), but also
growth and immune function (Uller and Olsson 2003; Uller et al. 2007). These long-
lasting effects of early exposure to androgens may arise from androgens modifying the
endocrine system of the offspring, either through modification of hormone production
or through organizational effects that, for example, change hormone receptor sensitivity
in target tissues (Carere and Balthazart 2007; Groothuis and Schwabl 2008). Most
importantly, early hormone exposure can have multiple effects (both positive and
negative and also sex-specific) on the phenotype in different time-scales on an animal’s
life-span, and may therefore function as a proximate means for central life history trade-
offs in phenotypic development and reproductive strategies (Ketterson and Nolan 1992,
1999; McGothlin and Ketterson 2008; Groothuis and Schwabl 2008). The fact that early
hormone exposure has been shown to affect phenotypes also in the long-term makes it
possible to study its role in the context of evolutionary processes.
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1.3. Effects of yolk androgens on offspring phenotype

The study of avian yolk androgens began in 1993 when they were discovered by Hubert
Schwabl (Schwabl 1993), and there has been continuously increasing interest in this
topic ever since. Early androgen exposure (i.e. yolk androgens) can affect various
physiological, morphological and behavioural traits of the offspring both in the short
and long term (reviewed in Groothuis et al. 2005b; Gil 2008). There is a large number
of studies reporting the effects of yolk androgens on the early stage of life: positive
effects on growth, early competitiveness, begging intensity and survival of the nestlings
have been mainly reported (e.g. Schwabl 1996; Eising et al. 2001; Eising and Groothuis
2003; Pilz et al. 2004; Groothuis et al. 2005a; Tschirren et al. 2005; Navara et al. 20006;
Miiller et al. 2007a). However, effects on offspring are not always beneficial as yolk
androgens have been found, for example, to suppress immune system (e.g. Groothuis
et al. 2005a; Miiller et al. 2005; Navara et al. 2005; Sandell et al. 2009). An originally
beneficial trait (such as high growth rate) could also lead to detrimental effects later in
life (Metcalfe and Monaghan 2001; Marshall and Uller 2007). Recently, there has been
an increasing number of studies reporting long-lasting effects of yolk androgens on,
for example, adult plumage characteristics and behaviour (Strasser and Schwabl 2004;
Daisley et al. 2005; Eising et al. 2006; Rubolini et al. 2006; Tschirren et al. 2007; Miiller
et al. 2008; Miiller and Eens 2009). Effects of yolk androgens have often also been found
to be sex-specific (e.g. Groothuis et al. 2005b; von Engelhardt et al. 2006; Saino et al.
2006; Rutkowska and Cichon 2006; Rutkowska et al. 2007, Pitala et al. 2009). However,
only relatively few studies have looked into the long-term effects of yolk hormones on
fitness-related traits (Rubolini et al. 2007; Rutkowska et al. 2007; Tschirren et al. 2007,
Partecke and Schwabl 2008; Miiller et al. 2009b), and most of these effects have only
been demonstrated in domestic or captive species. In those systems, it is difficult to study
whether the effects of yolk androgens are adaptive.

1.4. Variation in yolk androgens — causes and potential adaptive value

Substantial variation in yolk androgen levels both within and between clutches have been
found in all avian species studied (reviewed in Groothuis et al. 2005b; Gil 2008). Yolk
hormone levels have in many cases been found to either increase or decrease with laying
order within the clutch (e.g. Schwabl 1993; Gil et al. 1999; Lipar et al. 1999; Royle et al.
2001; Reed and Vleck 2001; Groothuis and Schwabl 2002; Pilz et al. 2003; Gasparini et
al. 2007). In the light of the positive effects of yolk androgens on offspring growth and
competitive abilities (see above), within-clutch variation has been interpreted as a means

to adjust brood size adaptively depending on environmental conditions: High androgen
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levels in the last eggs may compensate for the competitive disadvantage of the late-
hatching offspring (Schwabl 1993; Schwabl et al. 1997; Lipar et al. 1999) or alternatively,
low androgen levels in the last eggs may facilitate brood reduction (Schwabl et al. 1997).
An alternative hypothesis (the offspring diversity hypothesis) proposes that parents are
selected to produce phenotypically variable offspring, which might be a risk-spreading
strategy in variable environments (Laaksonen 2004).

The magnitude of variation among clutches exceeds the within-clutch variation
substantially in most species studied (Groothuis et al. 2005b). Among-clutch variation in
yolk androgen levels has been associated, for example, with breeding density (Schwabl
1997; Reed and Vleck 2001; Mazuc et al. 2003; Pilz and Smith 2004), mate attractiveness
or age (Gil et al. 1999; Gil et al. 2004; Michl et al. 2005; Gil et al. 20006), parasite load
(Tschirren et al. 2004), food supply and female condition (Verboven et al. 2003; Gasparini
et al. 2007; Tobler et al. 2007a). However, the adaptiveness of among-clutch variation
is not well known, as experiments testing the adaptive significance, especially including
sex-specific effects, have very rarely, if never, been conducted (but see e.g. Miiller et al.
2007a; Tschirren et al. 2005, 2007; Miiller et al. 2009a). In particular, long-term effects
on adult survival and reproductive success in the wild have been very rarely investigated.
Furthermore, the proximate physiological mechanisms affecting accumulation of yolk
androgens in eggs is still under debate (passive transfer of androgens to eggs or any
degree of regulation), and the nature of this mechanism may limit the adaptive potential
of yolk androgens (Groothuis and Schwabl 2008). Also the generality of the allocation
patterns within species is poorly known, as studies are often conducted in only one study
population (but see e.g. Hahn et al. 2005; Badyaev et al. 2006b).

Understanding the evolution of yolk androgen levels and their potential adaptive value
requires considering its costs and benefits in terms of future survival and reproductive
success of not only the offspring, but also the parents (e.g. Marshall and Uller 2007;
Miiller et al 2007b). Large fitness costs of high yolk androgen levels for the parents
could select allocating levels that are suboptimal for the offspring, leading to parent-
offspring conflict (e.g. Trivers 1974; Godfray 1995; Miiller et al. 2007b). This conflict
could select for offspring to modify their response to androgens in a way that is adaptive
for themselves (e.g. via altered receptor sensitivity, Miiller et al. 2007b; see also Paitz et
al. 2010), and lead to a potential evolutionary “arms-race”. Direct costs for females could
occur if depositing high hormone levels in the egg implies that the mother is exposed
to high circulating hormone levels herself (Groothuis and Schwabl 2008), causing, for
example, delayed reproduction or reduced clutch size (e.g. Veiga et al. 2004; Clotfelter
et al. 2004; Rutkowska et al. 2005). Indirect costs for both parents could occur if rearing
a brood from eggs with high androgen levels is very energy demanding (for example due
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to high metabolic rate or activity and thus high daily energy expenditure of the chicks,
Tobler et al. 2007b), reducing survival or breeding success of the parents in the following
breeding season. To my knowledge, the potential long-term costs of yolk androgens on
parents have not yet been investigated.

Moreover, sexual conflict between the parents over parental investment may affect
allocation decisions and shape the evolution of yolk hormone deposition (Groothuis et al.
2005b; Houston et al. 2005; Michl et al. 2005; Lessells 2006; Moreno-Rueda 2007; Miiller
et al. 2007b; Tschirren and Richner 2008; Miiller et al. 2010); In species with bi-parental
care, females and males are in conflict over the amount of parental care they provide to
their offspring (Trivers 1972; Arnquist and Rowe 2005; Houston et al. 2005; Lessells
2006; Hartley and Royle 2007) since increased investment reduces the future reproductive
success and survival prospects of each parent (Williams 1966; Roff 1992; Parker et al.
2002). Therefore it would be favourable for one parent to shift labour to the other (Parker
et al. 2002; Houston et al. 2005), for example by changing either offspring traits or his or
her own behavior to which the partner responds (Westneat and Sargent 1996; Arnquist and
Rowe 2005; Lessells 2006). As offspring phenotype, for example competitive ability of
chicks, chick begging and growth (see references above), is affected by yolk androgens,
these hormones may offer a mechanism through which female birds could influence
offspring traits in ways that increase the relative investment by the male. This hypothesis
has been proposed several times in the recent literature, but as far as I know only few
studies have formally tested it (Tschirren and Richner 2008; Miiller et al. 2010, I).

1.5. Digit ratio — a potential phenotypic indicator for early hormone
exposure

Studying fitness consequences of early androgen exposure in the wild is essential
for understanding its adaptiveness and evolutionary potential. However, in practise,
measuring early hormone environment and the phenotype or success of the same
individual is challenging in most vertebrates. Thus, an easily measurable phenotypic
indicator of early hormone exposure would be of great value. Digit length ratios have
been proposed for such an indicator, as they seem to reflect hormone exposure during
early development, which is also important for the development of other traits (pleiotropic
effects of hormones) (Clark and Galef 1995; Manning et al. 1998; Manning 2002;
Dufty et al. 2002; Cohen-Bendahan et al. 2005; Groothuis et al. 2005b; McIntyre 2006;
Garamszegi et al. 2007; Honekopp et al. 2007). Digit ratios have indeed been shown to
correlate with several phenotypic traits and behaviors (Manning et al. 1998; Manning
2002; MclIntyre 2006; but see Putz et al. 2004 for a critical review). Few studies have
investigated this topic in egg-laying animals, but the existing two experimental studies
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indicate that digit ratios may reflect the maternally-derived early hormone environment
(Romano et al. 2005; Saino et al. 2007b).

1.6. Geographic variation in maternal effects

Previous chapters have mostly considered variation in yolk androgens and other egg
components in a within-population context. However, when populations inhabit different
selective environments, and there is spatial variation in the adaptive benefits of maternal
resources, among-population variation in the allocation of maternal effects could be
selected for, potentially creating local adaptations. Consequently, maternal effects could
contribute to population divergence and among-population differences in life-history
traits (adaptive ecological divergence, e.g. Mayr 1947; Badyaev et al. 2002; Funk et
al. 2006; Résdnen and Kruuk 2007). The potential for maternal effects to play a role in
evolutionary change and creating population differentiation (via changing response to
selection) has been acknowledged by theoreticians earlier (Kirkpatrick and Lande 1989;
Wade 1998; Wolf et al. 1998; see also Badyaev and Uller 2009), but has only recently
gained empirical interest (Reinhold 2002; Badyaev et al. 2002, 2003; Grindstaff et al.
2003; Badyeav et al. 2006b; Rasdnen and Kruuk 2007; Saino et al. 2007a; Badyaev 2008;
Uller 2008; Badyaev and Uller 2009; Biard et al. 2009). The prerequisites for maternal
effects in eggs mediating divergence in offspring traits among populations (via natural
selection) include: 1) allocation of egg components should affect fitness; 2) allocation
of egg components should be heritable; and 3) there should be high spatial variation in
the adaptive benefits of maternal effects, but low temporal variation (see e.g. Kawecki
and Ebert 2004). Deposition of resources in eggs seems to fulfil these prerequisites, as
allocation in eggs has been shown to affect offspring fitness (Bernardo 1996b; Mousseau
and Fox 1998a, b; Groothuis et al. 2005b; Hasselquist and Nilsson 2009), and often
includes a genetic component (Christians 2002; Hartmann et al. 2003; Grindstaff et al.
2003; Zhang et al. 2005; Cucco et al. 2006; Sellier et al. 2007; Boulinier and Staszewski
2008; Tschirren et al. 2009). For example, differential maternal allocation may create
sexual size dimorphism inducing population divergence (Badyaev et al. 2002, 2003).
However, the first step in understanding the potential role of egg components in population
differentiation would require quantifying the intra-specific variation in egg components
among populations. To my knowledge this has been done for very few maternal effects
in any animal on a large geographical scale (with the exception of variation in egg size in
vertebrates and invertebrates: Iverson et al. 1993; Rowe 1994; Horak et al. 1995; Azevedo
et al. 1997; Johnston and Leggett 2002; Encabo et al. 2002; Résédnen et al. 2005).
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1.7. Aims of the thesis

In this thesis I addressed several novel and unanswered questions related to the
ecological and evolutionary significance of yolk androgens and other maternal
effects in avian eggs, using the collared flycatcher (Ficedula albicollis) and the pied
flycatcher (Ficedula hypoleuca) as model species. To cast light on the evolutionary
pressures on allocation of yolk androgens, I studied the benefits, potential costs and
constrains of yolk androgens from the perspective of all family members (mother,
father and offspring of both sex). I first studied the potential role of yolk androgens in
sexual conflict over parental care, i.e. whether yolk androgens may offer a mechanism
through which females could influence offspring traits in ways that increase the
relative investment by the male (paper I). This was done by using both correlative data
on yolk androgen levels and experimental manipulation of yolk androgens in a wild
population of collared flycatchers. I further studied the potential long-term indirect
costs of raising a brood with high yolk androgen level on parent generation (II) as
fitness costs for the females may constrain the adaptive allocation (from the offspring
perspective) of yolk androgens.

Demonstrating fitness-effects of early hormone exposure for the offspring is
essential for studying the adaptiveness or evolutionary potential of these maternal
effects. However, to my knowledge, only one such study exists from the wild from
birds (Tschirren et al. 2007; see Uller et al. 2007 for reptiles). Thus, I tried to fill the
gap in knowledge about the long-term effects of yolk androgens: I studied the effects
of experimentally manipulated yolk androgen levels on recruitment and breeding
success in a wild population of collared flycatchers (II) and the long-term effects of
such treatment on various behavioural traits in pied flycatchers (I1I). I also investigated
whether digit ratios can be used as an easy-to-measure phenotypic indicator for early
androgen exposure (IV), potentially facilitating the laborious study of long-term fitness
effects of yolk androgens.

Finally, I quantified the within- and among-population variation in yolk androgens
and other important egg components on a large geographical scale to investigate whether
allocation of egg components may reflect to a greater extent phenotypic plasticity or
local adaptation due to varying selection pressures in different environments. The latter
would indicate a potential role of maternal effects in population differentiation (V). I
further studied the association of environmental conditions and individual quality on
allocation of yolk androgens, as well as other egg components on a large spatial scale to
see if any general allocation patterns existed (V).
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2. METHODS

2.1. Study species

My study species were two closely related passerine bird species, the collared flycatcher
Ficedula albicollis (1, 1I) and the pied flycatcher F. Hypoleuca (111, 1V, V). Both species
are small, insectivorous, cavity-nesting, migratory birds that winter in sub-Saharan
Africa and breed in Europe during the summer (e.g. Lundberg and Alatalo 1992). The
breeding range of the species is somewhat different: the pied flycatcher breeds in most
of Europe, whereas the collared flycatcher breeds mainly in central and eastern Europe,
with the exception of the Swedish islands Gotland and Oland. The reasons for selecting
these species for model organisms are the following: 1) Both species can be attracted to
breed in large numbers in nest boxes, and thus a large sample size can be acquired; 2)
Both species tolerate disturbance at the nest well and thus manipulations, cross-fostering,
catching of the adults and measurements of the offspring can be done without disturbing
their breeding; 3) High natal philopatry in the collared flycatcher facilitates follow-up of
the recruits. In the island population on Gotland, where this study was carried out, the
recruitment rate of the chicks is as high as 10%; 4) Considerable background information
(see below), including information on yolk androgen levels, exists as these species are
among the most common avian models in ecological and evolutionary studies.
Components in the eggs of the two flycatcher species show considerable variation within
and among clutches: Androgen levels seem to vary with laying order in the pied flycatcher
(Gil et al. 2006; Tobler et al. 2007a), but not in the collared flycatcher (in a Hungarian
population, Michl et al. 2005). Yolk testosterone and androstenedione allocation has been
shown to be repeatable within females (Tobler et al. 2007a; Tschirren et al. 2009) and yolk
testosterone allocation has been found to be heritable (Tschirren et al. 2009). Among-clutch
variation in yolk androgen levels is associated with environmental factors such as timing of
breeding (Michl et al. 2005; Tobler et al. 2007a), food supply (Laaksonen, T. unpublished),
social stimulation (Hargitai et al. 2009), female characteristics (condition, Tobler et al.
2007a; Tschirren et al. 2009; but see Michl et al. 2005), and male quality (age, Michl et al.
2005; Laaksonen, T. unpublished). Considering the other egg components, yolk carotenoid
and immunoglobulin levels have been found to vary in relation with laying order (Hargitai
et al. 2006a; Torok et al. 2007), timing of breeding (Hargitai et al. 2009), female condition
(Hargitai et al. 2006a, 2009) and caterpillar availability (carotenoids: Hargitai et a. 2006b;
Torok et al. 2007). For albumen lysozyme levels, no information in the study species exists.

Furthermore, the sex-specific levels of yolk androgens or any other egg components are
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not known for these two species. The observed variation within and among clutches in the
two flycatcher species makes them interesting models for studying the consequences and
potential adaptive value of this variation.

2.2. Study areas

For the collared flycatchers, the experiments were carried out in a relatively isolated
population on the island of Gotland, Sweden (Fig.1; papers I and II). This nest box population
was founded as early as 1980 by Lars Gustafsson. It consists of several wood plots with ca.
1600 nest boxes. Most of the plots are deciduous woodlands dominated by oak, Quercus
robur L. and ash, Fraxinus excelsior L., with a dense understorey of hazel, Corylus avellana
L., and hawthorn, Crataegus spp. (e.g. Part and Gustafsson 1989). Pied flycatchers were
studied in a nest box population in Turku, Finland (established on a larger scale in 2004)
(papers III and IV). In this population, 230 nest boxes are available in habitat patches
dominated by oak (and in some places birch, Betula pendula and pine, Pinus sylvestris).
Data on egg components was also collected from several pied flycatcher populations across
Europe from which data on life-history traits was available (Fig 1., paper V).

Tt . A - 5
! .J’ ¢ .. - A AN . 23’ ™ b
C)‘ t -~ G5 J C\.-;Fs} 8 ﬁ%\&f S\%j
"’L\, 1r')-—~’-‘ gD "‘? ’lv; ao"::‘?'ﬁ"‘? g ) PP Fa

Fig.1. Locations of the main study populations (white squares): population of collared flycatchers
in Gotland, Sweden (I, II) and pied flycatchers in Turku, Finland (IIL, IV, V). Black dots indicate
the study populations included in the study of geographical variation in egg components (V).
Grey area indicates breeding range of pied flycatchers in Europe (map modified from: Birds of
the Western Palearctic, version 2.0.1., Oxford University press, 2003).
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2.3. General methods

2.3.1. Yolk androgen manipulation

The same method was used in yolk androgen manipulations for collared flycatchers
in Gotland in the spring of 2007 (I, II) and for pied flycatchers in Turku in the spring
of 2008 (III, IV). Nest boxes were regularly checked every third day to determine
laying dates. Both flycatchers lay one egg per day, and on the estimated day of clutch
completion (i.e. day of laying of the 6" egg), each clutch was randomly assigned to either
androgen treatment or control treatment. In the androgen treatment, yolk androgen levels
(testosterone and androstenedione) were elevated by injecting the yolk with androgen
solution. In the control treatment, only oil was injected. All the eggs in a clutch were
treated the same way. The amount of injected androgens was calculated using previous
data on natural yolk androgen levels in these populations and it corresponded to the
difference between mean and maximum values of androgens per yolk, ensuring that final
yolk androgen level in the androgen-treated clutches was, on average, at the upper limit

of the natural range.

2.3.2. Egg collection and analyses of yolk androgens and other egg components

Eggs were collected for androgen analyses in papers [, IV, and V. Nest boxes were regularly
checked every third day to determine the progress of nest building and egg laying. When
one or two eggs were found in the nest they were marked, and the nest box was visited
in the following day(s) to collect the third (or in some cases the fourth) egg of the clutch
on the day of laying. The collected egg was replaced by a dummy egg in each nest. Eggs
were frozen until analyses. The average clutch size in these species is six eggs, so the
third egg represents one of the middle eggs of a clutch. The egg components may vary
systematically with laying order (e.g. Ojanen 1983; Saino et al. 2002a; Groothuis et al.
2005b; Tobler et al. 2007a; Gil 2008), but the middle eggs should represent the average
values of the clutch. Androgens were analysed with either radioimmunoassay (RIA) (I)
or enzyme immunoassay (EIA) (IV, V). In the study on among-population variation in
egg composition, other egg components (egg mass, yolk mass, yolk immunoglobulins,
yolk total carotenoids and albumen lysozyme enzyme) were also analysed (see paper V
for details).

2.3.3. Breeding data

In both species and all populations, collection of the breeding data followed standard
protocols. Data was collected for collared flycatchers in 2007-2009 (I, II) and for pied
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flycatchers in 2005 (IV), 2007 (V) and 2008 (11, IV). Briefly, nest boxes were regularly
checked every second or third day to determine the progress of nest building and egg

laying. The laying date of the first egg was recorded, and nests were monitored throughout
the breeding season to record final clutch size, hatching date, number of hatchlings and
fledglings. Parent birds were caught during the chick feeding period (days 6-10 after
hatching) using a swing-door-trap, measured (wing length, tarsus length and body mass)
and aged as 1-year old or older. In pied flycatchers, male plumage colour morph was
measured as a Drost score ranging from [ (fully black dorsal coloration) to VII (fully
brown dorsal coloration) (Drost 1936). Chicks were measured (tarsus length and body
mass) 12 days after hatching. Nestlings were blood sampled for sexing in some of the
collared flycatcher nests in 2007 (Pitala et al. 2009) and in all pied flycatcher nests in
2005 (IV) and 2008 (111, IV).

2.4. Study questions and specific methods

2.4.1. Yolk androgen manipulation experiment in collared flycatchers

Yolk androgen levels were experimentally manipulated in a large sample of collared
flycatcher nests (120 androgen-treated and 120 control clutches, see methods above)
in 2007 to address several questions. Firstly, the potential role of yolk androgens in
sexual conflict over parental care was studied in half of these nests (I, II). To estimate
the relative work load of the parents, the feeding rates of parents at the manipulated
nests were measured (9 days post-hatching) by using video recorder. If the feeding
rates of males would be affected by the androgen treatment, this could imply that males
respond more to traits affected by yolk hormones, potentially facilitating manipulation
by females. In another set of nests during the same breeding season, I collected one egg
per clutch to estimate the average yolk androgen levels and cross-fostered the chicks
(these nests were not included in the androgen-manipulated or control nests). I did this
to examine whether there is a correlation between male proportion of feedings and yolk
androgen level, facilitating the role of yolk androgens in sexual conflict over parental
care. Secondly, in one half of the androgen-manipulated and control nests the short-term
effects of yolk androgen manipulation on nestling growth and immune capacity were
investigated. These results have been published elsewhere (Pitala et al. 2009) and they
do not constitute a part of this thesis work. I will, however, refer to these results when
they add to the understanding of my results. Thirdly, I studied the long-term effects of
raising a brood with high androgen levels on the parent’s return rate and breeding success
during the following breeding season (in 2008) (II). If any costs to males were found,
this might indicate the potential role of yolk androgens in sexual conflict over parental
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care. However, if long-term costs to females occur, this might constrain the optimal
allocation of yolk androgens from the offspring perspective, potentially leading to a
parent-offspring conflict. Finally, by monitoring the recruitment and breeding success of
the offspring from androgen-treated and control nests during the two following breeding
seasons (2008 and 2009), I studied whether there are long-term fitness effects of high
yolk androgen levels for the offspring (II).

2.4.2. Yolk androgen manipulation experiment in pied flycatchers

I studied the effects of yolk androgens on the behavioural traits of pied flycatchers by
manipulating yolk androgen level, raising the birds in a common-garden environment
in captivity and measuring behaviour with standard tests (III). Briefly, androgen levels
of the eggs were manipulated (see protocol above) and 12 days post-hatching two
chicks, a male and a female, from 30 broods (15 androgen-treated and 15 controls) were
transferred to captivity. Ten new foster broods with a brood size of six chicks were
arranged from these 60 nestlings. Two foster parents fed each brood in the aviaries until
it was certain that the young could eat independently (at the age of ca. 40 days), after
which the foster parents were released to the wild again. Each brood was kept in an
aviary size 2.5 m x 3 m x 2.5 m (at the Botanical garden of University of Turku), and
after releasing the parents, birds were kept in groups of 12 (aviary size 5 m X 3 m X 5
m) over the winter. Temperature and photo period were adjusted to mimic the conditions
birds would normally meet during migration and in wintering areas. Birds were fed with
diverse live food ad libitum.

The birds were involved in several behavioural experiments: 1) The novel environment
experiment was conducted to measure the exploration and activity of the individuals
in a novel environment, an observation room of the size 4 m X 2 m x 2.5 m, which
contained five artificial wooden trees. 2) The novel object experiment was conducted
to measure the boldness of individuals towards novel objects (i.e. neophobia) and their
activity in the presence of one. In this experiment, the novel object, a toy rubber duck,
was placed on a perch in a bird’s home cage. The latency to approach the object and
activity of the bird were measured. The experiments were conducted when the birds
were ca 12 weeks old and repeated when they were ca 29 weeks old. The experimental
protocol of the two above-mentioned experiments was modified from Verbeek et al.
(1994). 3) The dominance experiment measured the dominance/aggressiveness of the
individuals over food and their activity in a social situation. The experimental protocol
was modified from Strasser and Schwabl (2004). Briefly, one day before testing, one
androgen-treated and one control treated individual (of same sex and approximately

same body mass) were placed in a cage divided in two with a net. After an overnight fast,
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the net partition was removed and a feeder allowing only one bird to feed at a time was
placed in the centre of the cage. I determined the dominance rank based on the behaviour
of the birds (e.g. latency of each bird to arrive at the feeder, monopolising the perches,
forcing the other one to sit on the floor of the cage), and recorded the activity level in
this social context. 4) The Anti-predator behaviour experiment measured variation in
anti-predator behaviour and risk-taking (i.e. boldness) after a simulated predator attack.
The experimental protocol was modified from Quinn and Cresswell (2005). The test bird
was placed in a test cage situated on the floor in the corner of the experimental room.
After a habituation period, a stuffed sparrow hawk (Accipiter nisus) in an attacking glide
posture was released remotely and slid down a line over the test cage. The response of
the bird to the appearance of the hawk was classified as an escape response when the
bird tried to fly away, or freezing when the bird remained almost or entirely motionless,
or tracked the flight path of the sparrow hawk until it went out of view. After the predator
had disappeared from sight, the time the birds took to resume activity was recorded. The
dominance and anti-predator experiments were conducted when the birds were ca. 15

weeks old.

2.4.3. Yolk androgens and digit ratios

Iinvestigated whether digit ratios can be used as an easy-to-measure phenotypic indicator
for early androgen exposure (IV). I studied the effects of experimental elevation of yolk
androgen level on digit ratios in the captive pied flycatchers (see above) when the birds
had fully grown and reached independence. Furthermore, in another set of nests (in
2005) correlations between naturally occurring yolk androgen levels and digit ratios of
the nestlings were studied. This was done by collecting one egg (the middle egg, see
methods as above) from a clutch to estimate the average androgen level in a brood and
measuring digit ratios from 12 day-old nestlings. The digit ratios of the parents were
also measured, and potential sex differences in nestlings, parents and captive individuals
were examined. The digit ratios of adults and nestlings were measured by straightening
the toes and pressing them against a glass sheet (with a millimeter grid for calibration on
the side), which was attached to a digital camera. Photos were examined with a graphics
program (ImageJ), and the lengths of the 2", 3 and 4" toes were measured and their

ratios calculated.

2.4.4. Geographical variation in yolk androgens and other egg components

I quantified within- and among-population variation in yolk androgens and other
important egg components on a large geographical scale to explore whether allocation
of egg components may reflect either local adaptation due to varying selection pressures
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in different environments (populations) or phenotypic plasticity (V, Fig 1.). The former
would indicate a potential role of maternal effects in population differentiation. To do
this, progress of breeding was monitored in several pied flycatcher populations across
Europe to record laying dates. One egg per nest (the middle egg) was collected and
other essential breeding parameters were recorded (see above). Several important egg
components (egg and yolk mass, yolk androgens, yolk immunoglobulins, yolk total
carotenoids and albumen lysozyme enzyme activity) from the collected eggs were
measured using standard methods in one laboratory. I also compiled long-term life-history
data and data from environmental variables from the study populations for a twofold
purpose: I quantified spatial and temporal variation in several important indicators of
environmental variation to study whether the different populations might represent
different selective environments. I further studied the association of environmental
conditions (geographic location, temperature, habitat, relative quality of the breeding
season (relative to an average year) and individual quality (indirectly via laying date and
clutch size)) on allocation of yolk androgens and other egg components on this large
spatial scale. The results would reveal whether any general allocation patterns existed.
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3. MAIN RESULTS AND DISCUSSION

3.1. Short- and long-term effects of yolk androgens on parent generation
I & 1)

Yolk androgens did not impose any short- or long-term effects on female or male parents
(I, II): Male feeding rates or male’s proportion of total feedings did not differ between
control and androgen-manipulated nests, suggesting that males do not adjust their feeding
differentially to high yolk androgen levels in the collared flycatcher (I). In line with the
lack of short-term effects, raising a brood from eggs with high yolk androgen levels
did not induce long-term fitness costs for the parents: neither return rate, nor breeding
success in the following season differed between parents of androgen-treated and control
nests (II). The lack of sex-specific short- and long-term effects suggests that females and
males are not responding differently to signals of nestlings from eggs with high and low
yolk androgen levels, and thus yolk androgens per se do not appear to mediate sexual
conflict over parental investment in this species. The two other existing experimental
studies also failed to show that males respond more to offspring from eggs with high
yolk androgen levels (Tschirren and Richner 2008; Miiller et al. 2010). The lack of male
response to manipulation may indicate that males have evolved responses to specific
offspring signals that cannot be manipulated by females and/or ignore signals that can
be manipulated by females (Miiller et al. 2007b). I nevertheless found that the male’s
proportion of total feeding visits increased with increasing androgen levels in the foster
eggs, which suggests that females might be able to manipulate males via other maternal
effects correlated with yolk androgens (I).

3.2. Effects of yolk androgens on offspring generation (II & III)

High yolk androgen levels had both short-term and long-term effects on morphology,
behaviour and fitness-related traits in the two flycatcher species (Il and 11, see also Pitala
et al. 2009). Interestingly, most of the effects of high yolk androgen levels were sex-
specific: only males were affected. Elevated yolk androgen levels resulted in a higher
probability of exploring the novel environment and higher activity in the novel object
experiment in male, but not in female captive pied flycatchers (III). In response to a
simulated predator attack, males from the androgen treatment mainly showed freezing
behaviour whereas males from the control group showed escape behaviour (II1). These

behavioural effects of yolk androgens may have fitness consequences in the wild, as
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increased activity or exploration may lead to improved foraging ability (e.g. Verbeek et
al. 1999; Marchetti and Drent 2000; Dingemanse and de Goede 2004). On the other hand,
high activity/mobility may also increase predation risk (e.g. Réale and Festa-Bianchet
2003; Sih et al. 2003; Dingemanse et al. 2004; Sih et al. 2004; Boon et al. 2008; Smith
and Blumstein 2008). Also, performing proper anti-predatory behavior has direct effects
on survival.

I found that high early androgen exposure lowered the local recruitment rate of male,
but not female offspring in a wild population of collared flycatchers (II). There may be
several alternative explanations for this result, since it might reflect lower survival but
alsonon-breeding/failure to breed (as capturing males during the nestling phase excludes
failed nests), or longer dispersal distance. Support for the high mortality alternative
comes from the effects of yolk androgens on early development, as males from the
androgen treatment were smaller in body size than controls (12d post-hatching, Pitala
et al. 2009). Offspring size and condition are known to strongly affect post-fledgling
survival in many species, including collared flycatchers (Gustafsson and Sutherland
1988; Lindén et al. 1992; Potti et al. 2002). Alternatively, the effects of yolk androgens
on male behavior (III) could lead to increased predation risk (see references above).
Higher mortality may also be caused by high androgen levels having a suppressive
effect on the immune system (reviewed in Ketterson and Nolan 1992, 1999; Groothuis
et al. 2005b; Gil 2008), potentially in a sex-specific way (Rutkowska et al. 2007).
The low recruitment of males from androgen-elevated eggs need not necessarily be
an effect of lower survival. The effects of androgens on male behaviour or phenotype
(for example on plumage characteristics, aggressiveness or song quality, reviewed in
Groothuis et al. 2005b; Gil 2008; I1I) may affect male attractiveness or their ability
to occupy high quality territories, leading to low recruitment. This may also cause
nest failure, for example via androgens decreasing male parental care (Ketterson and
Nolan 1992, 1999). High yolk androgen levels may also lead to longer natal dispersal
distances (dispersing outside the study area) (Tschirren et al. 2007), causing low male
capture rate in the natal population (see Doligez et al. 2009). However, even if my
results could be explained by dispersal, androgen-treated males may still face a fitness
cost, as dispersing individuals often have lower fitness than philopatric individuals
(reviewed in e.g. Doligez and Pért 2008).

I found no effects of yolk androgen manipulation on breeding success (age at first
breeding, timing of breeding, clutch size, hatching success and number of fledglings)
of the female or male recruit collared flycatchers. Thus, the lower recruitment of
androgen-treated males (II) very likely reflects a fitness cost, as the low recruitment
was not compensated for by higher breeding performance. Furthermore, the breeding
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success of androgen-treated and control individuals was not differently affected by
the environmental conditions during the breeding season (II). Maternal effects are
assumed to provide a mechanism translating variation in environmental conditions
into adaptive phenotypic variation of offspring (Mousseau and Fox 1998a, b), but
as experiments testing the adaptive significance of yolk androgens have rarely been
conducted (see e.g. Badyeav et al. 2006¢; Miiller et al. 2007a; Tschirren et al. 2007,
Miiller et al. 2009a, paper 1l and Love and Williams 2008 for corticosterone), it is not
yet clear in which environmental or social conditions high yolk androgen allocation is
adaptive in the long run.

Why did elevation of yolk androgen levels only affect males? Unfortunately, the
proximate mechanisms of the sex-specific effects of yolk androgens are not well known.
It is possible that the organizational effects of yolk androgens differ between the sexes
due to differences in androgen sensitivity, possibly mediated by differences in the timing
or location of androgen-receptor expression, or in the aromatization of androgens (as
suggested by Sockman et al. 2008). Furthermore, if there are sex-specific differences
in yolk androgen levels or in androgen production by the embryos (e.g. reviewed by
Groothuis et al. 2005b), with male eggs possibly containing higher androgen levels,
increasing already high androgen levels may lead to more pronounced effects in males
than in females. Unfortunately, for my study species the sex-specific hormone levels are

not known.

3.3. Evolution of hormone-mediated maternal effects — costs, constrains
and family conflicts (I, IT & III)

For a full understanding of the evolution of hormone-mediated maternal effects, it is
essential to study fitness consequences and constraints from the perspective of all family
members, as conflicts and trade-offs between male and female parents (sexual conflict),
parents and offspring (parent-offspring conflict) and male and female offspring (sex-
specific antagonistic effects) may shape the allocation of yolk androgens. My results
indicated that yolk androgens do not appear to be involved in sexual conflict over
parental investment (see above). Conflict between parents and offspring over parental
investment may further shape the evolution of yolk androgen allocation (Trivers 1974;
Godfray 1995; Miiller et al. 2007b), as differential allocation of yolk androgens and other
egg components does not always increase offspring fitness, but may do so for maternal
fitness (Marshall and Uller 2007; Miiller et al. 2007b). However, given the potential
direct costs for females of allocating high levels of androgens (reviewed in Groothuis
et al. 2005b) and the fitness costs of high yolk androgen levels for male offspring (1),
my results might suggest that low levels of androgens would be beneficial for both the
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offspring and parent generation, implying lack of parent-offspring conflict. This further
suggests that the original yolk androgen levels in experimental clutches may have been
optimal.

The sex-specific antagonistic effects of yolk androgens complicate the evolution of
yolk androgen allocation (and parent-offspring conflict): The fitness cost for males (II)
should select for low levels of yolk androgens, even if high androgen levels have positive
short-term effects in either sex or sex-specific antagonistic long-term effects. A way for
mothers to overcome this constraint may lie in sex allocation: yolk androgens may be
allocated differentially according to offspring sex (e.g. Miiller et al. 2002; Gilbert et
al 2005; Groothuis et al. 2005b; Badyaev et al. 2006a, b; Gil 2008), for example via
sex-specific temporal clustering of the growing oocytes (e.g. Young and Badyaev 2004;
Badyaev et al. 2005, 2006a, b). Alternatively, androgens may play a role in determining
offspring sex (since the meiotic division occurs after yolk deposition; e.g. Rutkowska
and Badyaev 2008; Uller and Badyaev 2009).

3.4. Yolk androgens and digit ratios (IV)

1 did not find any association between digit ratios and maternally-derived yolk androgen
level in the pied flycatcher, as experimental elevation of yolk androgen levels had no
effect on digit ratios in adulthood, and there was no correlation between yolk androgen
level measured from one egg in a clutch (a good proxy for the clutch mean) and the digit
ratio of the remaining chicks at fledging (IV). This indicates that digit ratios may not be
reliable markers of maternally-derived early androgen exposure. My results contrast with
the findings of the few previous experimental studies in birds in which high androgen
exposure in the yolk led to higher 2D:3D (but not 2D:4D or 3D:4D) in female pheasants
(Romano et al. 2005) and elevation of estradiol levels in egg yolks decreased 2D:4D in
males (Saino et al. 2007b). However, I only studied maternally-derived hormone levels,
and it is highly possible that hormones of embryonic origin may have a greater role in
digit development. In mammals it is widely presumed that mainly the steroids produced
by the embryo, not by the mother, have pleiotropic effects on digit development and other
traits (Manning et al. 2000; Manning 2002; Mclntyre 2006). The relative contribution
of different steroids (testosterone vs. estrogens) on digit ratio determination on different
taxa is also unclear. A recent study on zebra finches suggests that estrogens are associated
with development of digit ratios and explain the co-variation between digit ratios and
other traits (Forstmeier et al. 2010). Furthermore, I found a sex-difference in 2D:3D and
3D:4D of adult birds, not yet apparent in fledglings or captivity-raised juveniles, which
suggests that hormonal levels as late as during reproductive maturation may affect digit
development (IV). Thus, the role of different steroids of maternal and embryonic origin
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as well as circulating hormone levels in adults on digit ratios in birds should be further

examined.

3.5. Geographical variation in yolk androgens and other egg components
\%)

When investigating variation in egg components of pied flycatchers on a large
geographical scale, I found significant variation among populations in yolk androgens
and other measured egg components (yolk mass, yolk immunoglobulins, yolk
carotenoids and albumen lysozyme enzyme) with the exception of egg mass (V).
However, despite the fact that I also found large among-population differences in
indices of environmental variation (temperature, timing of breeding and clutch size),
potentially acting as selective forces to induce local adaptations, population explained
only a small share (ca. 10%) of the total variation for most egg components. The low
among-population variation may indicate that there is no strong local adaptation in
the allocation of resources to eggs, and that the potential for egg components to play
a role in population divergence in offspring traits may not be strong, although it has
been shown for some other maternal effects (e.g. Azevedo et al. 1997; Badyeav et
al. 2002, 2003; Laugen et al. 2003; Risdnen and Kruuk 2007; Benton et al. 2008).
Furthermore, for several egg components, variation was related to the relative quality
of the breeding season, which suggests that allocation to eggs is to some extent a
plastic response (adaptive or non-adaptive).

I further studied the association of environmental conditions and individual quality
on the allocation of yolk androgens and other egg components across the breeding range
to see whether any general allocation patterns exist. There was no common pattern
explaining variation in different egg components; some were affected by common
environmental factors such as habitat or temperature, whereas others were more affected
by variation in individual quality or resources. The lack of such a common pattern is not
surprising, as different egg components are subject to different constraints and selective
forces influencing their deposition. Furthermore, the explanatory power of any of these
environmental or individual factors was generally low (only a few percent, with the
exception of carotenoids), suggesting that the patterns in each egg component are not
strong.
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4. CONCLUSIONS

In this thesis, I have shown that early androgen exposure has sex-specific, long-lasting
effects on multiple fitness-related traits in the offspring (I, III). My findings emphasize
that early conditions can have a major influence on an individual’s life, and that the
significant role of maternal effects on the development of the offspring phenotype should
not be ignored (e.g. Bernardo 1996a, b; Rossiter 1996; Mousseau and Fox 1998a, b;
Lindstrom 1999; Metcalfe and Monaghan 2001; Galloway 2005; Monaghan 2009).

My results indicate that yolk androgens may be associated with different life-history
strategies via reconstructing offspring developmental niche and creating variation
offspring phenotypes. However, the proximate physiological and molecular pathways
behind the effects on yolk androgens on phenotype and behavior and particularly the
sex-specific effects are very poorly known; they thus offer an interesting avenue for
further studies.

These results also imply that yolk hormones may provide females with a means to
manipulate offspring phenotype and even life-history strategies, potentially adapting
their offspring to prevailing or anticipated conditions (Mousseau and Fox 1998a, b).
However, the environmental or social conditions in which different phenotypes are
favoured remained unresolved in this study (II) and should thus be further studied using a
combination of hormonal manipulations and manipulation of the offspring environment.
Using an easily measurable proxy for early androgen exposure would be compelling to
facilitate long-term studies, but my findings emphasize that digit ratios should not be
used as a phenotypic marker for maternally-derived early androgen exposure (IV).

Based on my results, the most potent evolutionary pressure shaping the allocation of
androgens may lie in the direct costs of high yolk androgen levels for offspring (decreased
male recruitment) (II), as no short- or long-term costs on the residual reproductive value
of the mother were found (I, II), and variation in yolk androgen levels appeared not to be
related to the role of androgens in sexual conflict between the parents (I, IT). These results
indicate that the trade-offs in the allocation of yolk androgens arise mainly through their
effects on the fitness of male and female offspring, and not on parents. Thus, hormone
allocation may be constrained by sexually antagonistic effects of hormones on females
and males (e.g. Groothuis et al. 2005b), which may select for sex-specific allocation
mechanisms (e.g. Rutkowska and Badyaev 2008; Uller and Badyaev 2009).

The fact that early hormone exposure was also shown to affect phenotypes and
fitness-related traits in the long-term (II, III), together with the recent finding on the
heritability of yolk androgen allocation (Tschirren et al. 2009), opens up the opportunity
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for hormone-mediated maternal effects to respond to selection and thus affect phenotypic
change and evolutionary processes (e.g. Résidnen and Kruuk 2007; Uller 2008; Tschirren
et al. 2009). For example, differential allocation of maternal effects may create sexual
size dimorphism, inducing population divergence (Badyaev et al. 2002, 2003, 2006b).
However, | found it unlikely that yolk androgens or other egg components would play a
role in evolutionary change to create population differentiation and local adaptation (due
to different selective environments) in the pied flycatcher, as within-population variation
substantially exceeded among-population variation in a large-scale geographical
comparison of early hormone levels and other egg components. Nevertheless, as my
study was mainly explorative, more studies are needed to thoroughly understand the
role of maternal effects in evolutionary change. Alternative pathways could facilitate
local adaptation and evolutionary divergence: for example, populations may differ in
within-clutch patterns of deposition or in relationships between egg components (e.g.
Badyaev and Uller 2009). The patterns of variation among and within populations found
in this study nevertheless provide a starting point for exploring the possible adaptive
value of this variation, or lack thereof, for individual and population life-histories. To
conclude, I think that for a full understanding of the evolution of hormone-mediated
maternal effects, it is essential to study fitness consequences, physiological mechanisms
and constraints from the perspective of all family members and in varying environmental

and social contexts.



26 Acknowledgements

ACKNOWLEDGEMENTS

First of all, I want to thank my superb supervisor, Toni. He provided me with an excellent,
well-thought study plan, which was easy to follow and basically most parts of this plan
were actually executed. Toni had the patience to guide me through my learning process
of writing papers and was always there to answer my stupid questions. I could not have
wished for more, really.

I thank my numerous collaborators, who helped me to collect my data and complete
this work. There really were many people involved! I want to especially thank Blandine
Doligez for great collaboration and for her unbelievable talent to organise all the
experiments and fieldwork for the Gotland population. Natalia Pitala shared with me
the pros and cons of fieldwork and the luxuries of the Rune’s house, as well. I also
thank Barbara Tschirren and Ton Groothuis for valuable help and support in the field,
hormone analyses and writing. I thank Lars Gustafsson for the opportunity to work in
this nice population and the most beautiful forests in Gotland. I also want to thank the
numerous researchers, students and field assistants working on the Gotland population
and collecting the data, especially Tuomo, Maaike, Melissa, Luc, Lise, Laurent, and
Liisa. For the geographical comparison of egg components, the work could not have
been done without a joint project with many flycatcher researchers around the Europe.
I want to express my gratitude to all people that contributed in collecting the samples,
provided me with data and comments on the manuscript: Eugen Belskii, Tapio Eeva,
Antero Jarvinen, Anvar Kerimov, Erkki Korpimédki, Indrikis Krams, Juan Moreno,
Chiara Morosinotto, Raivo Miand, Erich Mostl, Markku Orell, Anna Qvarnstrom, Juha-
Pekka Salminen, Fred M. Slater, Vallo Tilgar, Marcel E. Visser, Wolfgang Winkel and
Herwig Zang . I want to thank Heli Siitari for the great opportunity to learn and work
in her lab and collaboration in this project. Anssi Lipponen and Elina Virtanen I thank
for help with the lab analyses. And my stay in Jyviskyld would not have been possible
if Vincent Staszsewski had not provided me with a place to stay! I further thank Juha-
Pekka Salminen for conducting the carotenoid analyses and Tapio Eeva for all the help in
the carotenoid-business. Erich Mostl I thank for collaboration concerning the hormone
analyses, and widening my knowledge of hormones as he patiently continued answering
all my questions. Alexandra Kuchar I thank for conducting the labwork.

My project with the captive flycatchers would not have succeeded without the help
from people at the Botanical Garden of the University of Turku. They provided the
facilities for both the birds and the nasty mealworms and flies and helped to feed the
animals. So a big thanks to the staff of the Botanical Garden, and especially Marjo



Acknowledgements 27

Anttila who did most of the hard work! Kirsi, Emilia and Eero, I could not have wished
for better field assistants. Samuli Helle I thank for statistical advice. Special thanks go to
Péivi Sirkid, my friend, a fellow flycatcher researcher, my greatest office roommate with
whom I shared all the good and bad days at work. I hope we will always stay friends!
I further want to thank all the people at the Section of Ecology for the nice working
environment. A special thanks to the ‘bird people’: Péivi, Esa, Markus, Kalle, Elina,
Miia, Mia, Sari, Eric, Chiara, Ville and all the people in the Peggy group. I also want to
thank all my friends outside the university world!

Last butnot least I want to thank my family, you have always believed in and supported
me. Marko, I thank you for understanding and supporting me all the way through and for
pulling me out of the office once in a while. And lastly, I thank you Pyry, for showing
what is most important in life! I hope the stress I experienced when pregnant has no
negative long-term effects on you.

Turku, September 2010

S Ruwskaren

Suvi Ruuskanen



28 References

REFERENCES

Arnquist, G., and L. Rowe. 2005. Sexual conflict.
Princeton, Princeton Univeristy press.

Azevedo, R. B. R., V. French, and L. Partridge.
1997. Life-history consequences of egg size in
Drosophila melanogaster. American Naturalist
150:250-282.

Badyaev, A. V. 2008. Maternal effects as generators
of evolutionary change: A reassessment. Annals
of the New York Academy of Sciences 1133:151-
161.

Badyaev, A. V., M. L. Beck, G. E. Hill, and L. A.
Whittingham. 2003. The evolution of sexual
size dimorphism in the house finch. V. Maternal
effects. Evolution 57:384-396.

Badyaev, A. V., G. E. Hill, M. L. Beck, A. A. Dervan,
R. A. Duckworth, K. J. McGraw, P. M. Nolan, and
L. A. Whittingham. 2002. Sex-biased hatching
order and adaptive population divergence in a
passerine bird. Science 295:316-318.

Badyaev, A. V., T. L. Hamstra, K. P. Oh, and D. A.
Acevedo Seaman. 2006c. Sex-biased maternal
effects reduce ectoparasite-induced mortality
in a passerine bird. Proceedings of the National
Academy of Sciences USA 103:14406-14411.

Badyaev, A. V., K. P. Oh, and R. Mui. 2006a.
Evolution of sex-biased maternal effects in birds:
II. Contrasting sex-specific oocyte clustering
innative and recently established populations.
Journal of Evolutionary Biology 19:909-921.

Badyaev, A. V., H. Schwabl, R. L. Young, R. A.
Duckworth, K. J. Navara, and A. F. Parlow.
2005. Adaptive sex differences in growth
of pre-ovulation oocytes in a passerine bird.
Proceedings of the Royal Society of London
Series B-Biological Sciences 272:2165-2172.

Badyaev, A. V., D. A. Seaman, K. J. Navara, G. E.
Hill, and M. T. Mendonga. 2006b. Evolution
of sex-biased maternal effects in birds: III.
Adjustment of ovulation order can enable sex-
specific allocation of hormones, carotenoids,
and vitamins. Journal of Evolutionary Biology
19:1044-1057.

Badyaev, A. V., and T. Uller. 2009. Parental effects
in ecology and evolution: mechanisms, processes
and implications. Philosophical Transactions
of the Royal Society B-Biological Sciences
364:1169-1177.

Benton, T. G., J. J. H. St Clair, and S. J. Plaistow.
2008. Maternal effects mediated by maternal
age: from life histories to population dynamics.
Journal of Animal Ecology 77:1038-1046.

Bernardo, J. 1996a. Maternal effects in animal
ecology. American Zoologist 36:83-105.

Bernardo, J. 1996b. The particular maternal effect
of propagule size, especially egg size: Patterns,
models, quality of evidence and interpretations.
American Zoologist 36:216-236.

Biard, C., D. Gil, F. Karadas, N. Saino, C. N.
Spottiswoode, P. F. Surai, and A. P. Moller.
2009. Maternal effects mediated by antioxidants
and the evolution of carotenoid-based signals in
birds. American Naturalist 174:696-708.

Blount, J. D., D. C. Houston, and A. P. Mgller. 2000.
Why egg yolk is yellow. Trends in Ecology &
Evolution 15:47-49.

Boon, A. K., D. Réale, and S. Boutin. 2008.
Personality, habitat use, and their consequences
for survival in North American red squirrels
Tamiasciurus hudsonicus. Oikos 117:1321-
1328.

Boulinier, T., and V. Staszewski. 2008. Maternal
transfer of antibodies: raising immuno-ecology
issues. Trends in Ecology & Evolution 23:282-
288.

Carere, C., and J. Balthazart. 2007. Sexual versus
individual differentiation: the controversial
role of avian maternal hormones. Trends in
Endocrinology and Metabolism 18:73-80.

Christians, J. K. 2002. Avian egg size: variation
within species and inflexibility within individuals.
Biological Reviews 77:1-26.



References 29

Clark, M. M., and B. G. Galef. 1995. Prenatal
influences on reproductive life-history strategies.
Trends in Ecology & Evolution 10:151-153.

Clotfelter, E. D., D. M. O’Neal, J. M. Gaudioso, J.
M. Casto, I. M. Parker-Renga, E. A. Snajdr, D.
L. Dufty, V. Nolan, and E. D. Ketterson. 2004.
Consequences of elevating plasma testosterone
in females of a socially monogamous songbird:
evidence of constraints on male evolution?
Hormones and Behavior 46:171-178.

Cohen-Bendahan, C. C. C., C. van de Beek, and S. A.
Berenbaum. 2005. Prenatal sex hormone effects
on child and adult sex-typed behavior: methods
and findings. Neuroscience and Biobehavioral
Reviews 29:353-384.

Cucco, M., G. Malacarne, R. Ottonelli, and M.
Patrone. 2006. Repeatability of cell-mediated
and innate immunity, and other fitness-related
traits, in the Grey Partridge. Canadian Journal of
Zoology 84:72-79.

Daisley, J. N., V. Bromundt, E. Mostl, and K.
Kotrschal. 2005. Enhanced yolk testosterone
influences behavioral phenotype independent of
sex in Japanese quail chicks Coturnix japonica.
Hormones and Behavior 47:185-194.

Dingemanse, N. J., C. Both, P. J. Drent, and J. M.
Tinbergen. 2004. Fitness consequences of avian
personalities in a fluctuating environment.
Proceedings of the Royal Society of London
Series B-Biological Sciences 271:847-852.

Dingemanse, N. J., and P. de Goede. 2004. The
relation between dominance and exploratory
behavior is context-dependent in wild great tits.
Behavioral Ecology 15:1023-1030.

Doligez, B., L. Gustafsson, and T. Part. 2009.
‘Heritability’ of dispersal propensity in a patchy
population. Proceedings of the Royal Society of
London Series B-Biological Sciences 276:2829-
2836.

Doligez, B., and T. Part. 2008. Estimating fitness
consequences of dispersal: a road to ‘know-
where’? Non-random dispersal and the
underestimation of dispersers’ fitness. Journal of
Animal Ecology 77:1199-1211.

Drost, R. 1936. Uber das Brutkleid méannlicher
Trauerfliegenfanger, = Muscicapa  hypoleuca
(Pall.). Vogelzug 6:179-186.

Dufty, A. M., J. Clobert, and A. P. Meller. 2002.
Hormones, developmental plasticity and
adaptation. Trends in Ecology & Evolution
17:190-196.

Eising, C. M., and T. G. G. Groothuis. 2003. Yolk
androgens and begging behaviour in black-
headed gull chicks: an experimental field study.
Animal Behaviour 66:1027-1034.

Eising, C. M., C. Eikenaar, H. Schwabl, and T. G.
G. Groothuis. 2001. Maternal androgens in black-
headed gull (Larusridibundus)eggs: consequences
for chick development. Proceedings of the Royal
Society of London Series B-Biological Sciences
268:839-846.

Eising, C. M., W. Miiller, and T. G. G. Groothuis.
2006. Avian mothers create different phenotypes
by hormone deposition in their eggs. Biology
Letters 2:20-22.

Encabo, S. I, E. Barba, J. A. Gil-Delgado, and J. S.
Monrés. 2002. Geographical variation in egg size
of the Great Tit Parus major: a new perspective.
Ibis 144:623-631.

von Engelhardt, N., C. Carere, C. Dijkstra, and T. G.
G. Groothuis. 2006. Sex-specific effects of yolk
testosterone on survival, begging and growth of
zebra finches. Proceedings of the Royal Society
of London Series B-Biological Sciences 273:65-
70.

Funk, D. J., P. Nosil, and W. J. Etges. 2006.
Ecological divergence exhibits consistently
positive associations with reproductive isolation
across disparate taxa. Proceedings of the National
Academy of Sciences of the United States of
America 103:3209-3213.

Galloway, L. F. 2005. Maternal effects provide
phenotypic adaptation to local environmental
conditions. New Phytologist 166:93-99.

Garamszegi, L. Z., G. Hegyi, E. Szolldsi, B.
Rosivall, J. Torok, M. Eens, and A. P. Maller.
2007. Phenotypic correlates of digit ratio in a
wild bird: implications for the study of maternal
effects. Animal Behaviour 74:641-647.



30 References

Gasparini, J., T. Boulinier, V. A. Gill, D. Gil, S. A.
Hatch, and A. Roulin. 2007. Food availability
affects the maternal transfer of androgens and
antibodies into eggs of a colonial seabird. Journal
of Evolutionary Biology 20:874-880.

Gil, D. 2008. Hormones in avian eggs: Physiology,
ecology and behavior. Advances in the Study of
Behavior. 38:337-398.

Gil, D., J. Graves, N. Hazon, and A. Wells. 1999.
Male attractiveness and differential testosterone
investment in zebra finch eggs. Science 286:126-
128.

Gil, D., A. Lacroix, and J. Potti. 2006. Within-clutch
variation in yolk androgens in relation to female
expression of a male ornament in pied flycatchers.
Ficedula Hypoleuca. Ardeola 53:307-315.

Gil, D., G. Leboucher, A. Lacroix, R. Cue, and
M. Kreutzer. 2004. Female canaries produce
eggs with greater amounts of testosterone when
exposed to preferred male song. Hormones and
Behavior 45:64-70.

Gil, D., P. Ninni, A. Lacroix, F. De Lope, C.
Tirard, A. Marzal, and A. P. Mgller. 2006. Yolk
androgens in the barn swallow (Hirundo rustica):
a test of some adaptive hypotheses. Journal of
Evolutionary Biology 19:123-131

Gilbert, L., A. N. Rutstein, N. Hazon, and J. A.
Graves. 2005. Sex-biased investment in yolk
androgens depends on female quality and laying
order in zebra finches (Taeniopygia guttata).
Naturwissenschaften 92:178-181.

Godfray, H. C. J. 1995. Evolutionary theory of
parent-offspring conflict. Nature 376:133-138.

Grindstaff, J. L., E. D. Brodie, and E. D. Ketterson.
2003. Immune function across generations:
integrating mechanism and evolutionary process
in maternal antibody transmission. Proceedings of
the Royal Society of London Series B-Biological
Sciences 270:2309-2319.

Groothuis, T. G. G., C. M. Eising, C. Dijkstra, and
W. Miiller. 2005a. Balancing between costs and
benefits of maternal hormone deposition in avian
eggs. Biology Letters 1:78-81.

Groothuis, T. G. G., and N. von Engelhardt. 2005.
Investigating maternal hormones in avian eggs:
Measurement, manipulation, and interpretation.
Annals of the New York Academy of Sciences
1046:168-180.

Groothuis, T. G. G., W. Miiller, N. von Engelhardt,
C. Carere, and C. Eising. 2005b. Maternal
hormones as a tool to adjust offspring phenotype
in avian species. Neuroscience and Biobehavioral
Reviews 29:329-352.

Groothuis, T. G. G., and H. Schwabl. 2002.
Determinants of within- and among-clutch
variation in levels of maternal hormones in
Black-Headed Gull eggs. Functional Ecology
16:281-289.

Groothuis, T. G. G., and H. Schwabl. 2008.
Hormone-mediated maternal effects in birds:
mechanisms matter but what do we know of
them? Philosophical Transactions of the Royal
Society B-Biological Sciences 363:1647-
1661.

Gustafsson, L., and W. J. Sutherland. 1988. The
costs of reproduction in the collared flycatcher
Ficedula albicollis. Nature 335:813-815.

Hahn, D. C., J. S. Hatfield, M. A. Abdelnabi, J. M.
Wu, L. D. Igl, and M. A. Ottinger. 2005. Inter-
species variation in yolk steroid levels and a
cowbird-host comparison. Journal of Avian
Biology 36:40-46.

Hargitai, R., K. Arnold, M. Herenyj, J. Prechl, and
J. Torok. 2009. Egg composition in relation to
social environment and maternal physiological
condition in the collared flycatcher. Behavioral
Ecology and Sociobiology 63:869-882.

Hargitai, R., Z. Matus, G. Hegyi, G. Michl, G. Téth,
and J. Torok. 2006b. Antioxidants in the egg
yolk of a wild passerine: Differences between
breeding seasons. Comparative Biochemistry and
Physiology, Part B 143:145-152.

Hargitai, R., J. Prechl, and J. Torok. 2006a. Maternal
immunoglobulin  concentration in collared
flycatcher (Ficedula albicollis) eggs in relation
to parental quality and laying order. Functional
Ecology 20:829-838.



References 31

Hartley, I. R., and J. N. Royle. 2007. Sexual conflict
and its implications for fitness, Pages 239-269 in
B. G. B. Jamieson, ed. Reproductive Biology and
Phylogeny of Birds. Enfield, Science Publishers.

Hartmann, C., K. Johansson, E. Strandberg, and L.
Rydhmer. 2003. Genetic correlations between the
maternal genetic effect on chick weight and the
direct genetic effects on egg composition traits in
a White Leghorn line. Poultry Science 82:1-8.

Hasselquist, D., and J. -A. Nilsson. 2009. Maternal
transfer of antibodies in vertebrates: trans-
generational effects on offspring immunity.
Philosophical Transactions of the Royal Society
B-Biological Sciences 364:51-60.

Hews, D. K., R. Knapp, and M. C. Moore. 1994. Early
exposure to androgens affects adul expression of
alternative male types in tree lizards. Hormones
and Behavior 28:96-115.

Houston, A. 1., T. Székely, and J. M. McNamara.
2005. Conflict between parents over care. Trends
in Ecology & Evolution 20:33-38.

Hoénekopp, J., L. Bartholdt, L. Beier, and A. Liebert.
2007. Second to fourth digit length ratio (2D :
4D) and adult sex hormone levels: New data and a
meta-analytic review. Psychoneuroendocrinology
32:313-321.

Horak, P, R. Mind, 1. Ots, and A. Leivits. 1995.
Egg size in the great tit Paras major: Individual,
habitat and geographic differences. Ornis Fennica
72:97-114.

Iverson, J. B., C. P. Balgooyen, K. K. Byrd, and K.
K. Lyddan. 1993. Latitudinal variation in egg
and clutch size in turtles. Canadian Journal of
Zoology 71:2448-2461.

Johnston, T. A., and W. C. Leggett. 2002. Maternal
and environmental gradients in the egg size of an
iteroparous fish. Ecology 83:1777-1791.

Kawecki, T. J., and D. Ebert. 2004. Conceptual
issues in local adaptation. Ecology Letters
7:1225-1241.

Ketterson, E. D., and V. Nolan. 1992. Hormones and
life-histories and integrative approach. American
Naturalist 140:S33-S62.

Ketterson, E. D., and V. Nolan. 1999. Adaptation,
exaptation, and constraint: A  hormonal
perspective. American Naturalist 154:S4-S25.

Kirkpatrick, M., and R. Lande. 1989. The evolution
of maternal characters. Evolution 43:485-503.

Laaksonen, T. 2004. Hatching asynchrony as a
bet-hedging strategy - an offspring diversity
hypothesis. Oikos 104:616-620.

Laugen, A. T., A. Laurila, K. Résénen, and J. Merila.
2003. Latitudinal countergradient variation in the
common frog (Rana temporaria) development
rates - evidence for local adaptation. Journal of
Evolutionary Biology 16:996-1005.

Lessells, C. M. 2006. The evolutionary outcome of
sexual conflict. Philosophical Transactions of the
Royal Society B-Biological Sciences 361:301-
317.

Lindén, M., L. Gustafsson,and T. Part. 1992. Selection
on fleding mass in the collared flycatcher and the
great tit. Ecology 73:336-343.

Lindstrom, J. 1999. Early development and fitness
in birds and mammals. Trends in Ecology &
Evolution 14:343-348.

Lipar, J. L., E. D. Ketterson, and V. Nolan. 1999.
Intraclutch variation in testosterone content of
red-winged blackbird eggs. Auk 116:231-235.

Love, O. P, and T. D. Williams. 2008. The
adaptive value of stress-induced phenotypes:
Effects of maternally derived corticosterone on
sex-biased investment, cost of reproduction,
and maternal fitness. American Naturalist
172:E135-E149.

Lovern, M. B., and J. Wade. 2001. Maternal
plasma and egg yolk testosterone concentrations
during embryonic development in green anoles
(Anolis carolinensis). General and Comparative
Endocrinology 124:226-235.

Lundberg, A., and R. Alatalo. 1992. The pied
flycatcher. London, Poyser.

Manning, J. T. 2002. Digit ratio. New Brunswick,
Rutgers University Press.



32 References

Manning, J. T., L. Barley, J. Walton, D. 1. Lewis-
Jones, R. L. Trivers, D. Singh, R. Thornhill,
P. Rohde, T. Bereczkei, P. Henzi, M. Soler,
and A. Szwed. 2000. The 2nd : 4th digit ratio,
sexual dimorphism, population differences,
and reproductive success: evidence for sexually
antagonistic genes? Evolution and Human
Behavior 21:163-183.

Manning, J. T., D. Scutt, J. Wilson, and D. I. Lewis-
Jones. 1998. The ratio of 2nd to 4th digit length: a
predictor of sperm numbers and concentrations of
testosterone, luteinizing hormone and oestrogen.
Human Reproduction 13:3000-3004.

Marchetti, C., and P. J. Drent. 2000. Individual
differences in the use of social information in
foraging by captive great tits. Animal Behaviour
60:131-140.

Marshall, D. J., R. M. Allen, and A. J. Crean. 2008.
The ecological and evolutionary importance
of maternal effects in the sea, Pages 203-250
Oceanography and Marine Biology: an Annual
Review, Vol 46. Oceanography and Marine
Biology.

Marshall, D. J., and T. Uller. 2007. When is a maternal
effect adaptive? Oikos 116:1957-1963.

Mayr, E. 1947. Ecological factors in speciation.
Evolution 1:263-288.

Mazuc, J., C. Bonneaud, O. Chastel, and G. Sorci.
2003. Social environment affects female and egg
testosterone levels in the house sparrow (Passer
domesticus). Ecology Letters 6:1084-1090.

McGothlin, J. W., and E. D. Ketterson. 2008.
Hormone-mediated  suites as adaptations
and evolutionary constraints. Philosophical
Transactions of the Royal Society of London
Series B-Biological Sciences 363:1611-1620.

Mclntyre, M. H. 2006. The use of digit ratios
as markers for perinatal androgen action.
Reproductive Biology and Endocrinology 4:10.

Metcalfe, N. B., and P. Monaghan. 2001.
Compensation for a bad start: grow now, pay
later? Trends in Ecology & Evolution 16:254-
260.

Michl, G., J. Torok, P. Péczely, L. Z. Garamszegi,
and H. Schwabl. 2005. Female collared
flycatchers adjust yolk testosterone to male age,
but not to attractiveness. Behavioral Ecology
16:383-388.

Monaghan, P. 2009. Early growth conditions,
phenotypic development and environmental
change. Philosophical Transactions of the Royal
Society of London Series B-Biological Sciences
363:1635-1645.

Moreno-Rueda, G. 2007. Yolk androgen deposition
as a female tactic to manipulate paternal
contribution. Behavioral Ecology 18:496-498.

Mousseau, T. A., and C. W. Fox. 1998a. Maternal
effects as adaptations, Oxford University
Press.

Mousseau, T. A., and C. W. Fox. 1998b. The
adaptive significance of maternal effects. Trends
in Ecology & Evolution 13:403-407.

Miiller, W., S. Boonen, T. G. G. Groothuis, and
M. Eens. 2010. Maternal yolk testosterone in
canary eggs: toward a better understanding of
mechanisms and function. Behavioral Ecology
21:493-500.

Miiller, W., and M. Eens. 2009. Elevated yolk
androgen levels and the expression of multiple
sexually selected male characters. Hormones and
Behavior 55:175-181.

Miiller, W., K. Deptuch, 1. Lopez-Rull, and D. Gil.
2007a. Elevated yolk androgen levels benefit
offspring development in a between-clutch
context. Behavioral Ecology 18:929-936.

Miiller, W., C. Dijkstra, and T. G. G. Groothuis.
2009a. Maternal yolk androgens stimulate
territorial behaviour in black-headed gull chicks.
Biology Letters 5:586-588.

Miiller, W., T. G. G. Groothuis, A. Kasprzik,
C. Dijkstra, R. V. Alatalo, and H. Siitari.
2005. Prenatal androgen exposure modulates
cellular and humoral immune function of
black-headed gull chicks. Proceedings of
the Royal Society B-Biological Sciences
272:1971-1977.



References 33

Miiller, W., C. M. Eising, C. Dijkstra, and T. G.
G. Groothuis. 2002. Sex differences in yolk
hormones depend on maternal social status in
Leghorn chickens (Gallus gallus domesticus).
Proceedings of the Royal Society B-Biological
Sciences 269:2249-2255.

Miiller, W., C. M. Lessells, P. Korsten, and N. von
Engelhardt. 2007b. Manipulative signals in
family conflict? On the function of maternal
yolk hormones in birds. American Naturalist
169:E84-E96.

Miiller, W., J. Vergauwen, and M. Eens. 2008.
Yolk testosterone, postnatal growth and song
in male canaries. Hormones and Behavior
54:125-133.

Miiller, W., J. Vergauwen, and M. Eens. 2009b.
Long-lasting consequences of elevated yolk
testosterone levels on female reproduction.
Behavioral Ecology and Sociobiology 63:809-
816.

Navara, K. J., G. E. Hill, and M. T. Mendonga. 2005.
Variable effects of yolk androgens on growth,
survival, and immunity in eastern bluebird
nestlings. Physiological and Biochemical
Zoology 78:570-578.

Navara, K. J., G. E. Hill, and M. T. Mendonga.
2006. Yolk testosterone stimulates growth and
immunity in house finch chicks. Physiological
and Biochemical Zoology 79:550-555.

Ojanen, M. 1983. Effects of laying sequence and
ambient temperature on the composition of eggs
of the great tit Parus major and the pied flycatcher
Ficedula hypoleuca. Annales Zoologici Fennici
20:65-71.

Paitz, R. T., R. M. Bowden, and J. M. Casto. 2010.
Embryonic modulation of maternal steroids
in European starlings (Sturnus vulgaris).
Proceedings of the Royal Society B-Biological
Sciences, in press.

Parker, G. A., N. J. Royle, and 1. R. Hartley. 2002.
Intrafamilial conflict and parental investment:
a synthesis. Philosophical Transactions of the
Royal Society of London Series B-Biological
Sciences 357:295-307.

Partecke, J., and H. Schwabl. 2008. Organizational
effects of maternal testosterone on reproductive
behavior of adult house sparrows. Developmental
Neurobiology 68:1538-1548.

Pilz, K. M., M. Quiroga, H. Schwabl, and E. Adkins-
Regan. 2004. European starling chicks benefit
from high yolk testosterone levels during a
drought year. Hormones and Behavior 46:179-
192.

Pilz, K. M., and H. G. Smith. 2004. Egg yolk
androgen levels increase with breeding density
in the European Starling, Sturnus vulgaris.
Functional Ecology 18:58-66.

Pilz, K. M., H. G. Smith, M. 1. Sandell, and H.
Schwabl. 2003. Interfemale variation in egg yolk
androgen allocation in the European starling:
do high-quality females invest more? Animal
Behaviour 65:841-850.

Pitala, N., S. Ruuskanen, T. Laaksonen, B.
Doligez, B. Tschirren, and L. Gustafsson. 2009.
The effects of experimentally manipulated yolk
androgens on growth and immune function of
male and female nestling collared flycatchers
Ficedula albicollis. Journal of Avian Biology
40:225-230.

Potti, J., J. A. Davila, J. L. Tella, O. Frias, and S.
Villar. 2002. Gender and viability selection
on morphology in fledgling pied flycatchers.
Molecular Ecology 11:1317-1326.

Putz, D. A., S. J. C. Gaulin, R. J. Sporter, and D.
H. McBurney. 2004. Sex hormones and finger
length - What does 2D : 4D indicate? Evolution
and Human Behavior 25:182-199.

Piért, T., and L. Gustafsson. 1989. Breeding dispersal
in the collared flycatcher (Ficedula albicollis):
possible causes and reproductive consequences.
Journal of Animal Ecology 58:305-320.

Quinn, J. L., and W. Cresswell. 2005. Personality,
anti-predation  behaviour and behavioural
plasticity in the chaffinch Fringilla coelebs.
Behaviour 142:1377-1402.

Réale, D., and M. Festa-Bianchet. 2003. Predator-
induced natural selection on temperament in
bighorn ewes. Animal Behaviour 65:463-470.



34 References

Reed, W. L., and C. M. Vleck. 2001. Functional
significance of variation in egg-yolk androgens in
the American coot. Oecologia 128:164-171.

Reinhold, K. 2002. Maternal effects and the evolution
of behavioral and morphological characters:
A literature review indicates the importance of
extended maternal care. Journal of Heredity
93:400-405.

Roff, D. A. 1992. The evolution of life histories.
Oxford, Oxford University press.

Romano, M., D. Rubolini, R. Martinelli, A. Bonisoli-
Alquati, and N. Saino. 2005. Experimental
manipulation of yolk testosterone affects
digit length ratios in the ring-necked pheasant
(Phasianus colchicus). Hormones and Behavior
48:342-346.

Rossiter, M. C. 1996. Incidence and consequences of
inherited environmental effects. Annual Review
of Ecology and Systematics 27:451-476.

Rowe, J. W. 1994. Reproductive variation and the
egg size - clutch size trade-off within and among
populations of panted turtles (Chrysemys picta
bellii). Oecologia 99:35-44.

Royle, N. J., P. F. Surai, and 1. R. Hartley. 2001.
Maternally derived androgens and antioxidants in
bird eggs: complementary but opposing effects?
Behavioral Ecology 12:381-385.

Rubolini, D., R. Martinelli, N. von Engelhardt, M.
Romano, T. G. G. Groothuis, M. Fasola, and N.
Saino. 2007. Consequences of prenatal androgen
exposure for the reproductive performance
of female pheasants (Phasianus colchicus).
Proceedings of the Royal Society B-Biological
Sciences 274:137-142.

Rubolini, D., M. Romano, R. Martinelli, B. Leoni,
and N. Saino. 2006. Effects of prenatal yolk
androgens on armaments and ornaments of the
ring-necked pheasant. Behavioral Ecology and
Sociobiology 59:549-560.

Rutkowska, J., and A.V. Badyaev. 2008. Meiotic
drive and sex determination: molecular and
cytological mechanisms of sex ratio adjustment in
birds. Philosophical Transactions Royal Society
B 363:1675-1686.

Rutkowska, J., and M. Cichon. 2006. Maternal
testosterone affects the primary sex ratio and
offspring survival in zebra finches. Animal
Behaviour 71:1283-1288.

Rutkowska, J., M. Cichon, M. Puerta, and D. Gil.
2005. Negative effects of elevated testosterone on
female fecundity in zebra finches. Hormones and
Behavior 47:585-591.

Rutkowska, J., T. Wilk, and M. Cichon. 2007.
Androgen-dependent  maternal  effects on
offspring fitness in zebra finches. Behavioral
Ecology and Sociobiology 61:1211-1217.

Ryan, B.C.,andJ. G. Vandenbergh. 2002. Intrauterine
position effects. Neuroscience and Biobehavioral
Reviews 26:665-678.

Raésénen, K., and L. E. B. Kruuk. 2007. Maternal
effects and evolution at ecological time-scales.
Functional Ecology 21:408-421.

Résdnen, K., A. Laurila, and J. Merild. 2005.
Maternal investment in egg size: environment-
and population-specific effects on offspring
performance. Oecologia 142:546-553.

Saino, N., V. Bertacche, R. P. Ferrari, R. Martinelli,
A. P. Mgller, and R. Stradi. 2002a. Carotenoid
concentration in barn swallow eggs is influenced
by laying order, maternal infection and paternal
ornamentation. Proceedings of the Royal
Society of London Series B-Biological Sciences
269:1729-1733.

Saino, N., P. Dall’ara, R. Martinelli, and A. P. Mgller.
2002b. Early maternal effects and antibacterial
immune factors in the eggs, nestlings and adults
of the barn swallow. Journal of Evolutionary
Biology 15:735-743.

Saino, N., R. P. Ferrari, M. Romano, R. Martinelli,
A. Lacroix, D. Gil, and A. P. Mgller. 2006.
Maternal allocation of androgens and antagonistic
effects of yolk androgens on sons and daughters.
Behavioral Ecology 17:172-181.

Saino, N., R. Martinelli, C. Biard, D. Gil, C. N.
Spottiswoode, D. Rubolini, P. F. Surai, and A.
P Mgller. 2007a. Maternal immune factors and
the evolution of secondary sexual characters.
Behavioral Ecology 18:513-520.



References 35

Saino,N.,D.Rubolini,M.Romano,and G. Boncoraglio.
2007b. Increased egg estradiol concentration
feminizes digit ratios of male pheasants (Phasianus
colchicus). Naturwissenschaften 94:207-212.

Sandell, M. 1., M. Tobler, and D. Hasselquist. 2009.
Yolk androgens and the development of avian
immunity: an experiment in jackdaws (Corvus
monedula). Journal of Experimental Biology
212:815-822.

Schwabl, H. 1993. Yolk is a source of maternal
testosterone for developing birds. Proceedings of
the National Academy of Sciences of the United
States of America 90:11446-11450.

Schwabl, H. 1996. Maternal testosterone in the avian
egg enhances postnatal growth. Comparative
Biochemistry and Physiology a-Physiology
114:271-276.

Schwabl, H. 1997. The contents of maternal
testosterone  in  house sparrow  Passer
domesticus eggs vary with breeding conditions.
Naturwissenschaften 84:406-408.

Schwabl, H., D. W. Mock, and J. A. Gieg. 1997. A
hormonal mechanism for parental favouritism.
Nature 386:231-231.

Sellier, N., M. L. Vidal, F. Baron, J. Michel, J.
Gautron, M. Protais, C. Beaumont et al. 2007.
Estimations of repeatability and heritability
of egg albumen antimicrobial activity and of
lysozyme and ovotransferrin concentrations.
British Poultry Science 48:559-566.

Sih, A., A. M. Bell, J. C. Johnson, and R. E. Ziemba.
2004. Behavioral syndromes: An integrative
overview. Quarterly Review of Biology 79:241-
277.

Sih, A., L. B. Kats, and E. F. Maurer. 2003.
Behavioural correlations across situations and
the evolution of antipredator behaviour in a
sunfish-salamander system. Animal Behaviour
65:29-44.

Smith, B. R., and D. T. Blumstein. 2008. Fitness
consequences of personality: a meta-analysis.
Behavioral Ecology 19:448-455.

Sockman, K. W., J. Weiss, M. S. Webster, V. Talbott,
and H. Schwabl. 2008. Sex-specific effects of
yolk-androgens on growth of nestling American
kestrels. Behavioral Ecology and Sociobiology
62:617-625.

Strasser, R., and H. Schwabl. 2004. Yolk testosterone
organizes behavior and male plumage colorationin
house sparrows (Passer domesticus). Behavioral
Ecology and Sociobiology 56:491-497.

Surai, P. F.,, and B. K. Speake. 1998. Distribution
of carotenoids from the yolk to the tissues of the
chick embryo. Journal of Nutritional Biochemistry
9:645-651.

Tobler, M., M. Granbom, and M. 1. Sandell. 2007a.
Maternal androgens in the pied flycatcher: timing
of breeding and within-female consistency.
Oecologia 151:731-740.

Tobler, M., J.-A. Nilsson, and J. F. Nilsson. 2007b.
Costly steroids: egg testosterone modulates
nestling metabolic rate in the zebra finch. Biology
Letters 3:408-410.

Trivers, R. L. 1972. Parental investment and sexual
selection, Pages 136-179 in B. Campbell, ed.
Sexual Selection and the Descent of Man.
Chicago, Aldine press.

Trivers, R. L. 1974. Parent-offspring conflict.
American Zoologist 14:249-264.

Trziszka, T. 1994. Lysozyme and its functions in the
egg. Archiv fiir Gefliigelkunde 58:49-54.

Tschirren, B., P. S. Fitze, and H. Richner. 2007.
Maternal modulation of natal dispersal in a
passerine bird: An adaptive strategy to cope with
parasitism? American Naturalist 169:87-93.

Tschirren, B., and H. Richner. 2008. Differential
effects of yolk hormones on maternal and paternal
contribution to parental care. Animal Behaviour
75:1989-1994.

Tschirren, B., H. Richner, and H. Schwabl. 2004.
Ectoparasite-modulated deposition of maternal
androgens in great tit eggs. Proceedings of the
Royal Society of London Series B-Biological
Sciences 271:1371-1375.



36 References

Tschirren, B., V. Saladin, P. S. Fitze, H. Schwabl, and
H. Richner. 2005. Maternal yolk testosterone does
not modulate parasite susceptibility or immune
function in great tit nestlings. Journal of Animal
Ecology 74:675-682.

Tschirren, B., J. Sendecka, T. G. G. Groothuis, L.
Gustafsson, and B. Doligez. 2009. Heritable
variation in maternal yolk hormone transfer
in a wild bird population. American Naturalist
174:557-564.

Torok, J., R. Hargitai, G. Hegyi, Z. Matus, G.
Michl, P. Péczely, B. Rosivall, and G. Toéth.
2007. Carotenoids in the egg yolks of collared
flycatchers (Ficedula albicollis) in relation to
parental quality, environmental factors and laying
order. Behavioral Ecology and Sociobiology
61:541-550.

Uller, T. 2008. Developmental plasticity and the
evolution of parental effects. Trends in Ecology
& Evolution 23:432-438.

Uller, T., L. Astheimer, and M. Olsson. 2007.
Consequences of maternal yolk testosterone for
offspring development and survival: experimental
test in a lizard. Functional Ecology 21:544-551.

Uller, T., and M. Olsson. 2003. Prenatal exposure to
testosterone increases ectoparasite susceptibility
in the common lizard (Lacerta vivipara).
Proceedings of the Royal Society of London
Series B-Biological Sciences 270:1867-1870.

Veiga, J. P., J. Viiuela, P. J. Cordero, J. M. Aparicio,
and V. Polo. 2004. Experimentally increased
testosterone affects social rank and primary
sex ratio in the spotless starling. Hormones and
Behavior 46:47-53.

Verbeek, M. E. M., P. J. Drent, and P. R. Wiepkema.
1994. Consistent individual differences in early
exploratory behavior of male great tits. Animal
Behaviour 48:1113-1121.

Verbeek, M. E. M., P. De Goede, P. J. Drent, and
P. R. Wiepkema. 1999. Individual behavioural
characteristics and dominance in aviary groups of
great tits. Behaviour 136:23-48.

Verboven, N., P. Monaghan, D. M. Evans, H.
Schwabl, N. Evans, C. Whitelaw, and R. G.
Nager. 2003. Maternal condition, yolk androgens
and offspring performance: a supplemental
feeding experiment in the lesser black-backed
gull (Larus fuscus). Proceedings of the Royal
Society of London Series B-Biological Sciences
270:2223-2232.

Wade, M. J. 1998. The evolutionary genetics of
maternal effects, Pages 5-21 in Mousseau,
T.A., Fox, and C.W., eds. Maternal effects as
adaptations. New York, Oxford University Press.

Westneat, D. F., and R. C. Sargent. 1996. Sex and
parenting: The effects of sexual conflict and
parentage on parental strategies. Trends in
Ecology & Evolution 11:A87-A91.

Williams, G. C. 1966. Natural selection: costs for
reproduction and a refinement of Lack’s principle.
American Naturalist 100:687.

Wolf, J. B., E. D. Brodie, J. M. Cheverud, A. J.
Moore, and M. J. Wade. 1998. Evolutionary
consequences of indirect genetic effects. Trends
in Ecology & Evolution 13:64-69.

Wolf, J. B., and M. J. Wade. 2009. What are maternal
effects (and what are they not)? Philosophical
Transactions of the Royal Society B-Biological
Sciences 364:1107-1115.

Young, R. L., and A. V. Badyaev. 2004. Evolution
of sex-biased maternal effects in birds: I. Sex-
specificresource allocation among simultaneously
growing oocytes. Journal of Evolutionary Biology
17:1355-1366.

Zhang, L. C., Z. H. Ning, G. Y. Xu, Z. C. Hou, and
N. Yang. 2005. Heritabilities and genetic and
phenotypic correlations of egg quality traits
in brown-egg dwarf layers. Poultry Science
84:1209-1213.



	LIST OF ORIGINAL PUBLICATIONS
	1.	INTRODUCTION
	1.1.	Avian egg as a model 
	1.2.	Hormone-mediated maternal effects
	1.3.	Effects of yolk androgens on offspring phenotype
	1.4.	Variation in yolk androgens – causes and potential adaptive value 
	1.5.	Digit ratio – a potential phenotypic indicator for early hormone exposure
	1.6.	Geographic variation in maternal effects
	1.7.	Aims of the thesis

	2.	METHODS
	2.1.	Study species
	2.2.	Study areas
	2.3.	General methods
	2.3.1.	Yolk androgen manipulation
	2.3.2.	Egg collection and analyses of yolk androgens and other egg components
	2.3.3.	Breeding data

	2.4.	Study questions and specific methods
	2.4.1.	Yolk androgen manipulation experiment in collared flycatchers
	2.4.2.	Yolk androgen manipulation experiment in pied flycatchers
	2.4.3.	Yolk androgens and digit ratios
	2.4.4.	Geographical variation in yolk androgens and other egg components


	3.	MAIN RESULTS AND DISCUSSION
	3.1.	Short- and long-term effects of yolk androgens on parent generation (I & II)
	3.2.	Effects of yolk androgens on offspring generation (II & III)
	3.3.	Evolution of hormone-mediated maternal effects – costs, constrains and family conflicts (I, II & III)
	3.4.	Yolk androgens and digit ratios (IV)
	3.5.	Geographical variation in yolk androgens and other egg components (V)

	4.	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES



