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Chapter 1

Introduction
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“Selection favours a mutant gene which alters various life history parameters
if the percent gain in fitness through one sex function exceeds the percent loss

through the other function.”

Charnov(1982) The Theory of Sex Allocation



CHAPTER 1

Introduction

Sex allocation is the investment in reproduction through male and female func-
tion (Charnov 1982). Parents can either produce different numbers of sons
and daughters (the primary sex ratio) or produce sons or daughters of different
quality, by allocating more resources such as egg proteins, lipids or food to
one sex (Charnov 1982; Stamps 1990; Lessells 1998). Allocation of resources
can differentially affect survival of sons and daughters and thereby secondary
sex ratios or it can influence their reproductive success by enhancing or reduc-
ing fecundity, attractiveness, etc. The mechanisms involved in adjusting sex
allocation have remained rather elusive (Krackow 1995a; Lessells 2002; Pike &
Petrie 2003).

The topic of this thesis are the mechanisms of sex allocation in birds, using
the zebra finch as a model, with a focus on the potential role of the mater-
nal endocrine state in avian sex allocation. The idea that maternal hormones
play a role in avian sex allocation originated from the fact that a number
of factors, such as laying sequence, mate attractiveness and time of year can
affect both offspring sex ratios and maternal endocrine state, as reflected in
hormones transferred to the eggs, although these factors have not been investi-
gated simultaneously (Burley 1981; Burley 1986c; Dijkstra et al. 1990; Schwabl
1993; Schwabl 1996b; Kilner 1998; Eising et al. 2001; Whittingham & Schwabl
2002). Maternal hormones in the eggs affect offspring development and sur-
vival (Schwabl 1996a; Sockman & Schwabl 2000; Eising et al. 2001) and, if
these effects are sex-specific, they may affect secondary offspring sex ratios or
differences in reproductive success of sons and daughters.

Sex allocation theory

“Sex allocation theory deals with the impact of natural selection on
the allocation of resources to male compared with female reproduc-
tive function” (Charnov et al. 1981)

Because half a male genome and half a female genome are required to produce
an organism (in diploid species), the sex that is rare at a given moment has the
highest chance to find a partner to reproduce. Therefore, frequency dependent
selection leads to equal allocation to both sexes and an even sex ratio (Fisher
1930). This is the most important principle governing sex allocation. Deviation
from equal allocation may occur whenever there are predictable differences
in the relative fitness (e.g. chances to survive and reproduce) of sons and
daughters due to other influences besides the frequency of the sexes (Charnov
1982). Competition or cooperation of relatives of one sex over mates (local mate

6



INTRODUCTION

competition, Hamilton 1967) or resources (local resource competition, Clark
1978) may lead to overproduction of the sex that competes less or cooperates
more. When fitness of male and female offspring is affected differentially by
parental investment then parents are expected to invest most in the sex that
has the steepest gain in fitness from the investment (Trivers & Willard 1973).

Sex allocation theory has been very successful in predicting qualitative and
quantitative variation in sex allocation in invertebrates (Godfray & Werren
1996), but much less so in vertebrates with chromosomal sex determination
(Frank 1990; Pen & Weissing 2002). It has been suggested that mechanisms
of sex determination constrain the flexibility in sex ratio adjustment (Williams
1979). It is also possible that incorporation of specific features of vertebrate
life histories will lead to a better understanding and predictions of vertebrate
sex allocation (Frank 1990; Pen & Weissing 2000).

Offspring survival and reproduction is influenced by the offspring’s own genes
and, given that parents and offspring interact, the genes in its parents (Kirk-
patrick & Lande 1989). When selection on traits influenced by genes in par-
ents and offspring differs, this can result in parent-offspring conflict, because
offspring are more closely related to themselves than to their parents (Trivers
1974). Sex allocation theory has mostly assigned the sole control of sex ratio
adjustment to parents, while also gametes and offspring themselves are likely to
exert influence (Trivers 1974; Trivers & Hare 1975; Reiss 1987). The simulta-
neous and potentially dissimilar selection pressures may lead to a compromise
between parental and offspring strategies (Eshel & Sansone 1991; Eshel & San-
sone 1994) and reduce the sex ratio bias (Beukeboom et al. 2001; Komdeur
et al. 2002; Seger & Stubblefield 2002).

The interpretation of the currently available data in vertebrates is further
hampered by the fact that reported examples could be subject to a publication
bias towards significant findings (Csada et al. 1996), especially in studies with
small sample sizes (Palmer 2000).

Sex allocation in birds has received increased attention in recent years
(Clutton-Brock et al. 1985; Sheldon 1998; Komdeur & Pen 2002; Hasselquist
& Kempenaers 2002). A surge of interest has been stimulated by a number
of studies showing adaptive sex ratio adjustment (Dijkstra et al. 1990; Daan
et al. 1996; Komdeur 1996; Komdeur et al. 1997) or extremely biased offspring
primary sex ratios (Heinsohn et al. 1997) and by the possibility to sex offspring
already at the stage of egg laying, with the help of molecular techniques (Grif-
fiths et al. 1996; Ellegren & Sheldon 1997). Although the number of studies
reporting significantly biased offspring sex ratios in birds is rapidly expanding,
the results still suffer from a lack of repeatability (Radford & Blakey 2000;
Ewen et al. 2004). This makes it difficult to design studies that specifically
vary conditions and test the predicted effects on sex allocation.
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CHAPTER 1

The mechanisms of sex allocation in birds have remained completely in the
dark (Pike & Petrie 2003). A model system with predictable and repeatable sex
allocation is a prerequisite for experimental studies regarding the mechanism
of sex allocation.

Mechanisms of sex allocation

Differential sex allocation can be achieved by the production of different num-
bers of sons and daughters through an adjustment of the primary or secondary
sex ratio or by differential investment in the growth and quality of sons and
daughters. There is evidence for all these forms of sex allocation in birds
(Lessells et al. 1998; Hasselquist & Kempenaers 2002; Pike & Petrie 2003).
Available knowledge on the mechanisms of primary and secondary sex ratio
adjustment in birds is extremely limited (Krackow 1995a; Pike & Petrie 2003).
Adjustment of the sex ratio at the egg stage could be achieved by differential
chromosomal segregation, differential growth of follicles depending upon their
sex, differential fertilisation, or by differential atresia after fertilisation. Differ-
ential fertilisation and atresia requires the resorption of follicles and thereby
leads to laying delays and gaps in the laying sequence. Laying delays (due to
decrease of fitness with the progress of season) and laying gaps (due to the
disadvantage of late hatching young in competition with older siblings) may be
so costly that they preclude adaptive sex ratio adjustment (Pen et al. 1999) or
may allow only a bias of the first egg of a clutch, as has indeed been observed
in a number of species (Emlen 1997). Currently evidence for the occurrence of
any of these mechanisms in birds is lacking.

Sex allocation can take also the form of differential investment in sons and
daughters before or after hatching. This may affect fitness by leading to dif-
ferential survival, or differential reproductive success. There is ample evidence
that this occurs in birds (Stamps et al. 1987; Stamps 1990; Droge et al. 1991;
Clotfelter 1996; Lessells et al. 1998; Magrath et al. 2004). An extreme form
of postnatal sex allocation is the killing of daughters in various human soci-
eties (e.g. Darwin 1874). Such differential allocation is best understood in
species where the sexes differ in size and hence in energy requirements for
growth till independence. Empirical observations show that the offspring of
the larger sex receive more investment, but have lower fitness and that the
fitness differential increases with increasing dimorphism (Maynard Smith 1982;
Lessells 1998), which is consistent with models assuming unbiased primary sex
ratio and sex-biased parental investment. Differential parental investment can
more generally be predicted when offspring fitness depends differentially on en-
vironmental conditions for sons and daughters (Trivers & Willard 1973). The
quantitative prediction for sex allocation depends strongly on the actual fitness
curves, which are exceedingly difficult to determine (Lessells et al. 1998).
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INTRODUCTION

Endocrine involvement in avian sex allocation

Maternal endocrine state has been suggested to play a key role in sex alloca-
tion in mammals and birds (James 1986; Krackow 1995a; Pike & Petrie 2003).
Follicular development, yolk deposition and atresia are hormonally regulated
(Sturkie 1986), and several factors that influence offspring sex ratios are cor-
related with variation in maternal hormones, such as season, laying sequence,
mate attractiveness, food quality (Krackow 1995a; Pike & Petrie 2003). Eggs
with male embryos and eggs with females embryos have been found to differ
in the amount of various hormones (Petrie et al. 2001; Müller et al. 2002)
and manipulation of the maternal hormonal status has resulted in a biased
secondary sex ratio (Williams 1999) and primary sex ratio (Veiga et al. 2004).

Maternal hormones are produced in different endocrine glands in the body
and diffuse into the maternal circulation and into the egg and can be trans-
ferred from the maternal circulation into the egg, although apparently only a
minor amount follows this route (ca. 0.04 – 0.1 % Arcos 1972; Adkins-Regan
et al. 1995; Hackl et al. 2003). It is an old idea that maternal hormones
can influence offspring sex in birds (reviewed in Taber 1964). This usually has
been attributed to – temporary and pathological – phenotypic sex reversal due
to exposure of estrogens. Endogenously produced estrogens in genetically fe-
male embryos induce sexual differentiation of the female phenotype as shown
by elevation or reduction of estrogen exposure during embryonic development
through manipulation of maternal endocrine state, injection of hormones or
hormone blockers into the egg or by gonadectomy before and during sexual
differentiation (Kozelka & Gallagher 1934; Riddle & Dunham 1942; Wolff &
Wolff 1951; reviewed in Taber 1964; Adkins 1975; Adkins 1979; Schumacher
et al. 1989; Aste et al. 1991; Balthazart et al. 1992; Balthazart & Ball 1995;
Adkins-Regan et al. 1995).

This role in female sexual differentiation may be the reason why estrogen
levels in avian yolk are relatively low to undetectable (Schwabl 1993; Lipar
et al. 1999). Other steroid hormones, such as the androgens testosterone,
dihydrotestosterone, androstenedione and progesterone and thyroid hormones
are present in much larger amounts (Schwabl 1993; McNabb & Wilson 1997;
Hackl et al. 2003). The idea that maternal deposition of hormones into the egg
is not pathological but can subserve an adaptive function was first suggested
by the finding that yolk testosterone levels in canary eggs correlated with social
rank of offspring at 7 – 20 weeks of age and increased offspring begging and
growth (Schwabl 1993; Schwabl 1996a). There are very few experimental stud-
ies on the effects of natural variation in yolk testosterone levels on offspring
morphology, physiology and behaviour and their potential role in sex alloca-
tion by exerting sex-specific effects on traits influencing offspring survival and
reproduction.
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CHAPTER 1

Sex allocation in the zebra finch Taeniopygia
guttata

The zebra finch is an attractive model organism to study avian sex allocation
as it varies sex ratios with respect to a number of factors, such as artificial
parental ornaments, food quality and laying order (Burley 1982; Burley 1986c;
Kilner 1998; Bradbury & Blakey 1998; Rutstein 2004). Also, the survival and
quality of sons and daughters is differentially affected by environmental con-
ditions (de Kogel 1997; Kilner 1998; Birkhead et al. 1999; Martins 2004).
Posthatching parental investment may also depend upon offspring sex (Burley
1986c; Clotfelter 1996). Zebra finches are particularly suited for experimental
research regarding mechanisms of sex allocation as they breed easily in cap-
tivity and have been widely used in research on avian behaviour, physiology
and ontogeny, especially in the context of sexual differentiation (Morris 1954;
Immelmann 1962a; Immelmann 1962b; Immelmann 1963; Gurney 1982; Kruijt
et al. 1983; Kruijt & Meeuwissen 1993; Adkins-Regan et al. 1996; see Zann
1996; Arnold 1997a; Arnold 1997b; Adkins-Regan 1999; Adkins-Regan 2002).
As zebra finches adjust offspring primary sex ratio, secondary sex ratio and
the quality of sons and daughters, they may allow to study simultaneously the
respective roles of these different ways of adjusting reproduction through male
and female function.

A possible role for hormones in zebra finch sex allocation is suggested by
the fact that mate attractiveness and laying order influence sex allocation in
the zebra finch (Burley 1981; Burley 1986c; Kilner 1998) and also maternal
hormone deposition in the eggs (Gil et al. 1999; Ward et al. 2001), and that
treatment with the hormone estradiol led to female-biased offspring sex ratios
(Williams 1999).

Outline of the thesis

This thesis has two main goals. Firstly, it repeats previous research to establish
the robustness of reported effects of various factors on sex allocation. Secondly,
it explores the possible role the maternal endocrine state plays in sex allocation
by investigating hormonal effects on primary or secondary sex ratio and the
quality of sons and daughters.

In the first three chapters, external factors are studied that in previous stud-
ies affected offspring sex ratio and maternal hormone deposition in eggs. As
in these previous studies only secondary sex ratios (at hatching and at inde-
pendence) were studied, we analysed also primary sex ratios (at laying) by
molecular sex determination using embryonic tissue.
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In chapter 2, we study the effect of mate attractiveness or dominance,
manipulated by artificial ornaments. In an intriguing series of studies, Nancy
Burley (Burley 1981; Burley et al. 1982; Burley 1985b; Burley 1986b; Burley
1986c; Burley 1988b) reported that red leg bands render male zebra finches
more dominant and more attractive to females than green leg bands, and at the
same time cause their female partners to produce more surviving male offspring.
This finding, while originally meeting some scepticism (Immelmann et al. 1982;
Thissen & Martin 1982), has loomed large over the field, and we decided to
repeat the study on a large scale in an international multilaboratory setting,
together with the Universities of Bielefeld and Melbourne. In addition to the
secondary sex ratio, we study the sex ratio at the egg stage and at hatching and
several other parameters of reproduction in this large multi-aviary experiment.

In chapter 3, the effect of male attractiveness on offspring primary sex
ratios and sex-specific survival is investigated, by allowing female zebra finches
to exhibit their preference to associate with a certain male in two-way choice
tests and assigning them to breed with their preferred or their unpreferred
male.

In chapter 4, we concentrate on a different external factor, the feeding
regime before and during breeding, which frequently has been shown to affect
both primary sex ratios and sex-specific survival. This effect may be mediated
by the food directly or via an effect on female condition and reproductive
effort. We manipulate food quality and reproductive effort simultaneously, by
continuous egg-removal, which induces females to lay extended clutches, while
giving food of low and of high quality.

In chapter 5, we manipulate the maternal hormonal state by injections of
17-β-estradiol, which has been found to influence secondary sex ratios in zebra
finches (Williams 1999) and analyse whether offspring primary or secondary
sex ratio is adjusted.

Females deposit hormones in the egg and chapter 6 focuses on the short-
term consequences of increased yolk androgen levels on begging, growth and
survival of sons and daughters.

Yolk hormones may not only affect offspring during the nestling stage but
have also long-term consequences on fitness of sons and daughters. In chap-
ter 7, we study therefore the long-term effects on offspring attractiveness and
breeding performance.

Chapter 8 reviews the current knowledge and insights regarding the func-
tion and mechanism of avian sex allocation. It summarises the evidence for sex
allocation in zebra finches in the light of the results of this thesis and discusses
the potential role of maternal endocrine state in avian sex allocation.
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Chapter 2

Sex ratio manipulation in colour-banded
populations of zebra finches.

Nikolaus von Engelhardt, Klaudia Witte, Richard Zann, Ton G.G. Groothuis,
Franjo Weissing, Serge Daan, Cor Dijkstra, Tim Fawcett
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“Traditionally, unwanted girl children are fed milk laced with either yerakkam
paal or paddy husk as soon as they are born. The husk method is more cruel;
it slits the tender gullet with its sharp sides as it slides down the tiny throat.

The more ‘modern’ families use pesticides or sleeping pills.”

Gita Aravamudan
http://www.rediff.com/news/2001/oct/24spec.htm



CHAPTER 2

Abstract

Evidence for sex-ratio adjustment in birds is accumulating in a number of
species. One of the first studies (Burley 1981; Burley 1986c) proposing adap-
tive sex-ratio adjustment in birds found that leg-band colours affected male
attractiveness and offspring of the more attractive parental sex were overpro-
duced. It was therefore proposed that parents enhance their fitness by in-
creasing investment in more attractive offspring. Recent studies have not been
able to replicate these findings, possibly because they excluded the opportu-
nity for mutual mate choice and competition, which can also be influenced by
male leg-band colour. The zebra-finch studies are very important in supporting
the hypothesis that avian sex ratios are adjusted to the attractiveness of the
male. We therefore repeated the band-colour experiment in several replicates,
following the original protocol as closely as possible.

In all replicates, red-banded males produced more sons than orange-banded
males, but no repeatable pattern with respect to green band-colours emerged.
Overall, offspring sex ratios of red-banded and green-banded males were practi-
cally identical to Burley’s results, while sex-ratios of orange-banded males were
lower. Sex-ratios of red-banded males became male-biased between hatching
and fledging due to low survival of female nestlings, while offspring sex ratios
of orange-banded males were biased already at laying. There was no indication
that the access to high quality partners was influenced by male leg-band colour.
Green-banded males had the heaviest nests and offspring of red-banded males
had the lowest hatching success. The results support the idea that leg-band
colours affect male reproductive investment and reproductive success. We have
only partial support that primary and secondary sex ratios are affected, sug-
gesting that the opportunity for mutual mate choice and competition may be
important for sex-ratio adjustment.
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Introduction

Avian sex-ratio adjustment has received increasing attention over the last 15
years, stimulated by the possibility of sexing birds at a very early age by molec-
ular techniques. Two of the first studies suggesting that birds adjust offspring
sex ratios showed that mate attractiveness, manipulated by coloured leg bands,
affected offspring sex ratios in zebra finches (Burley 1981; Burley 1986c). Red
leg bands increased the attractiveness of males, orange leg bands did not affect
attractiveness and green leg bands decreased attractiveness of males (Burley
et al. 1982; Burley 1986c) and offspring sex ratios (% males) were positively
correlated with the attractiveness of parental leg-band colour (Burley 1981;
Burley 1986c).

Recent studies on zebra finches have been unable to replicate Burley’s in-
triguing findings (Zann & Runciman 2003; Rutstein pers. comm.). However, to
test whether any sex-ratio adjustment was due to differential allocation by the
female parent, these studies used set-ups which excluded male-male competi-
tion and mutual mate choice. Red leg bands appear to increase and green bands
to decrease success in competitive interactions (Ratcliffe & Boag 1987; Cuthill
et al. 1997). In an aviary setting, competition over resources such as nest
boxes, food and mates is likely to have important consequences for reproduc-
tive performance. In addition, mutual mate choice may have the consequence
that attractive males obtain the most preferred females, while unattractive
males are left with the least preferred females. Failure to repeat the previous
result may be due to the impact of these factors.

Because of the great importance of Burley’s (1981, 1986c) studies for un-
derstanding the function of avian sex-ratio adjustment, and since the zebra
finch is a model species for studying mechanisms of avian sex-ratio adjust-
ment, it is crucial to establish the robustness and generality of these findings.
We therefore attempted to replicate the experiment using a set-up matching
the original set-up as closely as possible. To determine the general applicabil-
ity of the results, we performed the study at three locations: four replicates in
Haren, the Netherlands, one replicate in Bielefeld, Germany, and one replicate
in Melbourne, Australia.

In addition to recording the sex ratio of the surviving offspring, we also
determined the sex ratio in the eggs and at hatching to establish at what stage
any bias first appears. We also investigated whether there were any differences
in parental investment or reproductive performance of the males with respect
to leg-band colour, or whether males wearing leg bands of a certain colour had
access to heavier or larger females.
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CHAPTER 2

Material and Methods

Birds and housing

The methods followed the protocol used by Burley (1986c; 1988b) as closely
as possible. The major differences were that the present experiment was per-
formed in several replicates (six versus one), each of which continued for a
much shorter duration (ca. 3 months versus 22 months). As parental birds,
24 adult males and 24 adult females from the Haren breeding population of
domesticated zebra finches Taeniopygia guttata with wild-type plumage were
used. In three replicates, two in Haren (H1 and H2) and one in Bielefeld (B5),
birds had no prior breeding experience, in two replicates in Haren (H3 and H4)
they had bred before. The Melbourne replicate (M6) used 24 fourth-generation
aviary bred female zebra finches, which had prior breeding experience, but no
experience with coloured leg bands for at least 18 months prior to the exper-
iment. The 24 males for the Melbourne replicate were wild-caught and their
breeding history was unknown except for six males that were still immature at
capture.

All birds had been reared by parents wearing orange leg bands or no leg
bands. Males and females within the same aviary were not siblings and had
not bred with each other before, except for a few female siblings in M6. The leg
bands used were from the same source (A. C. Hughes, Hampton Hill, Middlesex,
U. K.) as those used by Burley (1981; 1986c) and were assigned after matching
males for body weight, so that on average the body weights of males wearing
red (R), orange (O) or light-green (G) leg bands did not differ. Each male
received two coloured, numbered leg bands. Each female received two orange,
numbered leg bands. For almost all females of replicates H1–H4 and B5 weights
(except for six females) and tarsus length (except for 24 females) were known.

The experiments were performed in four large outdoor aviaries (H1–H4) and
two indoor-outdoor aviaries (B5, M6), offering between 1 m3 (B5), 2 m3 (H1–
H4) and 3 m3 (M6) of space for each bird. All aviaries had at least one side
closed by wire-mesh and were therefore exposed to the local weather conditions.
The birds received a tropical seed mixture, water, cuttle bone, grit and egg
food ad libitum, supplemented about three times per week with fresh greens
and germinating seed. In B5 and M6 birds received weekly vitamin supplement
to the water and in M6 weekly calcium supplement in the water.

Experimental protocol

Experiments were initiated in early autumn 2003. Males, females and nest
sites were added at intervals of at least a week to give the birds time to choose
partners (Burley 1986c) in order to avoid low mate selectivity and to enable
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them to assess the change in their attractiveness due to the coloured leg bands.
Males were released into aviaries on 5 August, 2003 (H1 and H2), 13 August
(H3 and H4), 16 September (B5) and 19 January (M6). Females were released
on 15 August (H1 and H2), 24 August (H3 and H4), 23 September (B5) and 6
February (M6). Nest sites (96 per aviary) and nesting material (H1–H4: hay,
B5: coconut fibres, M6: dried grass stem, coconut fibres, white hen feathers,
string) were added on 25 August (H1 and H2), 31 August (H3 and H4), 30
September (B5) and 13 February (M6). Experiments were terminated after
13 weeks. In H1–H4, weekly checks were continued for a further 10 weeks to
obtain additional broods and data on sex ratios of only the surviving young.

All nest sites were inspected once per day in the afternoon (six times weekly
in M6). In H1–H4, each nest was weighed on the day an egg was first found in it,
to determine the weight of the nest material collected up to that point. Newly
laid eggs and newly hatched young were weighed and marked. The young were
weighed again on the eighth day after hatching and given numbered orange
leg bands. Offspring that had fledged were removed from the aviary about 10
weeks after the start of the experiment and again at the end of the experiment.
Surviving young were sexed by their plumage.

Sexing

Molecular sex determination of dead embryos and hatchlings was carried out
by amplification of sex-specific gene sequences. From a tissue or blood sample
DNA was extracted using the Chelex method (Walsh et al. 1991). Genotypic
sex was determined by visualisation of DNA in a agarose gel after amplification
of sex-specific DNA sequences in a PCR using primers optimised for zebra
finches (Griffiths et al. 1996; Rutstein 2004).

Parentage

The leg-band colour of males attending nests was ascertained by three methods:
from direct observation as they entered the nest, by catching them during the
daily checks on the nest as they engaged in parental activities (nest-building,
incubation, feeding of young) and, in cases where these two methods were
unsuccessful, by equipping the birds for a few days with transponders. We
attached a transponder to the right leg band of each bird and placed antennae
in the entrance of nests where the parentage was unknown. When a bird
passed through the antenna in one of these nests, a unique, identifying signal
was generated and logged by a computer. For 25 nests the leg-band colour
of the father could not be established, either because the nest was abandoned
early or because no male was ever seen on the nest. In ten of these cases, two
females attended the nest.
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CHAPTER 2

Nest site choice

To analyse the effect of male leg-band colour on the choice of nest location
we used only the data from aviaries H1–H4, because these aviaries were of a
similar design and nest cups were offered at comparable locations. Nest-cup
locations were grouped according to whether they were placed on the wooden
walls of the aviary (168), on wooden pillars inside the aviary (152) or on the
wire-mesh front of the aviary (64). In addition, the nest cups were arranged in
two horizontal rows, such that half were positioned high (ca. 1.8 m) and half
low (ca. 1.0 m).

Data analysis

Data were analysed in MLWIN version 1.10.0006 using hierarchical linear mod-
els (Bryk & Raudenbush 1993). These models accommodate unbalanced data
and allow analyses of variances and covariances, while simultaneously taking
into account the nested relationship of the offspring of individual pairs within
aviaries. Individual parents could not be established for all nests and therefore
parental identity could not be used as a level in the analysis. Instead, each
clutch was considered to be independent in our analysis, which is unlikely to
introduce much error for secondary sex ratios, as only one successful brood was
reared in most nests.

A two-level model, with clutches nested within aviaries, was specified, using
clutch averages as dependent variables. Parameters were removed successively
from the full model, starting with the least significant of the highest-order inter-
actions, while ensuring that the amount of data used in the compared models
remained the same. For normally distributed data (nest weights, offspring
weights), we tested the significance of the increase in deviance (δ deviance,
which follows a χ2 distribution) when a factor was removed from a model.
Binary data (offspring sex, hatching and fledging success) were transformed
using the logit link function and analysed assuming an extra-binomial error
distribution at the individual level (Goldstein 1995). Model parameters were
estimated using second-order penalised quasi-likelihood estimation (Goldstein
1995). Significance was tested using the Wald statistic, which follows a χ2 dis-
tribution.

Data that were not normally distributed (latency to laying and clutch sizes)
were analysed in a Kruskal-Wallis ANOVA, which could not take into account
the nested data structure of clutches within aviaries, and using MLWIN, which
violated the assumption of normality but took the nesting into account. As
there were no significant effects on latency of laying and clutch size, the type
of analysis did not affect the conclusions.
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Differences in the distribution and leg-band colour of the observed males at
occupied nest cups were analysed using a G test.

Results with α < 0.05 (two-tailed) were regarded as significant. Data are
shown as means ± standard error of the mean (SEM) unless stated otherwise.

Results

Sex ratio

Overall, offspring sex ratios of red-banded and green-banded males are strik-
ingly similar to those found by Burley (1986): red-banded males produce
60.5% sons, very close to the 61.3% sons found in her study, and green-banded
males produce 50.0% sons, again very similar to the 50.2% sons in her study
(Table 2.1, Figure 2.1). Orange-banded males produced considerably fewer
sons (38.8%) in this study compared with her study (53.5 % sons). Red-banded
males produced male-biased offspring sex ratios in 4 of 5 aviaries (Table 2.1, Fig-
ure 2.1; in 1 aviary no offspring of red-banded males survived). Orange-banded
males produced female-biased offspring sex ratios in 5 of 6 aviaries (and more
female-biased sex ratios than red-banded males in all aviaries for which sex
ratios were available). Green-banded males did not produce a consistent bias
of the sex ratio. Aggregate offspring sex ratios did not differ significantly with
respect to male leg-band colour (χ2 = 4.7, 2 d.f., p = 0.09), a similar result as
in Burley’s study (χ2 = 5.7, 2 d.f., p = 0.06).

There was no significant correlation between attractiveness of male band
colour and offspring sex ratios, when testing brood sex ratios with a Goodman
and Kruskal’s test (gamma = 0.03, ns; this did not include the data from M6
for which brood sex ratios were not available) in contrast to Burley’s significant
result (gamma = 0.45, p = 0.02). Within aviaries, only the results of aviary
H1 fit the prediction that sex ratios increase with increasing attractiveness.
Although in all aviaries red-banded males produced more male-biased sex ratios
than orange-banded males, sex ratios of green-banded males were even more
strongly male-biased than those of red-banded males in half of the aviaries.

Effects of leg-band colour on brood sex ratios were tested in a hierarchi-
cal generalised linear model, thereby taking the nested relationship of broods
within aviaries into account and avoiding pseudo-replication. Leg-band colour
had no significant effect on secondary sex ratios (Wald χ2 = 1.8, 2 d.f., ns),
sex ratios were not significantly different from 50 % males (red-banded males:
Wald χ2 = 0, 1 d.f., p = 1.0; orange-banded males: Wald χ2 = 2.3, 1 d.f., p =
0.1; green-banded males: Wald χ2 = 0.1, 1 d.f., ns) and there was no cor-
relation between attractiveness of parental leg-band colour and the sex ratio
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Figure 2.1: Sex ratios (% males) of surviving offspring in each of the six repli-
cates. Each line connects the averages for the three paternal leg-
band colours in a given aviary, ordered from left to right according
to the assumed decreasing attractiveness of the leg-band colours.

(Wald χ2 = 0.1, 1 d.f., ns). Age or breeding experience of the parents had no
influence on the sex ratios, since the pattern of sex ratios with respect to leg-
band colour in the three aviaries where at least part of the parents had prior
breeding experience (H3 and H4, M6) did not differ systematically from the
pattern in the aviaries with experienced birds (H1, H2, B5; Table 2.1).

For 26 broods, paternal leg-band colour could not be established (in 10 of
these cases, two females were observed on the nest). We assigned all of these
broods to the paternal leg-band colour which would best fit the prediction that
the sex ratio is positively related to the attractiveness of the parental leg band
colour: all broods with a sex ratio below 50 % (10 broods) were assigned to
green-banded fathers, all with a sex ratio of 50 % (9 broods) to orange-banded
fathers and all with a sex ratio above 50 % (7 broods) to red-banded fathers.
This resulted for green-banded males (n = 26) in a sex ratio of 40 %, for orange-
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Table 2.1: Sex ratios (% males) of surviving offspring in each of the five repli-
cates (n1 = total number of young; n2 = number of clutches)

Red Orange Green
Replicate sex ratio n1 n2 sex ratio n1 n2 sex ratio n1 n2

Haren 1 66.7 6 2 57.1 7 3 33.3 12 4
” 2 42.9 7 2 33.3 9 4 50.0 12 5
” 3 53.8 13 3 25.0 12 4 64.3 14 3
” 4 - 0 0 33.3 6 2 25.0 4 2

Bielefeld 5 71.4 7 3 42.3 26 8 100.0 2 2
Melbourne 6 80.0 5 2 42.9 7 4 50.0 8 4

Overall 60.5 38 12 38.8 68 25 50.0 54 20

banded males (n = 30) in a sex ratio of 42% and for red-banded males (n = 17)
in a sex ratio of 65 %. These sex ratios differed significantly between the leg-
band groups (Wald χ2 = 11.1, 2 d.f., p < 0.01), and increased with increasing
attractiveness of the assigned leg-band colour (Wald χ2 = 8.98, 1 d.f., p < 0.01).

Sex ratios at egg laying and at hatching

Secondary sex-ratios may be biased due to a bias of the primary sex ratio
or due to sex-specific survival before or after hatching. Offspring primary
sex ratios were analysed only for aviaries 1 – 5 in which reproduction was
closely monitored by daily nest-controls. Females paired with red-banded males
(48.3% male eggs) and green-banded males (49.3 % male eggs) produced sex
ratios very close to 50%, while females paired to orange banded-males produced
female-biased primary sex ratios (39.5 % male eggs). Sex ratio at hatching were
very similar to those at laying, 48.0 % male hatchlings for red-banded fathers,
50.0% male hatchlings for green-banded fathers, and 40.0 % male hatchlings
for orange-banded males. Primary and hatchling sex ratios did not differ sig-
nificantly with respect to male leg-band colour (both Wald χ2 < 2, 2 d.f., ns).
Offspring sex-ratios of red-banded males increased most between hatching and
fledging due to non-significantly lower nestling survival of daughter (65.4 %)
than of sons (82.8 %). Survival of nestlings hardly differed between the sexes
for green-banded (daughters: 77.1 %; sons 80.0%) and orange-banded fathers
(daughters: 90.1 %; sons 85.7%). Sex-specific embryonic, nestling or overall
survival did not differ significantly with respect to paternal leg-band colour
(tests of the effect of the interaction of sex and paternal leg-band colour on
survival; all Wald χ2 < 1, 2 d.f., ns).
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Assortative mating

Attractive males might be able to pair to females of higher quality as indicated
by e. g. higher body weight of those females. There was no relationship of
leg-band colour and female body weight, at least for those pairs for which
females identity had been established (Table 2.3). There was no effect of leg-
band colour on the weights of the males, whose identity had been established
(Table 2.3).

Reproduction

If sex ratios are adjusted by differential survival of sons and daughters, this is
likely to be related to differences in parental investment during the embryonic
or nestling stage. We therefore analysed the effect of leg-band colour on the
location of nest sites (Table 2.2), nest quality (weights; Figure 2.2), timing
of egg-laying, clutch size, brood size, egg weight, offspring weight, hatching
success and offspring survival to independence (Table 2.3).

Nest-site locations

Location of nest-sites were analysed only in aviaries H1–H4, because in these
shape of the aviaries and distribution of nest sites was comparable. First, the
number of all occupied nest cups was compared with the number of available
nest cups. There was a clear preference to use high rather than low nest cups
(Table 2.2; Gadj = 5.5; 1 d.f.; p < 0.05) and nest cups on the wooden walls
rather on the pillars or the wire-mesh front (Table 2.2; Gadj = 40.1; 2 d.f.; p <
0.001). The male’s leg-band colour had no effect on whether he occupied a high
or a low nest site (Table 2.2; Gadj = 1.6; 2 d.f.; p = 0.5), nor on whether he
occupied a nest site on a wooden wall as opposed to a pillar or the wire-mesh
front (Table 2.2; Gadj = 3.5; 4 d.f.; p = 0.5).

Table 2.2: Locations of all offered and all occupied nest cups, and occupation
of nest cups with respect to male leg-band colour.

Offered Occupied by Red by Orange by Green

Walls high 84 65 12 11 8
low 84 43 8 6 5

Pillars high 76 20 3 4 2
low 76 14 2 0 6

Mesh high 32 12 2 1 3
low 32 5 0 1 1

22



COLOUR BANDS & SEX RATIOS

T
ab

le
2.

3:
R

ep
ro

du
ct

iv
e

pe
rf

or
m

an
ce

of
pa

ir
s

in
w

hi
ch

th
e

m
al

e
w

or
e

re
d,

gr
ee

n
or

or
an

ge
le

g
ba

nd
s.

T
es

te
d

w
it

h
a

pa
ra

m
et

ri
c

(F
,i

n
it

al
ic

s)
or

a
no

n-
pa

ra
m

et
ri

c
(K

ru
sk

al
-W

al
lis

:
χ

2
,n

ot
it

al
ic

is
ed

)
A

N
O

V
A

(d
eg

re
es

of
fr

ee
do

m
=

2
th

ro
ug

ho
ut

).
W

he
re

a
si

gn
ifi

ca
nt

di
ffe

re
nc

e
w

as
fo

un
d,

th
e

gr
ou

p
di

ffe
ri

ng
m

os
t

fr
om

th
e

ot
he

rs
is

in
di

ca
te

d
by

bo
ld

ty
pe

.
R

ed
O

ra
ng

e
G

re
en

P
ar

am
et

er
U

ni
t

m
ea

n
s.

d.
n

m
ea

n
s.

d.
n

m
ea

n
s.

d.
n

F
or

χ
2

p

Fe
m

al
e

w
ei

gh
t

g
17

.5
1.

7
12

17
12

12
17

.6
2.

2
14

0.
7

ns
M

al
e

w
ei

gh
t

g
16

1.
8

15
16

.2
14

14
16

.7
2.

7
15

2
ns

L
at

en
cy

to
la

y
da

ys
28

25
34

22
22

31
31

25
32

2.
5

ns
N

es
t

w
ei

gh
t

g
21

.3
14

17
19

.3
13

17
30

.8
13

21
4.

1
<

0.
05

C
lu

tc
h

si
ze

eg
gs

4.
3

1.
6

34
4.

3
0.

9
31

3.
8

1.
1

32
2.

6
ns

H
at

ch
lin

gs
bi

rd
s

3.
2

1.
3

19
3

1.
3

25
3.

2
1.

5
26

0.
1

ns
Su

rv
iv

in
g

yo
un

g
bi

rd
s

3.
3

1.
2

8
2.

9
1.

2
18

2.
7

1.
4

14
0.

6
ns

E
gg

w
ei

gh
t

g
1.

08
0.

09
34

1.
07

0.
08

31
1.

07
0.

1
32

0.
1

ns
H

at
ch

in
g

w
ei

gh
t

g
0.

84
0.

13
19

0.
82

0.
09

25
0.

84
0.

13
27

0.
2

ns
W

ei
gh

t
on

da
y

8
g

6.
7

1.
9

12
6.

2
1.

3
20

6.
8

1.
1

21
1

ns
H

at
ch

in
g

in
te

rv
al

da
ys

14
.3

1.
2

19
14

1
25

15
3

26
1.

4
ns

E
gg

s
m

is
si

ng
%

23
-

34
19

-
31

23
-

32
0.

1
ns

E
gg

s
ha

tc
hi

ng
%

38
-

34
56

-
31

66
-

32
8.

8
<

0.
05

H
at

ch
lin

gs
su

rv
iv

in
g

%
37

-
19

62
-

25
43

-
26

4.
1

0.
13

E
gg

s
su

rv
iv

in
g

1
%

18
-

34
38

-
31

30
-

32
5.

6
0.

06

1
P
er

ce
n
ta

g
e

o
f
eg

g
s

re
su

lt
in

g
in

su
rv

iv
in

g
o
ff
sp

ri
n
g
.

23



CHAPTER 2

Nest weights

Nest weights were only analysed in aviaries H1–H4, because nests were not
weighed in B5 and M6. Nest weight reflects primarily male parental investment,
because male zebra finches bring most of the nest material to the nest (Zann
1996). Each nest was weighed once on the day an egg was first laid in it, and at
this stage green-banded males had invested most in nest-building: their nests
were about 50 % heavier than those of red-banded and orange-banded males
(Figure 2.2), a significant difference (Table 2.3).

Hatching success

Band colour affected hatching success (Figure 2.3, right panel): clutches of red-
banded males had the lowest hatching success, those of orange-banded males
an intermediate hatching success and those of green-banded males the highest
hatching success, a significant difference (Table 2.3). This effect was highly
consistent between aviaries, with green-banded males having higher hatching
success than red-banded males in all aviaries. (Figure 2.3, right panel).

Overall offspring survival (proportion of eggs resulting in young surviving
to independence) was lowest for broods of red-banded males, intermediate for
green-banded males and highest for orange-banded males, but this difference
did not reach significance (Table 2.3). Assuming that all observed broods were
from different males, a significantly smaller number of red-banded males (12 of
48 males) than of orange banded males (25 of 48 males) and green-banded males
(21 of 48 males) produced successful broods (Gadj = 7.8; 2 d.f.; p < 0.05). Leg-
band colour had no effect on latency to laying, clutch size, number of hatchlings,
egg weight, hatchling weight, hatching interval, weight of young at eight days
old and number of young surviving to independence (Table 2.3).

Since green-banded males built the heaviest nests and their clutches had the
highest hatching success, we investigated whether hatching success across all
band colours was correlated with nest weight. This was not the case: logit
(hatching success) = - 0.55 + 0.015 (± 0.01) g, Wald χ2 = 1.8, p = 0.2.

Discussion

Overall, the sex ratios of supposedly attractive (red-banded) and unattractive
(green-banded) males, were remarkably similar to the findings of Burley (1981,
1986) and in all aviaries, offspring sex ratios of males wearing attractive red leg
bands are more male-biased than offspring sex ratios of males wearing neutral
orange leg bands. Our failure to find a significant effect of leg bands on the
sex ratio is largely a problem of power (power of finding a significant difference
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Figure 2.2: Weights of nests on the day the first egg was laid (left panel) and
hatching success (right panel). Each line connects the averages for
the three paternal leg-band colours in a given aviary, ordered from
left to right according to the assumed decreasing attractiveness of
the leg-band colours. Nests were not weighed in B5.

between a sex ratio of 60 % for red-banded males and of 50% for green-banded
males at a sample size of 50 young for each group is 15 % and power is 56 %
for the difference between red-banded and orange-banded males). The same
sex-ratios would require only a 10 % larger sample size to result in an overall
effect of leg-band colour in a χ2 -Test. By determining genetic parentage, we
may be able to assign those young for which parental leg-band colour could not
be observed to their genetic fathers. Unless offspring sex ratios are related to
social parentage rather than genetic relationship, this will increase the power
of the analysis.

Within aviaries, only one of six replicates showed a sex-ratio bias in the
direction predicted by Burley’s experiments. While the effect in Burley’s study
is primarily due to a strong male-bias for the red-banded males, sex ratios
in this experiment deviate most strongly in offspring of red-banded males and
orange-banded males. Therefore, there is no correlation between attractiveness
of parental leg-band colour and offspring sex ratios. This suggests that effects
of leg bands on offspring sex ratios is not directly related to their effect on male
attractiveness and that other effects of coloured leg bands must be involved.
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We hypothesised that previous experiments (Zann & Runciman 2003; Rustein,
pers. comm.) had failed to replicate Burley’s findings because the set-ups used
precluded any opportunity for mutual mate choice and male-male competition,
which can be affected by leg-band colour (Ratcliffe & Boag 1987; Cuthill et
al. 1997). The partial support for sex-ratio adjustment in relation to male leg-
band colour from our study, in which birds could freely choose their partner and
compete for resources, indicates that these factors may indeed be important.

Mechanism of sex ratio adjustment

Assuming that offspring sex ratio are indeed biased in relation to parental
leg-band colour and our failure to find a statistically significant effect is a
problem of power due to small sample sizes, we can ask what causes the sex-
ratio bias. Burley (1986c) suggested that parents selectively eliminate young
of a certain sex, because sex-ratios in broods experiencing offspring mortality
before fledging were most strongly affected by parental leg-band colour while
perfect clutches showed less bias. Because primary and hatchling sex ratios
were not directly measured, her studies could not exclude the possibility of a
bias at an earlier stage.

Our experiment provides evidence for both primary sex-ratio adjustment and
secondary sex ratio adjustment. The female-bias in offspring of orange-banded
males is present already at the egg stage and does not change between laying
and independence. In contrast, females paired to red-banded males produce
unbiased primary sex ratios and the observed male-bias of the secondary sex
ratio emerges between hatching and fledging, due to lower survival of daughters
than on sons. In Burley’s study most losses occurred before offspring were 6
days old, which is consistent with our observations. Parents may recognise
offspring sex at that age by sex-differences in begging persistency (chapter 6)
or differences in call notes (Balda & Balda, cited in Burley 1986c).

We find striking effects of parental leg-band colour on parental investment,
with green-banded males investing more in nest building, and on reproductive
success, with red-banded males having the lowest hatching success. Reduced
growth (Martins 2004) or increased mortality (de Kogel 1997; Kilner 1998;
Bradbury & Blakey 1998) of daughters under suboptimal conditions during
the nestling period has been observed in a number of studies and can con-
tribute to male-biased offspring sex ratios of red-banded males. Further, these
results are consistent with the predictions from the differential-allocation the-
ory that unattractive (green-banded) males increase their parental investment
and attractive (red-banded) males decrease their investment. In the experi-
ment by Burley, the reduced investment by red-banded males (Burley 1988b)
had no negative effect on the hatching success of their offspring as these males
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produced even more hatchlings than males of the other band colours (Burley
1986c). However, this is also consistent with the idea that red-banded males
obtain higher quality females, which overcompensate for the reduced parental
investment of their mate. In our experiment, female weight and tarsus length
was nor related to the leg-band colour of her mate, suggesting that differential
access did not play an important role, but there may be other quality differences
between females.

Another mechanism, by which investment in sons may be increased, is in-
creased allocation of androgens by females to their eggs when paired to red-
banded (Gil et al. 1999) or attractive (chapter 3) males. In that experiment,
we find indeed substantially elevated embryonic survival of daughters, but the
effect is not significant, presumably due to low power of the analysis. In addi-
tion, elevation of yolk testosterone enhanced begging and growth in daughters
during the first days after hatching and reduced growth in sons (chapter 6),
suggesting that the function of elevated yolk androgens in relation to parental
attractiveness may rather be to increase competitiveness of daughters, possibly
to compensate for their higher vulnerability.

If sex ratio is adjusted by manipulating the survival of sons and daughters,
differences in offspring survival between the studies may be responsible for
inconsistencies in offspring sex ratios. Several factors, such as intensity of
competition over nest sites and resources, the quality and variation in quality
of males and females in the breeding population and seasonal effects, may
affect the overall level of offspring survival and thereby the pattern of sex-ratio
adjustment with respect to leg-band colour. This is also indicated by the fact
that Burley (1986) observed large fluctuations in the difference in offspring sex
ratios with respect to parental leg-band colour over time.

The most obvious factors that differ between Burley’s and this experiment
are the duration of the experiment, the number of pairs and the strain of zebra
finches used.

Duration and number of pairs

Burley’s experiments lasted for seven (Burley 1981) and 22 months (Burley
1986c) respectively, while our experiment lasted for only three months. The
longer duration of Burley’s experiments resulted in a larger total number of
offspring (320 sons and 247 daughters, produced by 26 pairs, in approximately
260 broods) than in the experiments reported here (102 sons and 113 daughters
produced in 69 broods; 75 sons and 83 daughters for which parental leg-band
colours were known). In a set-up using one replicate chance can have a stronger
influence on the outcome: a single factor may be influencing the whole aviary,
such as one very attractive or dominant male obtaining a disproportionate share
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of reproduction, which could influence the results of the whole aviary. Some
females might tend to produce deviating sex ratio due to factors other than
the leg-band colour of their mate and a larger sample from these females would
not reduce that bias. The advantage of the present approach is that several
replicates in different aviaries and locations were performed, using domesticated
and wild zebra finches. Due to the shorter duration and fewer young of each
pair, estimates for the sex ratio of individuals are less precise, but the estimates
for offspring sex ratios in relation to parental leg-band colour are more reliable.

The duration of the experiment can be important if experience, parental age
or seasonal effects modify the effect of leg-band colour on offspring sex ratios.
There is no indication that parental age or breeding experience had an effect on
offspring sex ratios in the current experiment, because in the two aviaries with
older and experienced birds, neither young nor old birds biased their offspring
sex ratios in the expected direction. Experience with the leg bands is unlikely
to have had an effect, as the sex ratios in Burley’s (1986) experiment deviate
most strongly during the first 5.5-month period (February – July 1982) and
the last 5.5-month period (June – November 1983), when the birds already
had plenty of experience with leg bands. Such a fluctuation might suggest a
seasonal effect. However, a seasonal effect also seems unlikely, given that the
first 5.5-month period (February – July 1982) and the third 5.5-month period
(January – June 1983) covered approximately the same time of the year, but sex
ratios differed with respect to-band colour only in the first period. A seasonal
effect of leg-band colour on offspring sex ratios would have to be restricted to
July, as the third 5.5-month period of Burley’s experiment did not cover this
month.

Strain of zebra finches

A further aspect of Burley’s work that some other researchers have been unable
to replicate is the preference for different leg-band colours (Burley et al. 1982;
Burley 1985b; Burley 1986a; Burley 1988a). While some have argued that this
may be due to an absence of UV wavelengths from the lighting used in some
studies (Hunt et al. 1997), at least two recent studies have failed to find a female
preference for red leg bands under full-spectrum light (Jennions 1998; Fawcett
2003). It is possible that different strains of domesticated zebra finches vary in
their preferences for leg-band colours or in the effect of leg-band colour on male
dominance and therefore in sex-ratio adjustment. However, the fact that male
attractiveness, measured directly by female preferences, did not affect offspring
sex ratios (this thesis, chapter 2) suggests that sex-ratio bias with respect to
leg-band colours might not be mediated by their effect on attractiveness.

In conclusion, we believe that it may be premature to conclude from the
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failure of recent studies (Zann & Runciman 2003; Rutstein pers. comm.) to
replicate the effects of leg-band colour on offspring sex ratios, that sex ratios are
not influenced by mate attractiveness. These studies paired birds individually
and analysed primary sex ratios. Mutual mate choice and male-male competi-
tion may be crucial for the effect of male attractiveness on offspring sex ratios
and future studies should not only exclude but also investigate them.
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CHAPTER 3

Abstract

Male ornaments can influence both female preference and investment in sons
and daughters. Female zebra finches prefer males with red-leg bands and, when
paired with such males, produce offspring with male-biased sex ratios and eggs
with higher levels of maternal androgens. This opens up the possibility that
maternal hormones are directly involved in sex-ratio adjustment. Such patterns
might result from an effect of a male’s colour bands on female investment in the
eggs, but also from an effect on agonistic interactions and differential access to
high-quality females. To exclude the latter factors, we paired females to males
they had either preferred or refused in two-way choice tests, and studied the
resulting pattern of yolk-androgen deposition in their eggs and the primary and
secondary sex ratio of their offspring.

Females paired to their preferred males had increased yolk androgen levels in
their fourth eggs. Yolk androgen levels and primary sex ratios both decreased
over the laying sequence, but this did not differ between females with preferred
and unpreferred males. Sons survived less well than daughters, but again this
did not differ between females with preferred and unpreferred males. Survival
of offspring from females paired to unpreferred males increased with the laying
sequence, while survival of offspring from females paired to preferred males
did not vary with respect to the laying sequence. This may be attributable to
larger androgen levels in later-laid eggs, but we cannot exclude the influence
of other components of parental investment or direct genetic effects of male
quality. We found no indication for differential investment in the number or
quality of sons and daughters with respect to male attractiveness.
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Introduction

Mate quality has important consequences for fitness, when the genetic quality
and parental investment of the partner affect offspring survival and reproduc-
tive performance. Parents that adjust their parental investment to the quality
of their mate can enhance the fitness returns from their young. The effects
of mate quality on the fitness of sons and daughters may differ, in which case
parents are expected to adjust their investment according to the sex of their
offspring (Fisher 1930; Trivers & Willard 1973; Charnov 1982; Frank 1990).
Parents may overproduce the more attractive parental sex if this sex inherits
the genes responsible for attractiveness (sexy-son hypothesis: Weatherhead &
Robertson 1979). Such differential sex allocation in relation to mate attrac-
tiveness or quality has indeed been observed in a number of studies on bird
species (reviewed by Sheldon 1998; West et al. 2002).

It has been speculated that the maternal hormonal environment of the egg,
reflected by maternal hormones in the egg yolk, might be involved in the mech-
anism of sex-ratio adjustment (Krackow 1995a; Petrie et al. 2001; Müller et al.
2002). Differences in yolk hormone levels between female and male eggs are
consistent with this hypothesis (Petrie et al. 2001). Female zebra finches prefer
to associate with males wearing red leg bands (Burley et al. 1982) and, when
paired to such males, produce male-biased sex ratios (Burley 1981; Burley
1986c) and eggs that contain larger amounts of androgens of maternal origin
(Gil et al. 1999). Furthermore, in zebra finches both yolk androgens (Gil et al.
1999) and offspring sex ratio can vary with laying or hatching order (Clotfelter
1996; Kilner 1998; Rutkowska & Cichn 2002). In theory, differential androgen
deposition in the yolk may influence sex-chromosome segregation and thereby
determine the primary sex ratio, but there is no evidence for such a mecha-
nism. Yolk androgens influence offspring development and survival (Schwabl
1993; Adkins-Regan et al. 1995; Schwabl 1996a; Henry & Burke 1999; Sock-
man & Schwabl 2000; Lipar 2001; Eising et al. 2001). If these effects are
sex-specific, maternal androgen deposition may lead to differences in the sur-
vival of sons and daughters and thereby to a bias of the secondary sex ratio.
The stage at which zebra finches bias the offspring sex ratio in relation to mate
attractiveness is unknown. Because sex ratio was most biased in broods with
brood reduction, Burley (1986c) suggested that differential parental care after
hatching results in sex-specific mortality and thereby a male-biased secondary
sex ratio.

It is possible that the effect of red leg bands on both offspring sex ratio
(Burley 1981; 1986c) and maternal hormone deposition in the eggs (Gil et al.
1999) is not due to differential allocation by females with respect to male at-
tractiveness. Burley allowed birds to choose mates freely from a large flock.
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In this setting, the sex ratio of the offspring might have been biased because
attractive males had access to high-quality females, not because parents in-
vested differentially according to male attractiveness. In the experiment of Gil
et al. (1999) attractiveness of red-leg bands was not tested. Red-leg bands
may signal higher dominance status (Burley 1985; Cuthill et al. 1997; but see
Ratcliffe and Boag 1987), and agonistic interactions can affect female androgen
deposition (Whittingham & Schwabl 2002).

Therefore, we chose to test the effect of mate attractiveness on levels of yolk
androgens (experiment 1) and primary and secondary sex ratio (experiment 2)
by letting females choose between two males. We then paired these females
randomly either to their preferred or their unpreferred male. Under these
conditions, effects on offspring sex ratio cannot be due to differential access
of males to high-quality females or a higher perceived dominance status of
red-banded males.

Material and Methods

Housing

We used wild-type zebra finches (Taeniopygia guttata), randomly chosen from
a pool of approximately 300 birds. Before the experiment started they were
kept in unisexual groups (6 – 30 birds), but had visual and acoustic contact
with individuals of the other sex. All rooms had a photoperiod of LD 14:10
(lights on at 09:00 h), a temperature of ca. 25◦ C and a relative humidity of ca.
40 %. Full spectrum fluorescent light tubes (Truelite and Philips) were used
throughout the experiment as UV wavelengths are important for avian colour
vision (Bennett & Cuthill 1994). Birds were provided with ad libitum tropical
seed mixture (Teurlings, The Netherlands), water and a cuttlebone for calcium
supply. The diet was supplemented with egg food three times a week. The
floor of the cages was covered with sand and grit.

Preference test

Preference was tested in a two-way choice situation, which allowed automatic
measurement of behaviour (Figure 3.1). The birds were moved to the choice
cages approximately four hours before lights-out to allow them to adjust to
the new environment. A female was placed in a central cage (60 cm × 30 cm
and 40 cm high), and a male in each of two small cages at either end (22 cm ×
30 cm and 40 cm high). During the acclimatisation period the birds could hear
each other but were visually separated. Up to nine choice tests were performed
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Figure 3.1: Schematic drawing of the choice set-up (plan view). Two passive-
infrared motion detectors, located above the central cage, recorded
the activity of the test-bird in approximately the left and right
25 % of its cage (shaded areas). The fat lines indicate the location
of perches.

simultaneously. Females were not tested with siblings or with males they had
bred with.

The following morning the partitions were removed, so that the female could
see both stimulus males. The males could also see each other through the fe-
male’s cage. The position of the males were switched at the start and thereafter
three more times in two-hour periods in order to control for side preferences.
There was no further acclimatisation period after switching the males. Both
males were thus twice for two hours on each side of the female. The central
cage had one central perch running along the length of the cage aligned with
similar central perches in the two small cages. Perpendicular to this central
perch, a shorter perch on either side of the cage divided the total space in a
central area of 50 % and two lateral areas of 25% each. Two passive infrared
motion detectors located above the cage recorded the activity of the female in
the lateral 25 % regions. Activity was summed up for two-minute intervals by
an event-recording system (ERS) and stored on a PC.

Because the time it took to switch males varied between test-periods, we
had for some occasions somewhat less than two hours recording of activity.
We therefore calculated a preference score for each male using the last 52 two-
minute intervals of each two-hour period, which were always available. This
was done by calculating, for each side, the number of intervals the female
was more active on that side than on the other side, divided by the total
number of intervals during which activity was recorded on at least one of the
sides. Finally, we averaged the preference scores for each males over the four
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observation periods.
For breeding (see below) we used only the sub-sample of females with a

preference score higher than 0.67 (i.e. females that were at least twice as
active on the side of the preferred male as on that of the unpreferred male.
This comprised about a third of all the females we tested.

Pairing

We used females and males from these preference tests for two different exper-
iments. In experiment one, eggs were removed immediately after laying for the
measurement of maternal yolk androgen deposition in the eggs. In experiment
two, eggs remained in the nest to analyse the effects on offspring sex ratio,
survival and growth.

Females were alternately assigned to breed with their preferred or their un-
preferred male. In experiment one, 22 females were paired with their preferred
male and 18 with their unpreferred male. In experiment two, 41 females were
paired with their preferred male and 40 females with their unpreferred male.

On the evening of the day their preference was measured, test birds were
moved to breeding cages (60 cm × 30 cm and 30 cm high). These were situated
in one large room allowing acoustic, but not visual, contact with birds in other
cages. Each cage was separated by wire mesh in two equal parts and each half
received one nest box in the outer-back corner and ad libitum nest material.
The female and her assigned male were moved to the left half of the cage, and
the second male from the female’s choice test was placed in the right half of
the cage. This second male remained in visual and acoustic contact with the
breeding pair for three days, to increase the time the female was exposed to
both her preferred and her unpreferred male. The non-breeding male and the
wire mesh separating the two halves of the cage were removed on the evening
of the third day.

Breeding

Nests were checked daily for the presence of eggs. Fresh eggs were weighed
and individually marked using a non-toxic pen. In experiment one, eggs were
removed on the day of laying, replaced by infertile zebra finch eggs and imme-
diately frozen at -20◦ C until determination of androgen levels.

In experiment two, eggs remained in the nest to be incubated by the breeding
pair. Around the time of hatching (12 days after laying), nests were checked
three times daily to determine hatching order. Hatchlings were individually
marked using a non-toxic pen and, when they reached about seven days of
age, by orange, numbered leg bands. Throughout the experiment, clutch sizes
and brood sizes were monitored. If eggs or nestlings were missing, cages were
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searched for the remains and any dead embryos or nestlings were sexed (see
below). Surviving nestlings were weighed on day one (hatching) and on days
three, seven and forty.

Sexing

Molecular sex determination of all offspring (dead embryos, hatchlings and
surviving young) was carried out by amplification of sex-specific gene sequences
(Bradbury & Blakey 1998), after DNA extraction from small tissue or blood
samples with Chelex (Walsh et al. 1991). In all cases, sex determination was
successful and in all cases of surviving young it corresponded with phenotypic
sex.

Hormone assay

Most female zebra finches lay a clutch size of at least four eggs. To obtain an
indication for androgen levels of early and late laid eggs, we used first and fourth
eggs for measuring androgens. A weighed amount of yolk homogenised in water
was extracted with 2 × 4 ml diethylether : petroleumether (7 : 3). The dried
extracts were stored overnight at - 20◦ C in 90 % ethanol to precipitate proteins
and neutral lipids. After centrifugation at 1500 RPM for 5 min, the supernatant
was decanted and dried at 50◦ C under nitrogen. The dried extracts were
redissolved in 500 ml assay buffer. The antibody (T3-125, Endocrine Sciences)
was sensitive to testosterone (100 %) and to dihydrotestosterone (20%). We
therefore consider our assays as a non-specific androgen assay. This is similar
to the antibody used by Gil and colleagues (1999), which is sensitive to both
testosterone and dihydrotestosterone.

Data analysis

Data were analysed in Excel 2000, SPSS 11.0 and MLWIN 1.10.0006. Data on
clutch sizes and brood sizes at hatching and fledging and the weights of the
fathers were not normally distributed and analysed using non-parametric statis-
tics. Data on yolk hormones, offspring sex, survival and weight were analysed in
MLWIN 1.10.0006 by hierarchical linear models (Bryk & Raudenbush 1993) in
a two level model using individual offspring nested within clutches. This model
accommodates unbalanced data and allows analyses of variance and covariance,
while simultaneously taking the nested relationships of offspring within clutches
of individual pairs into account. We tested the effects of treatment and laying
order, and in the case of survival and body mass also of offspring sex, as well as
their interactions. Parameters were removed successively from the full model,
starting with the least significant highest interactions, while ensuring that the
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amount of data used in the compared models remained the same. For normally
distributed data (yolk hormones, offspring weights) significance was tested us-
ing the increase in deviance (δ deviance, which follows a χ2 distribution) when
a factor was removed from a model. All factors with a p < 0.1 were retained
in the final model.

Binary data (offspring sex and survival) were transformed by the logit link
function and analysed assuming for offspring sex ratios and offspring survival an
extrabinomial error distribution at the individual level (Goldstein 1995). Model
parameters were estimated by second order penalised quasilikelihood estimation
or (when models failed to converge) first order quasilikelihood (Goldstein 1995).
Significance was tested using the Wald statistic, which follows a χ2 distribution.
Results with α < 0.05 (two tailed) were regarded as significant. Data are shown
as means ± standard error of the mean (SEM) unless stated otherwise.

Results

Experiment 1: Yolk androgens

Females paired with their preferred male laid eggs with, on average, higher
yolk androgen concentrations than females paired with their unpreferred male
(Figure 3.2). The difference was significant for the fourth egg (δ deviance =
6.7, p < 0.01), but not for the first (δ deviance = 0.3, p = 0.8). Androgen
concentrations were lower in fourth eggs than in first eggs (δ deviance = 8.6,
p < 0.01), but the effect of the interaction between laying order and treatment
was not significant (δ deviance = 1.8, p = 0.2).

The relative decrease in hormone levels over the laying order may be more
important than absolute changes, in particular if hormones affect survival via
sibling competition. We therefore analysed the change over the laying order,
calculated as a percentage of the androgen level of the first egg. The decrease
over the laying sequence was very slight in eggs of females of preferred males
(4.8%), but marked in those of unpreferred males (21.6 %), and this difference
was of borderline significance (δ deviance = 3.8, p = 0.05). Because of this
laying order effect on hormone deposition, we took the laying or hatching order
into account in the subsequent analyses.
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Figure 3.2: Yolk androgen concentrations in first and fourth eggs laid by fe-
males paired to their preferred or unpreferred male.

Experiment 2: Sex ratio

Females paired to their preferred or to their unpreferred males produced, on av-
erage, almost identical primary sex ratios (Figure 3.3, first two bars, Waldχ2 =
0.3, p = 0.6). The primary sex ratio decreased significantly with laying order
(Figure 3.4, Waldχ2 = 4.2, p < 0.05), independent of treatment (effect of the
interaction between treatment and laying order: Waldχ2 = 0.3, p = 0.9). This
was due to a strongly male-biased sex ratio in the first egg only, in both groups
(Fig 3.4). The sex ratio of the first egg deviated significantly from the av-
erage sex ratio of the other eggs (Wald χ2 = 9.6, p < 0.01) and from 50 %
(Waldχ2 = 9.6, p < 0.01).

Broods of preferred males were slightly more female-biased than broods of
preferred males both at hatching and at independence (Figure 3.3), but the dif-
ferences were far from statistically significant (at hatching: Waldχ2 = 0.3, p =
0.6; at independence: Waldχ2 = 1.1, p = 0.3). Offspring sex ratios of neither
preferred nor unpreferred males deviated significantly from the expected 50 %
at the egg stage, at hatching or at fledging (all Wald χ2 < 1.7, all p > 0.2).
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Figure 3.3: Sex ratio at the egg stage, at hatching and at fledging in offspring
sired by preferred or unpreferred males. The dots represent sex
ratios in individual broods and they indicate the number of broods
at each stage.

Figure 3.4: The primary sex ratio (shown as mean ± SEM) of clutches sired
by unpreferred or preferred males, in relation to the laying order.
The numbers above the figure indicate sample sizes.

40



ATTRACTIVENESS & SEX RATIOS

Figure 3.5: Offspring survival to fledging (shown as means ± SEM) in relation
to the laying order. The numbers above the figure indicate sample
sizes. The lines show the predictions of the hierarchical logistic
regression (see text).

Survival

Sex ratios decreased slightly from the egg stage to hatching because sons sur-
vived (non-significantly) less well than daughters during the embryonic stage
(Waldχ2 = 3.5, p = 0.06; Figure 3.5). Sex ratios decreased more strongly
during the nestling stage (Figure 3.3), because male nestlings survived signif-
icantly less well than female nestlings (Waldχ2 = 5.8, p < 0.05). This sex
difference in survival did not differ between broods of preferred and broods
of unpreferred males during the embryonic stage (interaction between sex and
treatment: Wald χ2 = 0.6, p = 0.5) or the nestling stage (interaction between
sex and treatment: Waldχ2 = 0.04, p = 0.8). While sex of the offspring, alone
or in interaction with other variables, did not affect survival, there was a signif-
icant interaction between treatment and laying order in their effect on offspring
survival from the egg stage to fledging (Figure 3.5; Wald χ2 = 14.6, p < 0.001):
Offspring survival increased significantly with laying order in clutches of un-
preferred males (Waldχ2 = 9.3, p < 0.01), but not in those of preferred males
(Waldχ2 = 1.2, p = 0.3). The difference in survival to fledging was already ap-
parent at the embryonic stage: embryonic survival increased with laying order
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in clutches of unpreferred males but not in those of preferred males (interaction
between treatment and laying order: Waldχ2 = 5.0, p < 0.05).

Clutches from females with preferred males and unpreferred males did not
differ in size (Table 3.1). Clutches from females with preferred males had on
average a slightly higher proportion of lost or broken eggs and proportion of
eggs that showed no embryonic development (Table 3.1). These differences re-
sulted, on average, in one fewer fertile egg in clutches of females with preferred
males, though this difference was not significant (Table 3.1). Due to the combi-
nation of a smaller number of fertile eggs, lower embryonic survival of later-laid
eggs and lower survival of later-hatched young, pairs with preferred males had
significantly smaller brood sizes at hatching and at fledging (Table 3.1).

Thus, treatment did not affect the primary or secondary sex ratio, but it
did affect overall offspring survival in relation to laying and hatching order.
Interestingly, females with preferred males produced fewer surviving young.
Furthermore, independent of treatment, sons had lower survival than daugh-
ters.

Offspring mass

We found no sex-ratio biases at any developmental stage, giving no support
for the idea that sex allocation is related to parental attractiveness. However,
there might be more subtle differences in the quality of sons and daughters.
We therefore analysed growth of sons and daughters in relation to parental
attractiveness. Besides sex and treatment (preferred vs. unpreferred fathers),
we included age, the square of age and the cube of age as factors to model the
sigmoidal growth curve. Sex, treatment and age were included in the higher
interactions to test for differences in growth patterns.

Offspring of preferred males were slightly lighter than offspring of unpreferred
males at post hatching day 3 and somewhat heavier at day 6 and day 40 (Ta-
ble 3.2). The effect of the interaction between age and treatment on offspring
weights was highly significant (δ deviance = 23.4, p < 0.001). This effect did
not differ with respect to offspring sex (interaction between treatment, offspring
sex and age: δ deviance = 0, p = 1). At independence (day 40), offspring of
preferred males and sons were somewhat heavier than daughters (Table 3.2),
but these differences between treatments and sexes did not reach significance
(both δ deviances = 3, p = 0.08), and there was no significant interaction
between offspring sex and treatment (δ deviance = 0.2, p = 0.7).

Preferred fathers were heavier than unpreferred fathers (average weight pre-
ferred males (n = 81) : 15.9 ± 0.3 g, average weight unpreferred males (n =
81) : 15.1 ± 0.3 g; Wilcoxon Signed-Ranks Test (n = 81), z = −2.4, p < 0.05).
This may partly explain why their young grew more between day 3 and day
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Table 3.1: Reproductive performance of females paired to preferred and un-
preferred males. The statistical tests show the Wald χ2 value from
a hierarchical logistic regression analysis of the difference in pro-
portions of lost and infertile eggs and the U-statistic (MWU) from
a Mann-Whitney-U test of the difference in mean egg or nestling
numbers and their associated p-values.

Preferred Unpreferred
Median Median Test value p

Parameter (Pairs) (Interquartile) (Interquartile)

Clutch size (39; 38) 5 (1) eggs 5 (2) eggs MWU: 726 0.9

Lost eggs (39; 38) 13% 8 % Wald χ2: 0.3 0.6
(% of all eggs)

Infertile eggs (39; 38) 26% 22 % Wald χ2: 0.9 0.3
(% of all eggs)

Fertile eggs (30; 27) 4 (3) eggs 5 (1) eggs MWU: 290 < 0.1

Brood size (24; 23) 4 (2) young 5 (1) young MWU: 138 < 0.01
(at hatching)

Brood size (19; 19) 3 (2) young 4 (2) young MWU: 96 < 0.05
(at independence)

Table 3.2: Weights (means ± SEM) of female and male eggs, nestlings and
independent young. (number of clutches in brackets)

Preferred Unpreferred
daughters sons daughters sons

Egg weight (g) 1.03 ± 0.02 1.01 ± 0.03 1.04 ± 0.03 1.03 ± 0.02
(25) (26) (24) (25)

Hatchling weight (g) 0.72 ± 0.03 0.75 ± 0.03 0.73 ± 0.03 0.75 ± 0.03
(23) (19) (20) (20)

Weight day 3 (g) 1.7 ± 0.1 1.8 ± 0.1 1.8 ± 0.1 1.9 ± 0.2
(19) (16) (16) (13)

Weight day 8 (g) 6.3 ± 0.3 6.6 ± 0.3 6.2 ± 0.3 6.5 ± 0.3
(19) (15) (17) (15)

Weight day 40 (g) 14.3 ± 0.3 14.4 ± 0.4 13.4 ± 0.3 14.0 ± 0.4
(19) (15) (17) (15)
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40. Indeed, offspring weight on day 40 was strongly influenced by the weight
of the father (δ = 12.2, p < 0.001). In conclusion, as in the case of sex ratios,
the quality of sons and daughters in terms of body mass was not affected by
whether their mothers had been paired to a preferred or an unpreferred male.

Discussion

Yolk androgens

Females mated with their preferred male had elevated androgen levels in the
yolk of their eggs. This supports previous findings where male attractiveness
was assumed to be enhanced by leg-band colours (Gil et al. 1999). Although
we only found this enhancement in eggs later in the laying sequence it indicates
that allocation of yolk hormones can indeed be affected by male attractiveness.

Surprisingly, offspring of females with preferred males survived less well when
they hatched from later-laid eggs. Since these later eggs contained more an-
drogens, this is consistent with the finding that experimentally elevated levels
of yolk androgens can impair survival (Sockman & Schwabl 2000).

Yolk androgens and sex ratios

Female zebra finches paired to males with red-leg bands produce male-biased
sex ratios (Burley 1981) and deposit more androgens in their eggs (Gil et al.
1999). In addition, male and female yolks of peacocks have been found to differ
in androgen content (Petrie et al. 2001). It therefore has been speculated that
differences in yolk androgen deposition might cause differences in the primary
sex ratio (Petrie et al. 2001). Since the clutches of the two groups in our exper-
iment differed in levels of yolk androgens but not in the primary or secondary
sex ratio of their offspring, our data do not strengthen this suggestion. In addi-
tion, there is no evidence that yolk androgen levels influence offspring survival
in a sex-specific way. Androgen deposition was dependent on treatment and
laying order, but our study did not reveal a sex difference in the effect of the
interaction between treatment and laying order on offspring survival.

Offspring survival

Attractive males show reduced parental care (Burley 1988b). If their mate does
not compensate for this by increasing its own care, this could potentially lead
to a change in the sex ratio as daughters are more vulnerable to food shortage
than males (de Kogel 1997; Kilner 1998; Bradbury & Blakey 1998). However,
we found that daughters survived better than sons. Birds may also produce
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a primary sex ratio that varies with respect to the laying or hatching order,
possibly only biasing the first egg (Emlen 1997). If they subsequently adjust
offspring survival in relation to the laying or hatching order, favouring offspring
from early-laid eggs or those from laid-late eggs (Clotfelter 1996; Kilner 1998),
this could lead to a bias of the secondary sex ratios. This is indeed the case in
our study: embryos from eggs later in the laying sequence contained relatively
more females than first eggs in both groups, but survived better only for pairs
with unpreferred males. This did however not lead to a secondary sex-ratio
bias in that group in our experiment.

The finding that females paired to their preferred male had the same average
clutch sizes, but smaller brood sizes may be due to the fact that the males could
not choose their partner. In a flock, the preferred males might pair with higher-
quality females (Burley 1986c; Monaghan et al. 1996). In our experiment,
all females were on average of the same quality and preferred males may have
reduced their parental investment even more than they would have done with a
partner of high quality. For unpreferred males the situation may have been the
opposite: in our experiment, they may have obtained on average higher-quality
partners than if they had to compete with preferred males in a flock. Therefore,
they may have been willing to invest more, resulting in higher reproductive
success. The smaller brood sizes at hatching may also be due to direct genetic
effects, if preferred males inherit genes to their offspring that result in lower
viability (Brooks 2000).

Comparison with Burley’s studies

Females mated to preferred males did not produce male-biased primary or sec-
ondary sex ratios. This contrasts with other studies showing that the offspring
secondary sex ratio in zebra finches is biased in relation to male attractive-
ness, manipulated by coloured leg bands (Burley 1981; Burley 1986c). The
recent studies (Zann & Runciman 2003; Rutstein, pers. comm.) who also used
coloured leg bands to manipulate male attractiveness found no effect on the off-
spring primary sex ratio. Two important differences between Burley’s studies
and ours may explain the discrepancy.

Firstly, our experiments were not conducted in flocks of birds as in Burley’s
works. This excluded any opportunity for male-male competition and mutual
mate choice. In flocks, pairs with attractive males may be more successful in
competition for nest sites and food than pairs with unattractive males (Cuthill
et al. 1997). This could lead to differences in parental incubation and feeding
behaviour and thereby sex-specific mortality between these groups, since female
zebra finches appear to be more sensitive than males to adverse conditions
during early development (de Kogel 1997; Kilner 1998; Bradbury & Blakey
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1998). Secondly, in flocks, attractive males have the possibility to choose high-
quality females. Male zebra finches prefer females that are in better condition
(Monaghan et al. 1996). Females paired to red-banded males in flocks had
slightly, but non-significantly, larger clutch sizes and significantly larger brood
sizes (Burley 1986c), indicating that females paired to attractive males may be
of higher quality. Possibly only these high-quality females produce male-biased
sex ratios.

Conclusion

In conclusion, our results indicate that breeding with preferred males stimu-
lates maternal androgen deposition in the eggs and leads to lower reproductive
success. The latter may be restricted to a setting that does not allow mu-
tual mate choice and male-male competition. Whether the lower survival of
later hatched young is a consequence of maternal hormone deposition, reduced
parental care or differences in male genetic quality is unclear. We found no
evidence that mate attractiveness influences the sex ratio of their offspring.
Alternative explanations for such an effect reported in the literature are con-
ceivable and warrant further study.
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Abstract

The feeding regime during breeding affects offspring sex ratios in several avian
species. In zebra finches, effects of the feeding regime on offspring sex ratios
vary with respect to the position in the laying sequence and clutch size. We in-
vestigated primary sex ratios under two feeding regimes, while inducing females
to lay extended clutches by egg removal.

Primary sex ratio were male-biased with high food quality and female-biased
with low food quality, but only at the beginning of the extended clutches. Sex
ratios were not biased in two subsequent clutches in which eggs were not re-
moved. The sexes of the first two eggs are determined before egg removal
starts and in both the removal clutch and the first subsequent clutch, sex ra-
tios decreased under high food quality and increased under low quality from
the first to the second egg. Sex ratios were not related to clutch size or egg
weight. Parental condition measures were not affected by food quality, except
for higher furcular fat scores in females receiving low-quality diet on the day
they laid their first egg. Females receiving low-quality diet reduced egg pro-
duction by 25 % and egg weights increased less over the laying sequence than
with high food quality. Feeding regime and position in the laying sequence
appear to be important factors influencing primary sex ratios in zebra finches,
but inconsistencies between studies remain to be clarified.
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Introduction

Selection favours an equal overall investment in sons and daughters (Fisher
1930), yet local or temporal variation of a number of factors can favour more
investment in offspring of one sex (Hamilton 1967; Trivers & Willard 1973;
Charnov 1982). Birds have been found to adjust offspring sex ratios to a
number of factors, such as season (Dijkstra et al. 1990), position in the laying
sequence (Kilner 1998), partner attractiveness (Burley 1981; Burley 1986c)
and food quality (Kilner 1998; Bradbury & Blakey 1998; Nager et al. 1999).
The mechanism of avian primary sex-ratio adjustment has been subject of
speculation (Krackow 1995a; Pike & Petrie 2003), but so far no studies have
attempted to address this question directly. This is related to the fact that
there are no species suitable for laboratory experiments showing a repeatable
strong sex-ratio bias. Recently, sex ratio bias in response to food quality or
food availability has been reported repeatedly in zebra finches, although the
results differed in many aspects between studies (Kilner 1998; Bradbury &
Blakey 1998; Rutkowska & Cichón 2002; Arnold et al. 2003; Rutstein 2004).
In addition to food, also the number of eggs laid (Arnold et al. 2003) and the
position of the egg in the laying sequence (Kilner 1998; Rutkowska & Cichón
2002; Rutstein 2004) appear to play a role.

These results suggest that manipulation of food quality in zebra finches may
be a predictable manner of influencing avian sex ratios and therefore provide
a useful tool to investigate the mechanism of avian sex ratio adjustment. We
manipulated the quality of the diet offered to breeding pairs and complemented
this approach by removing eggs on the day they were laid. In zebra finches, this
method induces relaying and the production of extended clutches (Haywood
1993; Williams & Miller 2003). In the size-dimorphic lesser-black backed gull
(Nager et al. 1999) and the great skua (Kalmbach et al. 2001) such an approach
led in the groups receiving less food to a reduction of female condition and egg
quality and to the overproduction of the smaller and more viable sex at the end
of the extended clutches. We expected that, especially in the group receiving
lower food quality, parental condition and egg quality would deteriorate with
the number of eggs laid and sex ratios would diverge more strongly.

The direction of the transient sex-ratio bias at the beginning of the extended
clutches was in our first experiment opposite to the predictions. We therefore
investigated in a second experiment whether this could be explained by the
removal of eggs in the first experiment. In the second experiment each pair
could produce two normal clutches: during the first clutch, the feeding regime
was kept the same as in the egg removal experiment, during the second clutch
the feeding regime was reversed.
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Material and Methods

We used 80 pairs of zebra finches (Taeniopygia guttata) raised in our colony
derived from commercial breeding stock. 40 pairs were assigned a high-quality
diet (henceforth abbreviated as HQ-diet and HQ-pairs), 40 pairs a low-quality
diet (LQ-diet and LQ-pairs). Birds had no prior breeding experience. They
were kept in unisexual groups (6 – 30 birds) before the experiment started, but
had visual and acoustic contact with individuals of the other sex. All rooms
had a photoperiod of LD 14:10 h (lights on at 09:00 a.m.), a temperature of
ca. 25◦ C and a relative humidity of 40 %–60 %. Birds were provided with
ad libitum tropical seed mixture (Teurlings, The Netherlands), water and a
cuttlebone for calcium supply. The diet was supplemented with egg food three
times a week. The floor of the cages was covered with sand and grit.

Birds were ranked according to body weight at the start of the experiment
and, moving from the heaviest to the lightest birds, males and females of similar
weights were paired and breeding pairs were alternately assigned to receive a
high-quality and a low-quality diet during breeding. There was no difference
in mean body mass, tarsus length or beak colour of birds assigned to high-
quality diet and low-quality diet at the start of the experiment. From the
first day of pairing onwards, the pairs received new diets. Pairs kept on low-
quality diet were provided ad libitum tropical seed mixture (Teurlings, The
Netherlands; protein content ca. 11 %), water and a cuttlebone for calcium
supply. The pairs kept on a high-quality diet received the same tropical seed
mixture and in addition daily fresh germinating seeds and egg food (Beaphar,
The Netherlands; protein content about 40 %) mixed with finely grated carrots
and lettuce.

Experiment 1

Each breeding cage contained a single nest box and hay for nest building ad
libitum. 30 pairs did not build in their nest boxes after 14 days and received
an additional open nest box that was more easily accessible. 23 of these pairs
started to build nests in the new nest box. During the first 30 days, nest boxes
were weighed every five days to assess the amount of nest material accumulated.
Nests were checked daily after 12 a.m. for eggs. Eggs were removed from the
nests, weighed to the nearest 0.01 gram and marked individually. Eggs were
incubated for four days in an incubator at 37.5◦ C and 65 % relative humidity
and thereafter frozen below −10◦ C until further processing.
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Experiment 2

From two months after the start of the egg removal experiment onwards, we
waited for each pair until females stopped laying for at least 3 days and let pairs
subsequently produce a normal clutch. Eggs were still removed, but they were
replaced with infertile zebra finch eggs. After one month, when most pairs
had laid eggs and were incubating, nest boxes were removed for three days.
Thereafter the feeding regime was reversed so that all pairs on the high-quality
diet received the low-quality diet and vice versa. Nest boxes were weighed 2, 4
and 6 days after being returned. Pairs produced a further clutch in which eggs
were replaced by infertile eggs.

Sex determination

For sex determination, frozen eggs were slightly thawed. Albumen, yolk and
embryos were separated and weighed to the nearest 0.1 mg. From a small
tissue sample of the embryos DNA was extracted using the Chelex method
(Walsh et al. 1991). Genotypic sex was determined by visualisation of DNA in
a agarose gel after amplification of sex-specific DNA sequences in a PCR using
primers optimised for zebra finches (Griffiths et al. 1996; Rutstein 2004).

Parental condition

At the start of the experiment, on the days a female produced her first and her
sixth egg, and at the end of experiment 2 (81 days after the start of experiment
1), male and female of this pair were weighed to the nearest 0.1 g, the furcular
and abdominal fat was scored and a digital picture of the beak was taken. The
day of the sixth egg was chosen because most zebra finch females lay up to 6
eggs and all females have at this stage invested in the same number of eggs. The
amount of fat was scored in nine classes (Falsterbø Bird Observatory) from 0
(no visible fat) to 9 (fat completely covers the musculus pectoralis) for furcular
depression and abdomen separately.

Beak colour is an indicator of a bird’s condition: its colour depends upon
the hormonal state (Cynx & Nottebohm 1992), diet (Zann 1996; McGraw &
Ardia 2003; McGraw et al. 2003) and capture rank in captive populations
(Birkhead 1998). Beak colours fade during the course of the reproductive
cycle (Burley et al. 1992; Zann 1994) and survival was found to be lowest
in females whose beaks faded the most (Burley 1980). Digital pictures of the
upper side of the beaks were taken at a fixed distance between beak and camera
using a Sony DSC-F717 digital camera and standard lighting with two 150
watt photocrescenta light bulbs (PF605 E/51, Philips). Digital pictures cannot
capture the colour perception of birds, as they are adjusted to human colour

51



CHAPTER 4

vision. In particular, they are unlike birds not sensitive in the UV-spectrum,
but zebra finch beaks do not reflect in the UV-range (Bennett & Cuthill 1994)
and most studies in zebra finches e.g. Burley & Coopersmith 1987; Burley
et al. 1992; Birkhead et al. 1998) use human visual matching of beak colours
to Munsell colour chips, which is said to correlate with spectrophotometric
measures (Birkhead 1998).

All experimental procedure were carried out under approval of the animal
experimentation committee of the University of Groningen, licence DEC 3001.

Data analysis

Data were analysed in Excel 2000, SPSS 11.0 and MLWIN 1.10.0006. Laying
intervals and parental fat scores were not normally distributed and analysed
using Mann-Whitney-U Tests (MWU-Test) and Wilcoxon-Tests. Clutch sizes,
parental weights and beak colour scores did not differ significantly from a nor-
mal distribution and were analysed parametrically (t-test). Nested data, such
as egg weights, embryo weights, yolk weights and albumen weights, egg fertil-
ity and offspring sex were analysed in MLWIN 1.10.0006 by hierarchical linear
models (Bryk & Raudenbush 1993) in a two level model using individual off-
spring nested within clutches. This model accommodates unbalanced data and
allows analyses of variance and covariance, while simultaneously taking the
nested relationships of offspring within clutches of individual pairs into ac-
count. We tested the effects of treatment, offspring sex and laying sequence, as
well as their interactions. Parameters were removed successively from the full
model, starting with the least significant highest interactions, while ensuring
that the amount of data used in the compared models remained the same. For
normally distributed data (weights) significance was tested using the increase
in deviance (δ deviance, which follows a χ2 distribution) when a factor was
removed from a model. All factors with a α < 0.1 were retained in the final
model.

Binary data (offspring sex and survival) were transformed by the logit link
function and analysed assuming an extrabinomial error distribution at the in-
dividual level for offspring sex ratios and offspring survival (Goldstein 1995).
Model parameters were estimated by second order penalised quasilikelihood es-
timation or (when models failed to converge) first order quasilikelihood (Gold-
stein 1995). Significance was tested using the Wald statistic, which follows a
χ2 distribution.

Beak colours were analysed in Adobe Photoshop 7.0 by selecting the beak
with the colour range tool (tolerance 50). The average amount of red, green and
blue, measured in a scale from 0–256 was calculated over all selected pixels (on
average ca. 5500 pixels) using the histogram tool. Colour scores were analysed
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by repeated measured ANOVA (after log transformation of female blue scores
to achieve normal distributions).

Results with α < 0.05 (two tailed) were regarded as significant. Data are
shown as means ± standard error of the mean (SEM) unless stated otherwise.

Results

Sex ratios Experiment 1

Zebra finch pairs on a low-quality diet (LQ-pairs) produced eggs with an av-
erage sex ratio (fraction of males) of 46 % (n = 22 pairs) while pairs on a
high-quality diet (HQ-pairs) produced a sex ratio of 53 % (n = 33 pairs). The
difference was not significant (Waldχ2 = 2.6, p = 0.1). Egg rank (Wald χ2 =
0.4, p = 0.5) and the interaction of egg rank and diet (Waldχ2 = 1.1, p = 0.3)
also had no effect on the sex ratio.

Sex ratios differed especially at the beginning of the extended clutches, while
they converged at the end (Figure 4.1, upper panel). In the first series of eggs
that was laid by each female with no more than two days of laying gaps (one
or two days of laying gaps were very frequent and occur regularly also during
normal laying in domesticated zebra finches; own observations), offspring sex
ratios of LQ-pairs were biased towards daughters with a sex ratio of 43 %
(n = 20 pairs) while sex ratios of HQ-pairs were biased towards sons with
a sex ratio of 57 % n = 28 pairs). These offspring primary sex ratios were
significantly different between diets (Wald χ2 = 4, p < 0.05). Most females laid
4 – 7 eggs and only two laid more than 11 eggs before interrupting laying for
several days, so that this first series of eggs corresponded approximately to the
size of a normal zebra finch clutch. In this ‘first clutch’, sex ratios decreased
slightly with egg sequence, but not significantly so (Waldχ2 = 2.2, p = 0.1)
and there was no significant effect of the interaction of position in the laying
order and diet (Waldχ2 = 0.04, p = 0.8).

Offspring sex ratios of this ‘first clutch’ were not affected by egg rank category
(Wald χ2 = 0.9, p = 0.3) or by the interaction of egg rank category and diet
(Waldχ2 = 0.3, p = 0.6), when categorising the relative position in the laying
sequence in the same way as in a recent study (Rutstein 2004), which did find
a significant effect of the interaction of egg category and diet on primary sex
ratios. Another study (Arnold et al. 2003) reported that primary sex ratios
increased with clutch size on a low-quality diet while they decreased with clutch
size on a high-quality diet. We found no evidence for such an effect in our
study: there was no effect of the interaction of clutch size (total number of eggs
produced) and diet on offspring sex ratio (Waldχ2 = 0.2, p = 0.7) and neither
an overall effect of clutch size on offspring sex ratio (Waldχ2 = 0.2, p = 0.7).
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Figure 4.1: Offspring sex ratios with respect to diet and position in the laying
order during the egg removal period (upper panel) and the proper
clutches produced thereafter (lower panel)
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The main difference in the set-up of this experiment and other studies is
the continuous removal of eggs during laying. The primary sex ratio of the
first two eggs cannot be influenced by the egg removal, because the second
egg is ovulated and fertilised when the first egg is laid and removed from the
nest. Interestingly, offspring sex ratios decreased strongly from egg 1 (67 %
males) to egg 2 (36 % males) in the group receiving food of high quality and
increased from egg 1 (43 % males) to egg 2 (58 % males) in the group receiving
food of low quality (Figure 4.1). This resembles the effect of an interaction of
egg rank and diet found in previous studies and the effect of the interaction
of egg number and diet on the primary sex of egg 1 and egg 2 was significant
(Waldχ2 = 5.7, p < 0.05).

Sex ratios Experiment 2

To further investigate whether our results might have differed from other studies
due to the removal of eggs, we discontinued the egg removal and let female
produce a second normal clutch. In this clutch, LQ-pairs produced eggs with
an average sex ratio of 44% (n = 25 pairs) and HQ-pairs also produced a sex
ratio of 44 % (n = 17 pairs)(Figure 4.1, lower panel).

There was neither an effect of egg rank nor an effect of the interaction of
egg rank and diet on the sex ratio (both Waldχ2 < 0.2, p > 0.9). Only over
the first two eggs, sex ratios decreased – like over the first two eggs laid during
experiment 1 – from egg 1 (48% males) to egg 2 (36 % males) in the group
receiving food of high quality and increased from egg 1 (33 % males) to egg 2
(60 % males) in the group receiving food of low quality, a significant effect of
the interaction of egg number and diet (Waldχ2 = 4.4, p < 0.05).

In the third clutch, which was laid under the reversed feeding regime, LQ-
pairs produced eggs with an average sex ratio of 50% (n = 27) and HQ-pairs
a sex ratio of 54% (n = 19)(Figure 4.1, lower panel). There was no effect
of egg rank or of the interaction of egg rank and diet on the sex ratio (both
Waldχ2 < 0.4, p > 0.5).

Breeding Experiment 1

HQ Pairs had on average 50 % heavier nests during the six measurement oc-
casions within 30 days after pairing than LQ-pairs (F1,78 = 4.1, p < 0.05).
Females on the high-quality diet started to lay on average 3 days earlier than
females on the low-quality diet, but this difference was not significant (Ta-
ble 4.1). HQ females laid about 25 % more eggs than LQ females, a significant
difference (Table 4.1). Under the high-quality diet egg weights increased by
4± 0.5 mg for each egg laid, while there was no change under the low-quality
diet (Figure 4.2). This effect of the interaction of treatment and position in the
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Table 4.1: Breeding performance of pairs breeding under a high-quality (HQ)
and low-quality (LQ) diet

a) egg laying during egg removal period
HQ LQ Test-value p

onset of laying (range) 9 (3–53) 12 (4–74) MWU: U = 475 0.08
eggs laid ± SEM 16.2 ± 1.6 12 ± 1.1 t-test: t = 2.2 < 0.05
egg weight ± SEM 1.06 ± 0.02 1.02 ± 0.02 t-test: t = 1.6 0.1
proportion sexed 67% 56% Wald χ2 = 1.7 0.2

b) second clutch
HQ LQ Test-value p

eggs laid ± SEM 4.9 ± 0.3 3.4 ± 0.4 t-test: t = 3.3 < 0.01
egg weight ± SEM 1.09 ± 0.03 0.97 ± 0.02 t-test: t = 3.4 < 0.01
proportion sexed 70% 54% Wald χ2 = 1.6 0.2

c) third clutch
HQ LQ Test-value p

eggs laid 3.9 ± 0.4 4.3 ± 03 t-test: t = 0.8 0.4
egg weight ± SEM 0.99 ± 0.02 1.04 ± 0.02 t-test: t = 1.4 0.2
proportion sexed 62% 70% Wald χ2 = 0.4 0.5

laying sequence was highly significant (δ deviance = 11, p < 0.001), although
average egg weights did not differ significantly between treatments (Table 4.1).

Breeding Experiment 2

Second clutches of females on the high-quality diet were by 1.5 eggs larger than
clutches of females on the low-quality diet (Table 4.1), a significant difference.
Egg weights under the low-quality diet decreased with 20 ± 5 mg for each egg
laid while there was no change under the high-quality diet (Fig 2). This effect
of the interaction of position in the laying sequence and diet was significant (δ
deviance = 4.4, p < 0.05). On average, the eggs females on the high-quality
diet were about 10% heavier than eggs of females on the low-quality diet (Table
1).

2, 4, and 6 days after the reversal of the feeding regime and return of the nest
box, new nests were weighed and were on these days on average 25% heavier
in the new LQ-group (F1,78 = 4.9; p < 0.05), indicating that the diet before
reversal still had an effect on this breeding attempt. Clutch sizes were larger
by 1/2 egg and egg weights were heavier by 5 % in the group that switched
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Figure 4.2: Egg weights with respect to diet and position in the laying order

from the high-quality diet to the low-quality diet, but this difference was not
significant (Table 4.1), and egg weights were not significantly affected by the
position in the laying sequence or the interaction of treatment and position in
the laying sequence (Figure 4.2).

Parental condition

Neither female nor male weights differed with respect to diet at any stage during
the experiment (all |t| < 1.2, p > 0.2). Likewise, there was no difference with
respect to diet in female or male fat scores (MWU-Tests, all p > 0.07). Only
on the day when females laid their first egg, LQ-females had slightly higher
furcular fat scores (mean ± SEM: LQ-females: 5.3±0.2; HQ-females; 4.7±0.2;
MWU-Test: U = 338, p < 0.01). Beak colour scores of both males and females
decreased from the start to the end of the experiment, but treatment did not
affect beak colours or the change in beak colour.

Discussion

In the first series of eggs that was laid with gaps of less than two days, sex
ratios were biased towards females in the group receiving food of low quality
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and biased towards males in the group receiving high food quality. Under
normal circumstances it is unlikely that eggs disappear continuously one by
one. Therefore a mechanism to bias the sex ratio in zebra finches might be
constrained to the range of normal clutch sizes. This could explain why the
sex ratio was biased only in these eggs, not in the eggs laid thereafter, but
this interpretation of our findings requires further verification. The direction
of the sex ratio bias was opposite to what was predicted based upon previous
research.

In the first two eggs of the removal clutch sex ratios strongly decreased from
egg 1 to egg 2 under the HQ-diet and increased from egg 1 to egg 2 under the
LQ-diet. This corresponds with the findings of two other studies (Rutkowska &
Cichón 2002; Rutstein 2004) on the relation of primary sex ratios with diet and
laying sequence. Egg 1 and egg 2 are particular in that their sex cannot have
been affected by the egg removal because ovulation of the second egg occurs
approximately around the time the first egg is laid in species laying daily an
egg (Sturkie 1986).

Therefore we thought that the sex ratio of the eggs laid thereafter was biased
opposite to the expectations due to the removal of eggs and let the birds in
experiment 2 produce two clutches without removing eggs. The first two eggs
of the first clutch of experiment 2 showed the same increase and decrease of
the sex ratio bias as the first two eggs of the egg removal experiment. We
expected that the remaining eggs would show an opposite bias as found in the
egg removal experiment: more female-biased sex ratios under the high-quality
diet and more male-biased sex ratios under the low-quality diet. We found no
sex ratio bias at all, suggesting that egg removal cannot explain the difference
in sex ratios between the egg removal experiment. However, it is likely that
there are after-effects from the egg removal period as the initial treatment even
influenced the results of the third clutch. This question should therefore be
investigated again using unexperienced birds.

Table 4.2 summarises all studies on offspring sex ratios in zebra finches with
respect to the feeding regime before or during egg laying. Seven independent
studies report a male-biased primary (3 studies) or secondary (4 studies) sex
ratio when food quality or perceived availability is low and female-biased off-
spring sex ratios when food quality or perceived availability is high, although
the bias is not statistically significant in all cases. Our own study yields the
opposite effect (experiment 1, significant for a sub-sample) or no effect (exper-
iment 2).
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In addition, offspring sex ratios were frequently correlated with position in
the laying or hatching order (Table 2): in two studies sex ratios decreased
with the laying sequence when food quality was high and increased when food
quality was low, in one study they decreased slightly (and more when food
quality was low) and in one study sex ratio increased with hatching order
under both feeding regimes (other studies do not report the relation of the sex
ratio with the laying or hatching order).

Can the inconsistencies in the strength of the overall bias of the offspring
sex ratio and the effect of the laying or hatching order in different studies
be explained by differences in their set-up? The main difference between the
studies concerns the timing of the treatment with respect to egg laying and
details in the diets offered.

The quality and timing of the feeding regime during egg laying may affect
the costs and benefits of producing sons and daughters in three ways. First,
it may directly influence the quality of the eggs produced and young hatching
from them. Second, it may influence maternal condition and her ability to
rear the young. Third, it may act as a predictor for environmental conditions
during development of the young. The proximate regulation of sex ratio adjust-
ment could differ depending on these possible ultimate functions of sex ratio
adjustment. In the first two cases, a direct effect on egg quality or maternal
condition would be a requirement and we would expect correlations of the sex
ratio with, e.g., egg size or maternal weight. The fact that differences in the
perception of food availability alone (Kilner 1998) are sufficient to induce sex
ratio adjustment suggests that the actual amount or type of food and therefore
differences in egg quality or maternal condition are irrelevant and that the third
possibility is more likely, that the environmental conditions during rearing of
the young have selected for sex ratio adjustment.

The study by Bradbury and Blakey (1998) changed the feeding regime about
three months before breeding compared with less than two months for all other
studies and changes in feeding regime even on the day of the first egg in the
study by Rutkowska (2003). In that study sex ratios increased with the laying
sequence only in the group that experienced a deterioration of food quality on
the day of the first egg, while there was a slight decrease of the sex ratio with
the laying sequence in the group receiving higher quality diet after laying of
the first egg. Because in the study of Kilner (1998) sex ratios increased with
the hatching order under both treatments, this result suggested that birds re-
sponded rapidly to the change in diet. However, a more recent study (Rutstein
2004) found that sex ratios increased with the laying sequence under low-quality
diet and decreased under high-quality diet even without a change of the diet.

In conclusion, the effects of the feeding regime in different studies on offspring
primary sex ratios are inconsistent in that these effects depend in various ways
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upon the position in the laying order or clutch size. This needs further clarifi-
cation. Because of the strong effects on the primary sex ratio, manipulations of
the feeding regime in zebra finches appears a promising tool to study primary
sex ratio adjustment in birds. It has been suggested that variation in the sex
ratio within the laying sequence might be due to a sex difference in follicular
growth (Ankney 1982; Krackow 1995a). As removal or addition of eggs at dif-
ferent times before and during egg laying has very strong effects on the atresia
of growing and the recruitment of new follicles (Haywood 1993), this may be a
useful approach to study sex ratio adjustment.
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Abstract

Treatment of female zebra finches (Taeniopygia guttata) with 17-β-estradiol
leads to a female biased sex ratio in their offspring at the age of independence
(Williams 1999). It is unclear whether this is due to a bias of the primary sex
ratio or to sex specific survival. We replicated this experiment and found again
a significantly higher total number of daughters than sons at independence
in the estradiol treated group. This was due to higher embryonic survival of
daughters compared with sons in the estradiol treated group and the reverse
in the control group. There was no effect of the hormone treatment on the
primary sex ratio. Treatment with 17-β-estradiol led to a significantly shorter
hatching time and to heavier offspring at day 7 after hatching. This weight
was correlated with maternal plasma estradiol levels on the day of the first
egg, which were significantly higher in the estradiol treated group than in the
control group. The results do not support the idea that maternal estradiol
levels influence the primary sex ratio. They indicate that maternal estradiol
differentially affects survival of sons and daughters via an influence on the
embryonic environment, possibly enhancing offspring growth.
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Introduction

Systematic biases of offspring sex ratios have been reported in many avian
species (reviewed by Clutton-Brock 1986; Sheldon 1998; Komdeur & Pen 2002;
Hasselquist & Kempenaers 2002). These biases suggest that some bird species
can manipulate the number of their male and female offspring either at the
time of egg production (Dijkstra et al. 1990; Komdeur et al. 1997; Kilner
1998) or by influencing sex specific mortality during embryonic or post-hatching
development (Clutton-Brock et al. 1985; Griffiths 1992; Dijkstra et al. 1998).

Mechanisms of primary and secondary sex ratio adjustment have hardly been
studied (Krackow 1995a; Krackow 1995b; Komdeur & Pen 2002). It has been
speculated (Krackow 1995a; Petrie et al. 2001; Müller et al. 2002) that ma-
ternal steroid hormones may play a role in primary sex ratio adjustment. Pri-
mary and secondary offspring sex ratios in zebra finches vary with respect to
the laying or hatching order and change when food or mate attractiveness are
manipulated (Burley 1981; Burley 1986c; Clotfelter 1996; Kilner 1998; Brad-
bury & Blakey 1998; Rutkowska & Cichón 2002; but Zann & Runciman 2003).
Some of these factors also affect maternal hormones deposition of female zebra
finches into eggs (Gil et al. 1999). Evidence that maternal hormones may be
involved in secondary sex ratio adjustment comes from a study by Williams
(1999). He injected female zebra finches (Taeniopygia guttata) prior to egg
laying with 17-β-estradiol. These females produced significantly more female
than male fledglings. Because nestling mortality was increased by the treat-
ment with estradiol the author attributed the female biased fledgling sex ratio
tentatively to increased male mortality - assuming an even primary sex ratio.
However, the possibility of an effect on the primary sex ratio could not be ruled
out.

While there is no evidence for an effect of hormones on the primary sex ratio,
estradiol may in principle influence the primary sex ratio by affecting which sex
chromosome remains in the egg during the meiotic division or by reabsorption of
eggs of a certain sex (Krackow 1995a). The hormone could also lead to a bias of
the secondary sex ratio by affecting mortality in a sex specific way. This might
be caused directly by the transfer of the hormone from the maternal circulation
to the egg (Riddle & Dunham 1942; Adkins-Regan et al. 1995) or indirectly by
an effect of estradiol on egg composition (Brant & Nalbandov 1956; Christians
& Williams 1999) or parental behaviour (Hutchison et al. 1967; Steel & Hinde
1972; Runfeldt & Wingfield 1985; Wingfield 1994).

We studied whether maternal estradiol treatment affects the primary sex
ratio and sex specific survival. We treated female zebra finches in the same way
as Williams (1999). In addition to sexing surviving offspring we determined
the primary offspring sex ratio by sexing unhatched embryos that died before
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hatching and dead hatchlings. We also investigated the effect of the treatment
on maternal hormone levels, parental behaviour, and offspring growth.

Material and Methods

Treatment design and animal care

The experiment was conducted in two batches: in 2000 we used 22 control
and 21 experimental pairs. Because of high hatchling mortality we repeated
the experiment in 2001 with another 15 control and 35 experimental pairs to
increase the sample size. Birds were kept in a light dark schedule of LD 14:10 h.
They were provided with a tropical seed mixture (Teurlings, The Netherlands),
water, cuttlefish bone, and grit, all ad libitum, that was supplemented with egg
food three times weekly. Virgin females from a unisex flock were used. They
were alternately assigned to control and estradiol treatment and placed into 20
× 40 × 30 cm cages.

On four successive days, females were given a single injection of 30 µg 17-
β-estradiol in 20 µl 1,2-propanediol into the breast muscle. Control females
received 20 µl 1,2-propanediol vehicle only. To estimate the short term effect
of the injections on plasma estradiol levels a blood sample was taken from the
jugular or ulnar vein in the 2000 study for hormone determination, starting
at 2:45 h (control n = 8; estradiol n = 9) or 4:15 h (control n = 6; estradiol
n = 11) after the third injection. Birds were blood sampled in the same order
as they were injected.

Immediately after the fourth injection nest boxes, nest material and a ran-
domly chosen male were added to each cage. There was no significant difference
in the time from the last injection and pairing until birds laid their first egg
(MWU-Test: U= 719, p = 0.7) and no difference in clutch size (MWU-Test:
U =675, p = 0.4) between the control and the estradiol treated group. Each
pair could produce and raise the offspring of one clutch. Nests were checked
daily for new eggs. Fresh eggs were weighed and marked individually with a
non-toxic pen. To obtain an estimate of the onset of incubation, we felt at
each check (i. e., once daily) whether eggs were warm. While incubation be-
gins gradually, continuous incubation typically starts approximately when the
third or fourth egg is laid (El-Wailly 1966; Zann & Rossetto 1991) and this
transition is easily established by our protocol.

In the first series (2000) parental incubation behaviour was assessed during
the first ten days after pairing. Each pair was observed twice daily for 15
minutes: once in the morning, once in the afternoon. At each full minute we
recorded if the parents were sitting in the nest box. The total count of full
minute scans during which the birds were sitting on the nest box was used in
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the analysis.
We took a blood sample from the females on the day of the first egg to

measure plasma estradiol levels. Higher estradiol levels at this stage would
indicate the possibility of higher estradiol levels in the egg as yolk steroid
hormones appear to be related to plasma steroid hormones (Schwabl 1996b) and
steroid hormones can be transferred from the circulation to the yolk (Adkins-
Regan et al. 1995).

Around the expected time of hatching (12 days after laying) nests were
checked up to three times daily to determine the hatching order. Hatchlings
were individually marked and later ringed. All unhatched eggs, dead hatchlings
or fledglings were collected and a tissue/blood sample taken for sex determi-
nation. Molecular sex determination was done by amplification of sex specific
gene sequences (Griffiths et al. 1996). Surviving young were also sexed by phe-
notype. Genotypic and phenotypic sex corresponded except for one phenotypic
male, who was consistently sexed as a female by the molecular sex determina-
tion. It is still unclear whether this is due to polyploidy, a mutation affecting
the molecular sexing, or abnormal sexual differentiation. To be conservative
with respect to our hypothesis, we included this bird as a male in the analysis
because it was from the estradiol treated group for which we predicted a larger
number of female offspring. Young were weighed on the day of hatching and
on day 7 to the nearest 0.01 g. In 2001 weight to the nearest 0.1g and tarsus
length to the nearest 0.1mm (including the heel) were also measured on day
40.

All experimental procedures were carried out under approval of the animal
experimentation committee of the University of Groningen (licenses DEC 2328
and DEC 2668).

Hormone analysis

Estradiol in plasma samples was measured by radioimmunoassay. After cen-
trifugation of blood samples (10 min at 2000 RPM) a measured amount of
plasma (circa 70 µl) was extracted on extrelut-columns and celite-columns
(Wingfield & Farner 1975; Vining 1980). The samples were extracted and
assayed in two batches. In brief, a known amount of radioactive estradiol (ca.
2000 CPM) was added to each plasma sample to assess extraction efficiency
and samples were kept for two hours at 4-10◦ C for equilibration. Plasma sam-
ples were transferred to glass pipettes filled with 0.3g extrelut and extracted
with 4× 1 ml diethylether. After evaporation of the ether the samples were re-
dissolved in 1 ml 2 % ethylacetate (EA) in isooctane (IO) and transferred onto
celite columns. Samples were extracted with pure IO, 2 % EA/IO, 10% EA/IO,
20 % EA/IO and 40 % EA/IO to separate different steroid hormones and re-
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move estrone (Wingfield & Farner 1975), which crossreacts (130%) with the
antibody used (E17-94, Endocrine Sciences). The fraction containing estradiol
(40% EA/IO) was dried and redissolved in 250 µl assay buffer.

100 µl of this sample was used to assess extraction efficiency by counting the
amount of radioactivity recovered. These individual recoveries were used for the
calculation of hormone levels (average recovery 55 %). Another 100 µl of sample
were used for the radioimmunoassay according to the methods of Wingfield and
Farner (1975). Parallelism of the standard curve and dilution curves of three
extracted samples was assessed and calculated according to Rodbard (1974).
All sample dilution curves were parallel by eye and their slopes did not differ
statistically from the standard curve (all p > 0.1). Sensitivity of the assay
(mean−2 standard deviations of the zero dose) was 4 pg/assay tube. Accuracy
of the assays was assessed by extracting and assaying a plasma pool of males
with undetectable levels of estradiol to which known amounts of estradiol had
been added in duplicate. 20 pg, 25 pg, 50, pg, 100 pg and 500 pg were recovered
as 22,pg (CV 67 %), 21 pg (CV 13 %), 53 pg (CV 17 %), 118 pg (CV 13 %)
and 522 pg (CV 1 %). The accuracy was high on average (105 %), but some
duplicates had high variability. No intra-assay variance could be calculated
from the female samples due to their small volume, but the accurate recovery of
known amounts and the parallelism of diluted samples with the standard curve
indicate that the method results in reliable estradiol measurements. While
the relative high variability reduces the power of detecting small differences it
should have little effect on our conclusions as we average in the analysis over a
large number of females.

Statistical analysis

Data were analysed in Excel 2000, SPSS 11.0 and MLWIN 1.10.0006. Hor-
mone data, clutch sizes, onset of laying and hatching time were not normally
distributed and were analysed non-parametrically by Mann-Whitney-U Test
(MWU-Test), Wilcoxon Signed Rank Test and Spearman rank correlations.
Egg weight, offspring weight and size and parental incubation behaviour were
normally distributed and analysed by parametric statistics (t-tests, ANOVA,
Pearson correlation).

Overall sex ratio, using the total numbers of male and female offspring pro-
duced, was analysed by the binomial test as in the study by Williams. In
addition, and more correctly, we tested brood sex ratio (average sex ratio over
all young of a female), offspring survival and weight in MLWIN 1.10.0006 by
hierarchical linear models (‘HLM’; Bryk & Raudenbush 1993) in a two level
model using individual offspring nested within broods. Non-significant inter-
actions and main factors with a p value > 0.1 were removed successively from
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the full models in a stepwise backward approach.

Binary data (offspring sex and survival) were transformed by the logit link
function and analysed assuming a binomial error distribution on the individual
level. Second order penalised quasilikelihood estimation was used (Goldstein
1995). Significance of fixed effects was tested using the Wald statistic, which
follows a χ2 distribution. Weight data were normally distributed and not trans-
formed and significance was tested with the t-distribution using the ratio of
estimate by standard error.

Results with an α < 0.05 (two tailed) were regarded as significant. Data are
shown as means ± standard error of the mean (SEM) unless stated otherwise.

Results

Effect of the treatment on plasma levels of 17-β-Estradiol

To establish whether our treatment resulted in elevated plasma levels we anal-
ysed blood samples on the day of the third injection and during the time of egg
laying. Median plasma estradiol levels on the day of the third injection were
not significantly higher in the estradiol group (n = 20 : 930 pg/ml, interquar-
tile range 1740 pg) than in the control group (n = 14 : 730 pg/ml, MWU-Test,
U =113, p = 0.6, interquartile range 2740 pg). There was no indication that
the time lag from injection to sampling had an effect on plasma estradiol levels
either in the control group (lag 2:45 h, n = 6; lag 4:15 h, n = 6: MWU-Test:
U =22, p = 0.8) or the estradiol group (lag 2:45 h, n = 9; lag 4:15 h, n = 11:
MWU-Test: U =48, p = 0.9). Also, sampling order had no effect on estradiol
levels (Spearman rank correlations: control group (n = 14): r = 0.18, p = 0.5;
estradiol group (n = 20): r = 0.074, p = 0.8).

On the day of laying the first egg median plasma estradiol levels in the
estradiol group (526 pg/ml, interquartile range 400,pg) were significantly higher
than in the control group (265 pg/ml, interquartile range 260 pg) (MWU-Test:
U =374, p < 0.05). There was no significant difference in the interval between
the last injection and the laying of the first egg and this interval was not
correlated with estradiol levels on the day of the first egg (Spearman rank
correlations: control (n = 27), r = −0.04, p = 0.8; estradiol (n = 44), r =
−0.13,p = 0.4). Plasma estradiol levels on the day of the third injection were
also not correlated with plasma estradiol levels on the day of laying the first
egg. (Spearman rank correlations: control group (n = 12), r = −0.32, p = 0.3;
estradiol group (n = 15), r = 0.13, p = 0.7).
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Figure 5.1: Brood sex ratios (% males) at the egg stage, at hatching and at
independence (day 40). Dots show sex ratios of individual broods,
bars the average brood sex ratio. Numbers below bars indicate
number of broods.

Effect of the treatment on sex ratio and sex specific mortality

The sex ratio of offspring surviving to independence was significantly female
biased in the estradiol treated group (34 sons, 56 daughters, binomial test,
p < 0.05; Figure 5.1) while in the control group no deviation from 50 % was
found (21 sons, 22 daughters, binomial test, p = 1; Figure 5.1). This confirms
the results of Williams with the same statistical test he used. We also tested
the effect on brood sex ratios more correctly in a hierarchical lineal model,
thus taking into account the nested relationship of siblings. In this model the
brood sex ratios of estradiol treated and control group were not significantly
different from each other at the egg stage (Waldχ2 = 0.6, p = 0.4), at hatch-
ing (Waldχ2 = 2.6, p = 0.1) or at independence (Wald χ2 = 1.5, p = 0.2;
Figure 5.1). There is thus no clear support for an effect of the treatment on
offspring sex ratio at egg laying, hatching or fledging. However, the fact that
a similar result has been obtained in two independent studies makes it in our
opinion worthwhile to further investigate the potential effect of maternal estra-
diol on offspring sex ratio.

We also analysed the effect of the treatment on sex differences in survival, a
more powerful way to detect sex specific effects as it makes use of the whole
data set and looks at the change in the number of sons and daughters over de-
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Figure 5.2: Averages of embryonic survival of sons and daughters in broods
of control and estradiol treated females in two batches (2000 and
2001). Numbers in brackets indicate number of broods.

velopment, while the analysis of sex ratios is restricted to the difference between
treatments at each developmental stage. Using the proper statistical approach
of the hierarchical linear model (HLM) there is clear support for an effect of the
treatment on sex specific survival during the embryonic stage (treatment×sex
interaction effect: Wald χ2 = 4.3, p < 0.05): daughters survived better than
sons in the estradiol-treated group, while the reverse was true for the control
group (Figure 5.2), resulting in a decrease in the sex ratio only in the estradiol-
treated group (Figure 5.1). During the nestling stage female nestlings tended
to survive less well than male nestlings in both groups, leading to a further
decrease of the sex ratio (sex effect: Waldχ2 = 2.8, p < 0.1, Figure 5.2).

There was a significant effect of the interaction of year and treatment on
nestling survival and on overall survival (survival during the embryonic and
the nestling phase combined: Waldχ2 = 3.9, p < 0.05): in 2000 both offspring
sexes of the control group survived better than those of the experimental group
(nestling and overall survival respectively: control: 57% and 35 %; estradiol:
38 % and 17 %) while it was the reverse in 2001 (nestlings and overall respec-
tively: control: 60 % and 39 %; estradiol: 80% and 60%). One reason for this
year difference may be that despite the random assignments of females to the
treatments, estradiol-treated females were lighter than control females even be-
fore the start of the treatment in 2000 whereas there was no weight difference
in 2001 (treatment×year interaction effect; t = 3.25, p < 001).

71



CHAPTER 5

Figure 5.3: Average hatching time ± SEM (days between laying and hatching
of an egg) in relation to the position of the egg in the laying order
and treatment. Numbers above graph indicate sample sizes.

Effect of the treatment on offspring development and
incubation behaviour.

The treatment most strongly affected embryonic survival of sons and daughters.
We therefore looked whether this might be related to sex specific effects of
the treatment on egg weights, offspring development or parental behaviour.
There was no overall effect of treatment on egg weight (HLM: control (n = 26
clutches), estradiol (n = 43 clutches); t = 0.5, p = 0.6) and no sex difference
in egg weights (t = 1., p = 0.2) and no interaction effect of treatment and sex
(t = 0.3, p = 0.8).

Treatment had an effect on hatching time: young from the estradiol treated
group hatched about half a day earlier than control young, hatching time being
calculated for each individual egg as the time between laying and hatching of
the egg (control (n = 18 clutches): median 14.1 (range: 13-19) days, estradiol
(n = 32 clutches): 13.7 (range: 13-18) days; MWU-Test, U =,177, p < 0.05;
Figure 5.3). There was no sex difference in hatching time when comparing
within clutch average hatching times of sons with daughters (n = 27, Wilcoxon-
Signed Rank Test: z = 0.9, p = 0.4).

Daily checks of egg temperature indicated that both groups started to incu-
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Figure 5.4: Correlation of average offspring weight on day 7 with maternal
plasma estradiol levels on the day of the first egg. Also shown are
the means ± SEM of estradiol levels and offspring weights.

bate at the same time, approximately when they had laid three eggs (Control
(n = 37 clutches): 3.6 eggs, estradiol (n = 56 clutches): 3.4 eggs, t = 0.68,
p = 0.5). Behavioural observations from the first year on incubation behaviour
of parents during the first ten days after injection gave no evidence that control
and estradiol-treated parents differed in the amount of time they were sitting
on the nest (repeated measures ANOVA, treatment: F1,22 = 0.01, p = 0.9,
treatment×day after injection: F10,22 = 0.63, p = 0.8).

After hatching, young of estradiol treated females were heavier than young of
the control group at day 7 during the rapid growth period halfway through the
nestling period (HLM: mean ± SEM: control (11 broods): 3.7±0.3 g; estradiol
(22 broods): 4.6± 0.2 g; t = 2.2, p < 0.05, Figure 5.4: see means ± SEM). The
same result was obtained in a model including egg weight, which significantly
affected offspring weight at day 7 (t = 2.1, p < 0.05). There was no effect of
sex (t = 0.8, p = 0.5) or of the interaction of treatment and sex on body mass
at day 7 (t = 0.2, p = 0.9). On day 40, offspring were measured only in 2001
and neither treatment nor sex nor their interaction had a significant effect on
offspring weights (HLM: control (n = 26 broods), estradiol (n = 43 broods):
treatment effect: t = 1.3, p = 0.2 sex effect: t = 0.3, p = 0.7; treatment×sex
interaction effect: t = 0.2, p = 0.9) or tarsus length at day 40 (treatment effect:
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t = 1.9, p = 0.07; sex effect: t = 1.9, p = 0.07, treatment×sex interaction effect:
t = 1, p = 0.3).

Effect of estradiol levels on survival, hatching time and
offspring weight

We also looked whether there was a direct relationship of plasma estradiol
levels during egg laying with the observed sex differences in survival, the faster
hatching time and early growth. This would support the idea that natural
variation in maternal estradiol could affect offspring sex ratios.

Plasma estradiol levels at the day of the first egg did not correlate with
offspring primary sex ratio (Waldχ2 = 0.1p > 0.6) and there was no interaction
effect of estradiol level and sex on embryonic survival (Wald χ2 = 0.9, p = 0.3).
There was no relationship between plasma estradiol levels at the day of the first
egg and average hatching time of clutches (Spearman rank correlation (n = 45):
r = −0.11, p = 0.5). Offspring weight on day 7 was positively associated with
plasma levels of estradiol on the day the first egg was laid (HLM, t = 3.8,
df = 27, p < 0.001, Figure 5.4) in both estradiol treated and control group.
There was no main effect of treatment (p > 0.8) and no interaction effect of
treatment and plasma estradiol levels on offspring weight at day 7 (p > 0.2).

Discussion

We were able to replicate the findings of Williams regarding the effect of treat-
ing female zebra finches with estradiol (Williams 1999). Overall, the estradiol
treated females produced significantly more daughters than sons at fledging
whereas the sex ratio in the control group did not differ from 50 %.

Williams suggested that the female biased offspring sex ratio of the estradiol
treated group at fledging was caused by higher nestling mortality of males
as he found significantly higher nestling mortality in this group. He could not
exclude the possibility of primary sex ratio adjustment or sex specific embryonic
mortality. We did not find an effect of the estradiol treatment on the primary
sex ratio. We did find that the estradiol treatment affected survival during the
embryonic stage in a sex specific manner, favouring survival of daughters over
sons.

In contrast to Williams’ study we did not find increased nestling mortality
in the estradiol treated group compared to the control group. Mortality in our
study might have been higher already during the embryonic stage because we
used birds without breeding experience while Williams used experienced birds.
The behavioural observations during incubation and the accidental selection of
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lighter females for the estradiol treated group in 2000 may be responsible for
the low nestling survival in the experimental group in 2000.

What could cause the sex difference in embryonic mortality? We consider
three possibilities in the following sections: Yolk hormones, other egg compo-
nents and parental behaviour.

Yolk hormones

The exogenous estradiol may have been transferred to the egg yolks (Adkins-
Regan et al. 1995). An indirect indication for elevated egg hormone levels in
the experimental group are the maternal plasma estradiol levels on the day
of the first egg which are likely to be reflected by hormone levels in the egg
(Adkins-Regan et al. 1995; Schwabl 1996a). These plasma levels were higher
in the estradiol-treated group at the time of laying the first egg and thus yolk
formation of at least the later laid eggs as yolk formation takes about 3 days
(Dijkstra et al. 1990; Daan et al. 1996). We expected that plasma levels
would have been higher on the day of the third injection in the experimental
group. However, estradiol is cleared from the circulation rapidly (Tsang &
Grunder 1984) so that plasma estradiol levels could be back to baseline within
3-4 hours at the time point we took blood samples. The higher estradiol levels
on the day of the first egg must then result from a feedback or priming effect.
Alternatively, the estradiol might be released slowly from the propanediol at
the injection site into the bloodstream, leading to higher plasma estradiol levels
in the estradiol treated group only by the time of egg laying.

In other bird species (Taber 1964; Adkins-Regan 1981) increased yolk estra-
diol in zebra finches negatively affected male sexual differentiation, leading to
feminisation of the testes (Wade et al. 1997). Male embryos produce very little
estradiol unlike females and may therefore not have evolved protective mech-
anisms against potential harmful effects of estradiol. One such harmful effect
may be the shortened period of embryonic development in offspring of estradiol
treated females. Also female birds can be negatively affected by exposure to
high levels of estradiol before hatching (Dawson 2000), in zebra finches at least
after hatching (Mansukhani et al. 1996; Millam et al. 2001). Females may be
less affected by increased estradiol levels than males since estradiol is required
for normal female embryonic development (Elbrecht & Smith 1992; Wade &
Arnold 1996).

Other egg components

Estradiol stimulates the production of yolk precursors in the liver and albu-
men in the magnum and can affect egg composition (Brant & Nalbandov 1956;
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Christians & Williams 1999). Albumen and its water content enhance embry-
onic protein synthesis and structural growth (Muramatsu et al. 1990; Finkler
et al. 1998). Interestingly, experimental reduction of albumen content is more
detrimental for female than male growth (Hill 1993). As yolk and albumen
mass were not determined we cannot exclude that differences in egg composi-
tion might have affected survival in a sex specific way.

Parental behaviour

Estradiol enhances broodpatch development (Hutchison et al. 1967; Jones
1971) and female nest building behaviour (Steel & Hinde 1972). Increased
heat transfer and better nest insulation may increase the speed of embryonic
development. If males and females differ in survival according to incubation
temperature or temperature fluctuation this might also lead to sex specific sur-
vival. We recorded the onset of incubation and parental incubation behaviour
during daytime observations and found no difference in relation to treatment.
We have thus no evidence that the effect of the estradiol treatment on hatching
time and sex specific survival might have been mediated by parental incubation
behaviour, but this possibility should be investigated in more detail.

In conclusion, our study shows that maternal estradiol can play a role in sex
allocation in the zebra finch, not by acting upon the primary sex ratio but by
affecting sex specific survival. It remains to be shown if estradiol is transferred
to the egg and causes the observed effects directly or if other egg components
or parental behaviour are responsible.
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Casper Kraan, Guido Meeuwissen, Sjoerd Veenstra, Roelie Veenstra-Wiegman,
Alessandra Rossi, Britta Schaffmeister, Thijs Overveld. We also thank three
anonymous referees for their comments. This study was supported by NWO
grant No 810.67.024.

76



Chapter 6

Elevation of yolk testosterone abolishes sex
differences in begging and growth of zebra finches.

Nikolaus von Engelhardt, Claudio Carere, Cor Dijkstra, and Ton
G.G. Groothuis

Manuscript

“Sieh in dem zarten Kind zwei liebliche Blumen vereinigt,
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Abstract

Food availability, paternal attractiveness, season, or position in the laying order
influence both sex allocation and yolk androgens in many bird species. Yolk
androgens affect offspring hatching, begging, growth and survival. If these ef-
fects are sex-specific, yolk androgen deposition may constitute a mechanism for
differential investment in male and female offspring. We tested the hypothesis
that elevated yolk-testosterone levels in the zebra finch affect offspring devel-
opment in a sex-specific manner. Since in this species females increase yolk-
testosterone levels and produce male-biased sex ratios when paired to more
attractive males, we predicted that especially sons benefit from elevated yolk
androgens. Eggs were injected with testosterone or sesame oil (controls) after
two days of incubation.

Testosterone had no clear effect on sex-specific embryonic survival. Hatching
of testosterone-treated eggs was delayed. Immediately after hatching, control
males begged significantly longer than females. This sex difference in beg-
ging disappeared in offspring from testosterone-treated eggs due to prolonged
begging durations of daughters. Control males grew significantly faster than
control females. Testosterone abolished this sex difference by enhancing growth
of daughters and reducing growth of sons. No sex-specific effect on offspring
survival emerged. These results show that variation in maternal testosterone
can play an important role in avian sex allocation due to its sex-specific effects
on offspring begging and growth. As elevated yolk androgens seem to bene-
fit daughters rather than sons, they may be a mechanism to compensate for
their higher vulnerability to adverse conditions such as low parental care of
attractive males.
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Introduction

Parents frequently adjust investment in male and female offspring with respect
to factors which differentially affect the fitness of sons and daughters, such as
food availability, parental attractiveness, season, laying order (Dijkstra et al.
1990; Appleby et al. 1997; Sheldon 1998; reviewed by Hasselquist & Kempe-
naers 2002; West et al. 2002). While the actual mechanisms of sex allocation
are unknown (Krackow 1995a; reviewed by Pike & Petrie 2003), differential sex
allocation may be achieved by varying the numbers of male and female eggs
(Dijkstra et al. 1990; Heinsohn et al. 1997; Komdeur et al. 1997), or the
investment in males and females, reflected in e. g. size of male and female eggs
(Mead et al. 1987; Weathers et al. 1997; Cordero et al. 2001), egg composition
(Jennions et al. 2001; Müller et al. 2002; Saino et al. 2003) or differential
feeding of sons and daughters (Stamps et al. 1987; Lessells 1998).

Yolk androgens stimulate the growth of muscles important for the hatching
process (Lipar & Ketterson 2000) and can shorten (Eising et al. 2001) or
prolong (Sockman & Schwabl 2000) the time from laying to hatching of an egg.
Maternal androgens markedly affect offspring behaviour after hatching – they
enhance offspring begging (Schwabl 1993; Schwabl 1996a; Eising & Groothuis
2003) and increase or reduce offspring growth and survival (Sockman & Schwabl
2000; Eising et al. 2001; Eising & Groothuis 2003). A variety of factors that
influence maternal yolk androgen deposition, such as food, position in the laying
order and parental attractiveness, (Schwabl 1996b; Gil et al. 1999; Verboven
et al. 2003) affect also investment in sons and daughters (Burley 1981; Burley
1986c; Sheldon 1998; Kilner 1998; Nager et al. 1999; Kalmbach et al. 2001;
Verboven et al. 2003). Yolk androgen deposition may therefore be used to
adaptively adjust the quality of sons and daughters to environmental conditions
that differentially affect sons and daughters. Relative effects of yolk androgens
on sons and daughters have hardly been studied or compared, but they exerted
sex-specific effects in some studies (Burke 1996; Henry & Burke 1999) and
not in others (Schwabl 1993; Lipar & Ketterson 2000). Yolk androgen levels
have been found to differ between eggs containing male and female embryos,
although this may be due a differential influence of sons and daughters on yolk
androgens (Petrie et al. 2001; Müller et al. 2003).

In the current study, we studied in the zebra finch whether experimentally
elevated yolk androgens affect offspring survival, begging and growth in a sex-
specific manner. In zebra finches, yolk androgens are elevated (Gil et al. 1999)
and offspring secondary sex ratios are increased (more male-biased), when fe-
males are paired to more attractive males. We therefore predicted that eleva-
tion of yolk androgens constitutes a mechanism to increase investment in sons,
by one or more of its following effects: enhanced survival, advanced hatching,

79



CHAPTER 6

increased begging and faster growth of sons compared with daughters. The
advantages in sibling competition may contribute to increased survival of sons
compared with daughters and thereby lead to male-biased secondary sex ratios.

Material and Methods

Animals and housing

Subjects were offspring from 30 zebra finch pairs (Taeniopygia guttata) bred
in the facilities of the Zoological Laboratory of the Biological Centre of the
University of Groningen (NL). Pairs of adult experienced breeders were formed
at random from a stock of zebra finches known to produce fertile eggs and
housed in a room with a dark light cycle of 14:10 h with light on at 10:00 h
am. They were housed in standard cages (20 × 40 × 30 cm) with two perches,
a wooden nest box and hay as nesting material. They were provided with a
mixed seed diet, water, cuttlefish and grit ad lib checked and refreshed three
times per week.

Testosterone injections

We chose for a between clutches treatment (experimental and control clutches)
replicated in second clutches of the same pairs after two months with inversion
of the treatment. We had 20 pairs with two successive clutches. To increase
the sample size we added 10 more pairs which produced only one clutch when
the other pairs produced their second clutches. Nests were checked daily and
fresh laid eggs were weighed and marked.

We injected all eggs of full clutches with 500 pg testosterone in 5 µl of sterile
sesame oil two days after the onset of embryonic development. Development
was considered started when an embryonic disk with a diameter of 2-3 mm
was first visible by eye in candled eggs. Eggs of control clutches were injected
with 5 µl of sesame oil. This dose corresponds to the approximate difference in
androgens (testosterone + dihydrotestosterone) measured in yolks of eggs laid
by females paired with unpreferred males versus females paired to preferred
males (chapter 3; Gil et al. 1999).

After temporary removal of the egg to be treated (max. one hr in incubator),
treatments were made in a separate room always in the evening between 17 and
21. Eggs were illuminated from beneath to visualise the embryo floating on top
of the yolk. Before the injection the needle and the egg shell were wiped with
100 % ethanol. Injections (10 µl Hamilton syringe, equipped with a RN needle,
type Z6S) were made into the middle of the egg from the small pole of the
egg and in an angle of about 45 degree upwards. During the procedure it
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was visually ascertained that the tip of the needle penetrated the yolk but did
not hit the blood vessels. The hole in the shell was patched with a tiny drop
of paraffine and the eggs were immediately put back in their nests. During
incubation period daily inspections were made to check if the paraffine drop
was still present on the hole and in few instances it was refreshed.

At the time of expected hatching, nests were inspected twice daily and the
egg from which each hatchling hatched identified. Hatchlings were weighed,
tested for their begging response and marked with non-toxic pen for individ-
ual recognition. Marks were refreshed every two–three days until individually
numbered rings were put on the tarsus between day 10 and 15. Body weight
and begging were measured daily from hatching day until post-hatching day
13 immediately after lights were switched on. Body weight and tarsus length,
wing (longest length) and third primary growth were recorded bilaterally on
day 11, 14, 17, 21, 40 and 60.

Begging tests

Nest boxes with entire broods were temporarily removed (15-45 min) from the
home cage and positioned on a table under a warm lamp (25◦C). Hatchlings
were individually taken out at random from the nest box, placed into an empty
nest box with hay. Begging was quantified by counting the time spent bill-
gaping after a standard gentle tactile solicitation of the bill with a metal rod.
Begging was measured three times, with an interval of at least 2 minutes be-
tween the extinction of the previous begging bout and stimulation of the bill
for the following begging test.

Sexing

Molecular sex determination of all offspring (dead embryos, hatchlings and sur-
viving young) was done by amplification of sex specific gene sequences (Brad-
bury & Blakey 1998), after extraction of tissue or blood samples with Chelex
(Walsh et al. 1991).

Data analysis

Data were analysed in MLWIN 1.10.0006 by hierarchical linear models (Bryk
& Raudenbush 1993). These models accommodate unbalanced data and allow
analyses of variances and covariances, while simultaneously taking the nested
relationships of offspring within clutches of individual pairs into account. Data
on offspring sex and survival were analysed using a three level model: pairs
(1), repeated clutches (2) and individual offspring (3). Offspring weight and
begging were analysed in a four level model: pairs (1), repeated clutches (2),
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individual offspring (3), and age (4). We tested the effect of the treatment and
for survival data also the effect of offspring sex and the interaction of sex and
treatment to test for an effect on sex specific survival.

For survival after hatching, differences in the survival pattern between the
treatments were tested in a life table analysis in SPSS 11.0.1 using the Wilcoxon
(Gehan) test. Because this analysis cannot take the nested relationship of
young within broods into account, nestling survival was also tested in a hier-
archical linear model over two three days periods (from hatching to day 3 and
from day 3 to day 6 after which day almost no further mortality occurred).
Differences in survival over one or two day periods could not be tested because
the model did not converge to a stable solution.

For offspring weight and begging we tested the effects of treatment (control
= 0, testosterone = 1), sex (female = 0, male = 1), age (1 = day of hatching)
and all higher interactions. To model the sigmoidal growth curve we included
the square of age and the cube of age as predictors in the model analysing
offspring weights. Parameters were removed successively from the full model,
starting with the least significant highest interactions, while ensuring that the
amount of data used in the compared models remained the same. From the
estimates of the model the predicted offspring weights (in gram) and offspring
begging (in seconds) can be derived and the prediction lines from the models
are shown in the figures.

For normally distributed data (offspring weights and begging) significance
was tested using the increase in deviance (δ deviance, which follows a χ2 dis-
tribution) when a factor was removed from a model. All factors with α < 0.1
were retained in the final model. Binary data (offspring sex and survival) were
transformed by the logit link function and analysed assuming an extrabinomial
error distribution at the individual level (Goldstein 1995). Model parameters
were estimated by second order penalised quasilikelihood estimation or (when
models failed to converge to a stable solution) first order quasilikelihood (Gold-
stein 1995). Significance was tested using the Wald statistic, which follows a
χ2 distribution.

Results with α < 0.05 (two tailed) were regarded as significant. Data are
shown as means ± standard error of the mean (SEM) unless stated otherwise.

Results

Survival

Survival to independence, embryonic survival and nestling survival did not
differ between offspring from testosterone-treated eggs (henceforth T-young,
T-females and T-males) and offspring from control eggs (henceforth C-young,
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Figure 6.1: Survival of sons and daughters from control eggs (injected with
sesame oil) and eggs with elevated testosterone (500 pg, dissolved
in sesame oil). Sample sizes (number of clutches) are indicated in
the bars.

Figure 6.2: Pattern of survival after hatching of sons and daughters from con-
trol eggs (injected with sesame oil) and eggs with elevated testos-
terone (injected with 500 pg testosterone in sesame oil).
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C-females and C-males) (all Waldχ2 < 1.6, p = 0.2). During the embryonic
stage, C-females had on average considerably higher survival than C-males
(Figure 6.1a), but this difference in survival was statistically not significant
(Waldχ2 = 1.8, p = 0.2). The power of this analysis was however very low
(power = 0.3) when calculated using the number of clutches (12 and 15 respec-
tively) as sample size.

There was also no sex difference in nestling survival of C-young or T-young
(Figure 6.1b). However, the distribution of mortality of nestlings over time
differed significantly between T-young and C-young (Figure 6.2; Wilcoxon
(Gehan) statistic: 6.4, p < 0.05). This difference in survival pattern was due to
a significantly higher survival of T-young than of C-young during the first three
days after hatching (Waldχ2 = 4.5, p < 0.05), while there was no difference in
survival in the following three days (Waldχ2 = 0.3, p = 0.6).

Hatching time

Offspring of control eggs hatched on average after 13.3 ± 0.1 days, half a day
earlier than offspring of testosterone-treated eggs, which took on average 14.0
± 0.2 days to hatch (Figure 6.3). This difference was significant (δ deviance
= 11.8, p < 0.001) and more pronounced in female offspring, but the effect of
the interaction between treatment and sex was not significant (δ deviance =
1.8, p = 0.2).

Figure 6.3: Average time ± S.E.M between laying of an egg and hatching of
the young for control eggs (injected with sesame oil) and eggs with
elevated testosterone (injected with 500 pg testosterone in sesame
oil). Sample sizes (number of clutches) are indicated in the bars.
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Figure 6.4: Begging of female and male young hatched from control eggs (open
symbols; injected with sesame oil) and eggs with elevated testos-
terone (filled symbols; injected with 500 pg testosterone in sesame
oil). The lines show the predictions from the model in table 1.

Offspring begging

Treatment, offspring sex, age and all higher interactions significantly affected
offspring begging (Table 6.1a, Figure 6.4). We therefore tested whether there
was a sex difference in C-young and T-young and the effect of the testosterone
treatment on males and females separately. In C-young, sex (δ deviance =
12, p < 0.001), age (δ deviance = 17, p < 0.001) and the interaction of sex
and age (δ deviance = 16, p < 0.001) all significantly affected offspring begging
durations, due to larger begging durations in males immediately after hatching
and a stronger decrease over age in males (Figure 6.4). In T-young, only
age significantly affected begging durations (δ deviance = 64, p < 0.001). In
females, treatment (δ deviance = 10, p < 0.01), age (δ deviance = 17, p <
0.001) and the interaction of treatment and age (δ deviance = 5.5, p < 0.05) all
significantly affected begging durations, due to increased begging durations in
T-females immediately after hatching and a stronger decrease with age in T-
females (Figure 6.4). In males, only age significantly affected begging durations
(δ deviance = 64, p < 0.001). The testosterone treatment thus elevated begging
durations only in females during the first days after hatching thereby abolishing
the sex difference in the control group.

Offspring growth

Treatment, offspring sex, age and all higher interactions significantly affected
offspring growth (Figure 6.5, Table 6.1b). We therefore tested the sex difference
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Figure 6.5: Growth of female and male young hatched from control eggs (open
symbols; injected with sesame oil) and eggs with elevated testos-
terone (filled symbols; injected with 500 pg testosterone in sesame
oil). The lines show the predictions from the model in table 6.1.

in C-young and T-young and the effect of the treatment on males and females
separately. In C-young there was besides the effects of age, the square and the
cube of age, a significant positive effect of the interaction of sex and age (δ
deviance = 50, p < 0.001), indicating faster growth of males (Figure 6.5). In
T-young growth patterns of males and females did not differ (Figure 6.5), as
there was no significant effect of sex (δ deviance = 0.3, p = 0.6) nor an effect
of the interaction of sex and age (δ deviance = 2, p = 0.2). When we tested
the effect of the treatment on the sexes apart, we found a significant positive
effect of the interaction of treatment and age (δ deviance = 13, p < 0.001) on
females, and a significant negative effect of the interaction of treatment and
age (δ deviance = 9, p < 0.01) on males, indicating that testosterone enhanced
growth of females and delayed growth of males (Figure 6.5).

Discussion

Many factors, such as laying order, food availability and paternal attractiveness
influence both sex allocation and investment in egg size or composition. Dif-
ferential composition of male and female eggs may constitute a mechanism for
differential investment in male and female offspring. In zebra finches, females
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Table 6.1: Hierarchical linear model analysis of offspring begging and growth

a) begging

Factors Estimate Error δ p

constant 9.9 1.2
treatment 4.2 1.6 7.1 < 0.01
sex 7.2 1.6 19 < 0.0001
age -0.4 0.1 12.3 < 0.001
treatment×sex -6.7 2.3 8.3 < 0.01
treatment×age -0.3 0.17 4.3 < 0.05
sex×age -0.7 0.17 16.6 < 0.0001
treatment×sex×age 0.7 0.25 7.1 < 0.01

b) growth

Factors Estimate Error δ p

constant 1.32 0.23
age -0.6 0.07 69.4 < 0.0001
square of age 0.2 0.01 315.7 < 0.0001
cube of age -0.007 0.00 293.9 < 0.0001
treatment -0.1 0.25 0.1 0.7
sex -0.28 0.26 1.1 0.3
treatment×sex 0.18 0.37 0.2 0.7
treatment×age 0.06 0.02 15.9 < 0.001
sex×age 0.12 0.02 54.9 < 0.0001
treatment×sex×age -0.103 0.02 19.7 < 0.001

increase testosterone levels in their eggs and produce male-biased secondary sex
ratios when paired to males rendered more attractive by artificial ornaments.

We therefore predicted that experimentally elevated yolk testosterone ben-
efits sons more than daughters, thereby possibly leading to a bias of the sec-
ondary sex ratio. In line with this hypothesis we find that on average sons
survive less well than daughters during the embryonic stage in the control
group while testosterone treatment leads to similar embryonic survival of sons
and daughters. This difference is not significant but due to the low power of
the analysis it is premature to conclude that yolk testosterone does not affect
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sex specific survival.
In the first days after hatching, we find a strong sex difference in induced

offspring begging durations: In the control group males initially beg more than
females. The testosterone treatment increases begging of daughters to similar
levels as that of males. The treatment also affects growth of sons and daughters
in a sex-specific way. In the control group males grow better than females, while
there is no sex difference in offspring of testosterone-treated eggs.

These sex-specific effect on male and female hatchlings contrast with the
hypothesis that females paired to attractive males increase yolk testosterone
levels in order to enhance the quality of sons. In previous studies on sex alloca-
tion in zebra finches begging and growth of young fathered by attractive males
have not been measured or did not differ with respect to offspring sex and male
attractiveness. One reason may be that females differentially deposit other egg
components besides yolk androgens, which counteract or override the effects
by testosterone. Such complementary and opposing allocation of androgens
and antioxidants have been found in another bird species (Royle et al. 2001).
Another possibility is that genetic effects of attractive males, assortative mat-
ing or differences in post-hatching parental investment with respect to parental
attractiveness play a role.

By which mechanism can yolk androgens affected offspring begging and
growth?

It has recently been shown that androgen receptors are present in neurons
and muscles of both male and female embryos and hatchlings of zebra finches
(Godsave et al. 2002). Increased levels of testosterone enhance the development
of the hatching muscle (Lipar & Ketterson 2000; Lipar 2001), stimulate begging
and potentially change the quality of begging sounds due to effects on the
syrinx (Godsave et al. 2002). Begging durations of daughters hatching from
testosterone-treated eggs are elevated especially in the first days after hatching.
This suggests the possibility of a direct effect of the testosterone that is still
available from the internalised yolk for a couple of days after hatching. In
the control group, males may beg more persistently due to larger endogenous
production of androgens. Males of testosterone treated eggs may not differ from
males in the control group because their endogenous testosterone production
already leads to a maximal effect. However, the hormonal organisation and
activation of early begging behaviour is not known.

It may seem striking that the exposure to only 500 pg testosterone in the egg
has such dramatic effects on offspring behaviour. Most studies investigating
the effects of steroid hormones on sex differences in behaviour expose birds
repeatedly to µg levels of synthetic steroids that have much longer biological
half-lives than natural steroids. The total amount of androgens in avian eggs

88



YOLK TESTOSTERONE, BEGGING & GROWTH

are low compared to the amounts continuously produce and degraded in adult
birds. Still, many studies show strong effects of manipulated yolk androgens
on offspring development. This may be due to organisational effects during
sensitive phases in early development with long-term consequences.

The improved growth of daughters at the cost of reduced growth of sons
may be directly due to more persistent begging in female siblings making them
better at competing with their male siblings. This resembles the effects of
androgen treatment on sibling competition in black-headed gulls: an elevation
of androgen levels in later laid eggs results in improved growth in the young
hatching from those eggs and a reduced growth of young hatching earlier from
untreated eggs (Eising et al. 2001).

In conclusion, we find strong evidence that maternal hormone deposition af-
fects sex allocation. It remains puzzling that in a recent experiment (chapter
3), we could find no difference in survival of sons and daughters or growth of
sons and daughters when females were paired to unattractive and attractive
males and that in the current experiment daughters rather than sons seem to
profit from increased levels of yolk testosterone levels. Differences in parental
behaviour or genetic quality of attractive and unattractive males may play an
important role in explaining the differences between experiments where males
truly differ in quality and experiments where male attractiveness or yolk an-
drogens are manipulated. It will be important to investigate whether effects of
elevated yolk androgens depend on the genetic quality of the offspring that is
exposed to the hormones and/or on the parental behaviour of the males. Sons
and daughters of attractive males may be affected differently by increased yolk
testosterone than sons and daughters of average quality males whose attrac-
tiveness has been manipulated.

Acknowledgments

We thank Candela Rodriguez for helping with data collection and Sjoerd Veen-
stra and Roelie Veenstra-Wiegman for assistance with animal caretaking. All
experimental procedures were carried out according to the regulations of the
Dutch law for laboratory animals and approved by the animal experimentation
committee of the University of Groningen (license DEC 2754).This study was
supported NWO grant No 810.67.024 to Cor Dijkstra.

89





Chapter 7

Long-term effects of elevated yolk testosterone on
offspring attractiveness and reproductive
performance in the zebra finch, Taeniopygia
guttata.

Nikolaus von Engelhardt, Ton G.G. Groothuis, Serge Daan, Cor Dijkstra

Manuscript

“Poule qui chante, Prete qui danse,
Et femme qui parle latin,

N’arrivent jamais à belle fin.”
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CHAPTER 7

Abstract

Female birds vary the amounts of androgens deposited in their eggs in relation
to factors such as the position in the laying sequence, food and mate quality.
Yolk androgens affect both embryonic and post-hatching development and sur-
vival. The adaptive significance of yolk androgens may not only lie in their
effects early in life but also in long-lasting consequences for offspring reproduc-
tive performance. We experimentally elevated yolk-testosterone levels in eggs
of zebra finches within the natural range and studied the long-term effects on
offspring behaviour.

Testosterone positively affected offspring attractiveness in both sexes. Dur-
ing a breeding attempt with an untreated female, males from testosterone-
treated eggs (T-males) produced less undirected, but not less directed song
than males from control eggs (C-males). T-males started nest building later,
but their nest-weights increased more. After their mates had laid their first egg,
T-males increased the time spent on the nest later but more than C-males. Fe-
male mates of C-males and T-males did not differ in behaviour and reproductive
performance. Also, C-females and T-females did not differ in behaviour and re-
productive performance. Male mates of T-females increased the time invested
in nest building more than mates of C-females, but did not differ in song and
nest attendance. This study provides the first evidence for sex-specific effects
of physiological levels of yolk androgens that last into adulthood.
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Introduction

Female birds deposit varying amounts of androgens in their eggs in relation
to environmental factors, such as the laying order, food quality, competition
and the mate quality (Schwabl 1993; Schwabl et al. 1997; Gil et al. 1999;
Groothuis & Schwabl 2002). Yolk androgens can strongly affect embryonic
and post hatching development and survival (Schwabl 1993; Schwabl 1996a;
Sockman & Schwabl 2000; Lipar & Ketterson 2000; Eising et al. 2001). By
the differential deposition of androgens females may influence offspring devel-
opment and behaviour in a way that improves or reduces offspring quality and
survival depending upon the conditions prevailing during early development.

So far, primarily the effects of yolk androgens on early offspring development
and survival have been studied. The adaptive significance of yolk androgens
may however not only lie in their effects during early development but also in
long-lasting consequences on offspring mating behaviour and reproductive per-
formance. In both mammalian and avian species prenatal androgen exposure
can have long-lasting consequences for offspring morphology and behaviour
(Clark & Galef 1995; Crews et al. 1998). However, most studies on long-term
effects of early hormone exposure have focused on their possible role in sex-
ual differentiation and have used unnaturally high levels of androgens that can
completely reverse sexual differentiation (Balthazart et al. 1996; Adkins-Regan
et al. 1997; Arnold 1997a). There seem to be no publications regarding long-
term effects of manipulation of prenatal androgens within the natural range.
Long-term effects of yolk androgens on offspring reproductive behaviour may
be due to direct effects on sexual differentiation or due to an influence on early
development with subsequent consequences for reproductive performance when
adult.

In zebra finches, maternal androgens in egg yolks vary between individual
females, with respect to the laying sequence, male attractiveness and clutch
number (Gil et al. 1999; Ward et al. 2001). It has been suggested (Gil et al.
1999; Birkhead et al. 2000) that female zebra finches elevate yolk androgens
in eggs fathered by attractive males to improve offspring development with
respect to male parental or genetic quality, but the effects of elevated yolk an-
drogens on offspring in zebra finches are unknown. We experimentally elevated
yolk testosterone levels within the natural range by injecting the average differ-
ence in testosterone levels between eggs fathered by attractive males and eggs
fathered by unattractive males of zebra finches and investigated the long-term
effects on offspring attractiveness, mating behaviour and reproductive perfor-
mance.
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Material and Methods

Animals and housing

Subjects were offspring from 30 zebra finch pairs (Taeniopygia guttata) bred
in the facilities of the Zoological Laboratory of the Biological Centre of the
University of Groningen (NL). Pairs of adult experienced breeders were formed
at random from a stock of zebra finches known to produce fertile eggs and
housed in a room with a dark light cycle of 14:10 h with light on at 10:00 a.m..
Full-spectrum fluorescent tubes were used throughout the experiments to pro-
vide birds with UV-light, which is important for avian colour vision and mate
preferences. They were housed in standard cages (20 × 40 × 30 cm) with two
perches, a wooden nest box and hay as nesting material. They were provided
with a mixed seed diet, water, cuttlefish and grit ad libitum, checked and re-
freshed three times per week.

Testosterone injections

We chose for a between-clutches treatment (experimental and control clutches)
replicated in second clutches of the same pairs after two months with inversion
of the treatment. We had 20 pairs with two successive clutches. To increase
the sample size we added 10 more pairs which produced only one clutch at the
time the other pairs produced their second clutches. Nests were checked daily
and fresh laid eggs were weighed and marked.

We injected all fertile eggs of full clutches with 500 pg testosterone in 5 µl of
sterile sesame oil after two days of incubation, when an embryonic disk with a
diameter of 5-10 mm, covering about 25 % of the yolk was visible by eye in can-
dled eggs. Eggs of control clutches were injected with 5 µl of sesame oil. This
dose corresponds to the difference in androgens (testosterone ± dihydrotestos-
terone) measured in yolks of eggs laid by females paired with unpreferred males
versus females paired to preferred males (chapter 3)(Gil et al. 1999). After tem-
porary removal of the egg to be treated (max. one hr in incubator), treatments
were made in a separate room always in the evening between 17 and 21.

Eggs were illuminated from beneath to visualise the embryo floating on top
of the yolk. Before the injection, the needle and the egg shell were wiped
with 100% ethanol. Injections (10 µl Hamilton syringe, equipped with a RN
needle, type Z6S) were made into the middle of the egg from the small pole of
the egg and in an angle of about 45 degree upwards. During the procedure it
was visually ascertained that the tip of the needle penetrated the yolk but did
not hit the blood vessels. The hole in the shell was patched with a tiny drop
of paraffine and the eggs were immediately put back in their nests. During
incubation period daily inspections were made to check if the paraffine drop
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Figure 7.1: Schematic drawing of the choice set-up (plan view). Two passive
infrared motion detectors, located above the central cage, recorded
the activity of the test-bird in approximately the left and right 25%
of its cage (shaded areas). The grey lines indicate visual barriers
and the black lines the location of perches.

was still present on the hole and in few instances it was refreshed.
At the time of expected hatching nests were inspected twice daily and the

egg from which each hatchling hatched identified. Hatchlings were weighed,
tested for their begging response and marked with non-toxic pen for individual
recognition. Marks were refreshed every two–three days until birds received
individually numbered rings. After independence, birds were kept in mixed-
sex groups.

Preference tests

Preference was tested in a two-way choice situation, which allowed automatic
measurement of behaviour (Figure 7.1). The birds were moved to the choice
cages in the evening before the tests to allow them to adjust to the new envi-
ronment. A tape recorded in a room containing both male and female zebra
finches, was played during the light period as background noise. The bird,
whose preference was to be tested, was placed in a central cage (60 × 30 ×
40 cm), and a bird of the opposite sex in each of two small cages (22 × 30 ×
40 cm) placed in front of the cage of the bird that was tested. During the accli-
matisation period the birds could hear each other but were visually separated.
Up to twelve choice tests were performed simultaneously. Birds were not tested
with siblings and, where possible, same sexed siblings with opposite treatments
were used as stimulus birds.

The following morning the partition between the cage with the tested bird
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and the cages with the stimulus birds was removed, except for a small partition
in the middle between the test cages, which prevented the tested bird from
seeing both stimulus birds simultaneously. The stimulus birds could not see
each other. The positions of the stimulus birds were switched at the start
and thereafter three more times in 1:30 h periods in order to control for side
preference. There was no further acclimatisation-period after switching the
stimulus birds. Both stimulus birds were thus twice for 1:30 h on each side of
the test bird. The central cage had one central perch running along the length
of the cage. Perpendicular to this central perch, a shorter perch on either side
of the cage divided the total space in a central area of 50 % and two lateral
areas of 25 % each. Two passive infrared motion detectors located above the
cage recorded the activity of the test bird in the lateral 25% regions. Activity
was summed up for two-minute intervals by an event-recording system (ERS)
and stored on a PC.

The preference score was obtained by calculating, for each side, the number
of intervals the female was more active on that side than on the other side,
divided by the total number of intervals during which activity was recorded on
at least one of the sides. We used for the calculation of the preference score
all 45 two-minute intervals of the 1:30 min period after switching the last two
stimulus birds of the tested group. Finally, we averaged the preference scores
for each males over the four observation periods.

Breeding

All cages were placed along one side of a room. Pairs had therefore acoustic,
but no visual contact with other pairs. Each bird was randomly paired with an
experienced untreated bird of the opposite sex. Differences in the behaviour of
experimental birds and untreated birds, may be due to their breeding experi-
ence, or to the fact that they are from eggs that have not been injected. We
therefore did not directly compare the behaviour of the experimental birds (oil-
treated and testosterone-treated) with the behaviour of the untreated birds.
Nests were controlled once daily for the presence of eggs. Fresh eggs were
weighed and individually marked using a non-toxic pen. Eggs were replaced
by infertile eggs and incubated for three days for purposes not reported in this
experiment.

Behavioural observations

To reduce disturbance, behavioural observation were done from behind wooden
barriers with openings allowing observations. Each cage was observed for fifteen
minutes daily during the first five days after pairing. During these fifteen
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minutes the following behaviours of both treated and untreated birds were
recorded on the start of every minute.

Nest building the bird carries or manipulates nesting material in his beak or
arranges nesting material in the nest box. Female nest building behaviour
was in addition measured in seconds, using a stopwatch. Females only
rarely carried nesting material to the nest, but primarily arranged nesting
material in the nest box. We therefore weighed nest boxes daily as a
measure of nest building that reflects primarily male investment.

Song In zebra finches, two types of song can be distinguished (Morris 1954;
Dunn & Zann 1996a; Dunn & Zann 1996b): ‘Directed Song’, which is di-
rected at the female and mostly accompanied by the courtship dance and
‘Undirected song’, which is not oriented towards the female. The number
of songs and number of strophes for each song were recorded continu-
ously for song directed to the female and for undirected song during the
15-minute focal observations. The average numbers of strophes per song
(strophe rate) was calculated by dividing the total number of strophes by
the total number of songs by a given male.

Nest attendance was scored for the first seven days after a pair started egg
laying by recording once every hour from 09:00 hrs until 17:00 hrs, whether
female, male or both birds were present on the nest.

Data analysis

Data were analysed in Excel 2000, SPSS 11.0 and MLWIN 1.10.0006. Data
on preferences, onset of breeding and clutch size were not normally distributed
and analysed using Wilcoxon-Signed-Rank tests and Mann-Whitney-U tests.

Data on reproductive behaviour and egg weights were analysed in MLWIN
1.10.0006 by hierarchical linear models (Bryk & Raudenbush 1993) in a two
level model with repeated observations nested within individual pairs. This
model accommodates unbalanced data and allows analyses of variance and
covariance, while simultaneously taking the dependency of the repeated obser-
vations of each pair into account. Parameters were removed successively from
the full model, starting with the least significant highest interactions, while
ensuring that the amount of data used in the compared models remained the
same. All factors with a α < 0.1 were retained in the final model. Song, nest
weights and egg weights did not deviate from a normal distribution and were
analysed without transformation. Significance was tested using the increase
in deviance (δ deviance, which follows a χ2 distribution) when a factor was
removed from a model.
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Focal scan data were analysed using a logistic transformation of the number
of minutes during which the respective behaviour was observed as the depen-
dent variable using the total number of observation minutes as the denomina-
tor, and allowing for extra-binomial error distribution (Goldstein 1995). Model
parameters were estimated by second order penalised quasilikelihood estima-
tion or (when models failed to converge) first order quasilikelihood (Goldstein
1995). Significance was tested using the Wald statistic, which follows a χ2

distribution. Results with α < 0.05 (two tailed) were regarded as significant.
Data are shown as means ± standard error of the mean (SEM) unless stated
otherwise.

Figure 7.2: Preference (in % time spent with birds from testosterone-treated
eggs) in a two-way choice set-up. Control birds could choose be-
tween a C-birds and a T-bird of the opposite sex.

Results

Preference

Both C-males and C-females preferred opposite sex birds from testosterone-
treated eggs (Figure 7.2). Overall, T-birds were significantly preferred over
C-birds (Wilcoxon Signed Rank-test: z = 2.3, p < 0.05). Within sexes, the
preference for T-birds was significant for females (Wilcoxon Signed Rank-test:
z = 2.1, p < 0.05), but not for males (Wilcoxon Signed Rank-test: z = 1.3, ns).
The strength of the preference for T-birds did not differ significantly between
the sexes (MWU =57, ns)
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Figure 7.3: Number of strophes of directed and undirected song for a) C-males
and T-males and b) mates of C-females and T-females during daily
15 minute observations for the first five days after pairing. Sample
sizes are indicated to the right of the lines

Song

Because the average number of strophes per song of T-males (2.5 ± 0.2 stro-
phes/song) and C-males (2.4 ± 0.2 strophes/song) was almost identical, results
did not differ whether songs or strophes were used in the analysis, and only
the results for the number of strophes are shown (Figure 7.3; for better read-
ability of the figures the (large) SE’s are not shown in the following figures
on the behavioural data). During the first days after pairing, C-males steeply
increased the amount of undirected song (Figure 7.3a), while T-males did not
considerably change the amount of song (significant effect of the interaction
of day after pairing and treatment; δ deviance 6.8, p < 0.01). The change in
directed song did not differ according to the treatment of the male (no effect of
the interaction of day after pairing and treatment: δ deviance 0.2, ns). Males
paired to C-females and males paired to T-females did not differ in the amount
of undirected and directed song (Figure 7.3b). The amount of undirected song
was intermediate between that of C-males and T-males.
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Nest building

Nest building of C-males started directly after pairing with high intensity with-
out much change over the first five days after pairing (Figure 7.4a). Nest build-
ing of T-males was observed on the first day only rarely and increased over the
first four days after pairing to a similar frequency as in C-birds (Figure 7.4a).
The effect of the interaction of time after pairing and treatment was signifi-
cant (Wald χ2 = 5.4, p < 0.05). Females paired to T-males did not differ from
females paired to C-males in the time spent nest-building (Figure 7.4a). The
earlier start of nest building activity of C-males did not result in heavier nests,
on the contrary: nests of T-males increased more in weight than nests of C-
males (on average by 2.5 ± 0.4 gram/day; vs. 1.8 ± 0.5 gram/day; effect of the
interaction of day and treatment, Wald χ2 = 5.4, p < 0.05), resulting 5 days
after pairing in heavier nests of T-males (12.6 ± 1.9 gram) than of C-males
(9.1 ± 2.4 gram).

C-females and T-females increased the time spent nest building over the first
five days after pairing, but there were no differences in this pattern with respect
to treatment (Figure 7.4b). However, mates of C-females hardly increased the
time invested in nest building, while mates of T-females increased this time
about threefold (Figure 4b), a significant effect of the interaction of treatment
of their mates and day after pairing (Wald χ2 = 4.4, p < 0.05). This difference
did not result in a difference in the amount of nest material accumulated per
day or in nest weight five days after pairing between mates of T-females (2.0
± 0.3 gram/day; final weight: 10.2 ± 2.2 gram) and mates of C-females (2.0 ±
0.4 gram/day; final weight: 10.1 ± 1.3 gram)

Nest attendance

After the first egg was laid, nest attendance increased in both sexes and females
spent on average more time on the nest than males (Figure 7.5a). During the
first three days C-males spent almost twice as much time on the nest than
T-males, but T-males increased the time they spend on their nest more than
C-males and were seen on the last days even more on the nest than C-males
(significant effect of the interaction of treatment and day after laying the first
egg; Wald χ2 = 4.9, p < 0.05). There was no difference in the time their female
mates spent on the nests (Figure 7.5a). There were no differences with respect
to treatment in the time C-females, T-females or their mates spent on the nest
(Figure 7.5b).
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Figure 7.4: Nest building during the first five days after pairing of a) C-males
and T-males and their female mates and b) C-females and T-
females and their male mates. Sample sizes are indicated to the
right of the lines

Figure 7.5: Nest attendance (% time of hourly scans on nest) during the first
seven days after laying of the first egg of a) C-males and T-males
and their female mates and b) C-females and T-females and their
male mates. Sample sizes are indicated to the right of the lines
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Table 7.1: Means (± SEM) of breeding parameters of offspring from control
and testosterone-treated eggs paired to birds from unmanipulated
eggs. Tested using the Mann-Whitney-U statistic (MWU)

Treated sex Treatment n Onset of laying Clutch size Egg weight

Females Oil 13 7 (1) 4.2 (0.4) 0.99 (0.02)
Testosterone 8 8 (2) 4.3(0.5) 1.00 (0.04)
MWU (p) 49 (ns) 49 (ns) 39 (ns)

Males Oil 9 9 (2) 4.6 (0.6) 0.98 (0.02)
Testosterone 9 9 (1) 4.2 (0.2) 1.01 (0.02)
MWU (p) 38 (ns) 31 (ns) 32 (ns)

Breeding

Onset of laying, clutch sizes and egg weights were very similar between the
treatments and did not differ significantly (Table 7.1).

Discussion

It has been suggested (Winkler 1993; Schwabl 1993; Schwabl 1996a; Gil et al.
1999; Birkhead et al. 2000) that maternal androgen deposition provides a
mechanism to increase offspring fitness, but although yolk androgens correlated
with offspring dominance of subadult canaries (Schwabl 1993), experimental
evidence that natural variation in yolk testosterone has effects past the fledging
stage is lacking. Our study provides the first such evidence showing increased
attractiveness of offspring of both sexes at adult age and reduced courtship
behaviour and reduced parental investment in males hatching from eggs with
elevated yolk testosterone levels.

These results indicate that the adaptive significance of yolk androgen expo-
sure may not be restricted to effects on early development, but that long-term
effects on offspring behaviour may also have played a role in the evolution of
differential androgen deposition in eggs. While we have so far no evidence that
the long-lasting effects have consequences for reproductive performance, poten-
tial effects on fertility and survival of offspring of the next generation still need
to be investigated.

At the moment, we can only speculate about the mechanisms by which early
androgen exposure can affect behaviour at a later stage. Androgen exposure
before or shortly after hatching can directly affect brain nuclei (Wade et al.
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2002), endogenous hormone production (Bruggeman et al. 2003) or morpho-
logical features, such as plumage (Ros et al. 1997), musculature (Lipar and
Ketterson 2000) or syrinx (Groothuis & Meeuwissen 1992; Wade et al. 2002).
Androgens may also affect adult behaviour indirectly via their influence on
early development, which in turn has consequences for attractiveness and re-
productive performance of the adult birds (Birkhead et al. 1999; Metcalfe &
Monaghan 2001; Blount et al. 2003).

In our study, male and female offspring from testosterone-treated eggs were
preferred. We did not observe any phenotypic differences that could explain
their higher attractiveness. Offspring from testosterone treated eggs, were
singing even less than offspring from control eggs. However, these song rates
were observed after birds were paired. It is unlikely that T-males are more
attractive because they sing less, but they possibly sing less after being paired,
because they are more attractive and therefore need to invest less in singing.
C-males may not be paired. This is consistent with the negative effects of
testosterone treatment on male song learning in zebra finches, due to earlier
crystallisation of the song (Korsia & Bottjer 1991). Also, young from earlier
laid eggs, which are, due to the decrease of androgen levels with the position
in the laying sequence (Gil et al. 1999) presumably exposed to higher concen-
tration of yolk androgens, start song learning later than their younger siblings
and learn less complete copies of their tutors song, due to inhibition of song
learning in the presence of male siblings (Tchernichovski & Nottebohm 1998).
Finally, in chicken, 19-nortestosterone treatment before hatching leads to re-
duced plasma levels of testosterone later in life (Bruggeman et al. 2003) and
song rate in adult zebra finches is correlated with plasma levels of testosterone.

All these factors may play a role in our study and we are currently investigat-
ing the quality of the male song in more detail and have blood sampled birds
to see whether androgen levels differ between young from testosterone-treated
eggs and control eggs. In zebra finches, males with higher song rates are pre-
ferred, but in our study, offspring from oil-treated eggs were not preferred over
offspring from testosterone-treated eggs. This suggest that other differences in
behaviour or appearance had stronger influences on preferences in our choice
tests.

Male offspring from testosterone-treated eggs spend initially less time nest-
building than male offspring from oil-treated eggs, but they invest similar
amounts of time from the third day after pairing onwards and they even ac-
cumulate nest material at a faster rate, resulting in somewhat heavier nests.
Males from testosterone-treated eggs spend in the first days after females start
egg laying less time on the nest than males from oil-treated but thereafter they
increase the time they spend on the nest more. Both behavioural results indi-
cate, that it may take males from testosterone treated eggs longer to respond
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to changes in their environment by behavioural changes, and it will be inter-
esting to investigate whether this is due to a slower response of their endocrine
system.

We find reduction of both behaviours that serve mate attraction (singing)
as well as of parental behaviours (nest building) in males hatching from
testosterone-treated eggs. This is not consistent with the hypothesis proposed
above that the effects may be due to reduced levels of plasma testosterone in
adult birds as lower levels of plasma testosterone are correlated with lower song
rates but higher levels of parental activities, because high levels of testosterone
in adult birds suppress parental behaviour (Oetting et al. 1995). It is however
difficult to speculate about the mechanism by which pre-hatching exposure to
testosterone affects adult behaviour unless we know about its effects on the
dynamics of the endocrine responses, hormone receptors and metabolising en-
zymes.

Overall, we find stronger long-term effects on the behaviour of males than
on the behaviour of females. In the same birds, begging in the first days after
hatching is increased only in females from testosterone-treated eggs (chapter 6).
The effects on male and female behaviour may depend on the stage of devel-
opment due to ontogenic changes in the distribution or expression of androgen
receptors and endogenous hormone production.

In conclusion, we find that elevated yolk testosterone has long term effects
on offspring reproductive behaviour and that some effects are present in both
sexes while others are limited to males. So far, we have no evidence that actual
reproductive performance is affected, but the effects of yolk testosterone on
mating behaviour should be investigated under conditions of free mate choice
and in addition to clutch size and egg weight, also the effects on the production
of offspring should be investigated. To elucidate the mechanism by which
yolk androgens affect offspring behaviour a detailed investigation of offspring
morphology, brain structures and endocrine system are promising further areas
for research.
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Synthesis

“Nur wenn der Winter näher kommt, legen die Blattlausweibchen ihre Eyer,
und um diese Zeit ohngefähr, pflegen die Männchen zu erscheinen. Es ist also

zwischen der Erscheinung der Männchen und der Legezeit ein geheimes
Verhältniß. Dieses suchen wir noch, und das ist es, was uns den Grund der

Begattung erklären muß.”

Charles Bonnet 1745 Traité d’Insectologie
(German translation by J. A. E. Goeze, 1773)
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Synthesis

The existence of the two sexes, their differences and origin is one of the most
challenging biological phenomena still lacking a convincing universal explana-
tion (Charnov 1982; Maynard Smith 1982; West et al. 1999; Randerson &
Hurst 2001a). The scientific study of sex allocation deals with the variation in
the quantity and quality of males and females and its ultimate and proximate
causes. This thesis investigated causes of variation in avian sex allocation and
potential proximate control mechanisms, with a focus on the role of maternal
hormones, using the zebra finch as a model.

Background: Function and mechanism of sex
allocation

Sex allocation theory

In most species we can distinguish two sexes, defined by the size of their gametes
- females producing large, males producing small gametes. This is considered
the result of disruptive selection for two extreme strategies of investment, either
in few large gametes or in many small gametes (Parker 1972; Randerson &
Hurst 2001b). The question why there usually is an equal number of males and
females has first been discussed by Darwin (Darwin 1871) in the first edition
of his book on the ‘Descent of Man and Selection in Relation to Sex ’:

“Could the sexes be equalized through natural selection? We may
feel sure, from all characters being variable, that certain pairs would
produce a somewhat less excess of males over females than other
pairs. The former, supposing the actual number of offspring to re-
main constant, would necessarily produce more females and would
therefore be more productive. On the doctrine of chances, a greater
number of the offspring of the more productive pairs would survive,
and these offspring would inherit the tendency to procreate fewer
males and more females. Thus a tendency to the equalization of the
sexes would be brought about.”

Darwin was apparently not sure about this principle as he skipped this section
from the 2nd edition (Darwin 1874), writing instead

“I formerly thought that when a tendency to produce the sexes
in equal numbers was advantageous to the species it would follow
from natural selection, but I now see that the whole problem is so
intricate that it is safer to leave its solution for the future”.
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It seems that Darwin’s first thoughts were right because frequency-dependent
selection for equal allocation, first explicitly stated by Fisher (1930), is today
considered the most important principle governing sex allocation (Frank 1990;
Cockburn et al. 2002; Pen & Weissing 2002).

Local or temporal variation in conditions favourable for one or the other sex
can lead to a deviation from equal allocation (Charnov 1982). This was first ob-
served in wasp species with low natal dispersal and high local mate competition
with overproduction of the sex competing less well (Hamilton 1967). Trivers
and Willard (1973) proposed that “natural selection should favor parental abil-
ity to adjust the sex ratio of offspring produced according to parental ability
to invest” for species in which the reproductive success of sons depends more
on their condition than that of daughters. Charnov (1982) unified the dif-
ferent approaches in his book on Sex Allocation, stating that any factor that
differentially affects the fitness returns of reproducing through male or female
function is expected to affect the “allocation of resources to male versus female
reproductive function”.

Who is in control?

“Parents are classically assumed to allocate investment in their
young in such a way as to maximize the number surviving, while
offspring are assumed to be passive vessels into which parents pour
the appropriate care. Once one imagines offspring as actors in this
interaction, then conflict must be assumed to lie at the heart of
sexual reproduction itself – an offspring attempting from the very
beginning to maximise its reproductive success would presumably
want more investment than its parent is selected to give.”
(Trivers 1974)

It is not clear, to what extent primary sex ratios and sex differences in off-
spring survival and reproductive success are controlled by parents, gametes or
offspring (Reiss 1987; Eshel & Sansone 1991; Krackow 2002; Pen & Weiss-
ing 2002). Most likely all actors have some degree of control and the control
depends upon the stage of development and the context. Parents need to
recognise the sex of their offspring to invest differentially . During the period
of parental dependence offspring cannot force parental care. When costs and
benefits of differences in sex allocation are the same for parents and offspring, it
does not matter who is in control. However, selection may favour sex-allocation
strategies that differ between parents and offspring.

Some models show that less biased offspring sex ratios are favourable for
young than for parents (Eshel & Sansone 1991; Eshel & Sansone 1994; Beuke-
boom et al. 2001; Komdeur & Pen 2002). An additional complexity is added,
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when there are several offspring in one brood and siblings can influence sex
allocation by competition (Frank 1990; Pen & Weissing 2002). It has been sug-
gested that selection on offspring strategies is more important, because primary
sex ratio adjustment is observed infrequently, while sex differences in survival
are common and occur usually at the end of parental care (Clutton-Brock 1986;
Clutton-Brock 1991). This is supported by findings showing sex differences in
early development when parental influences are excluded by hand-rearing off-
spring (e. g. Martins 2004).

Sex allocation mechanisms

Variation in sex allocation, i. e., the relative investment in reproduction through
male and female function can be achieved by producing different numbers of
male and female offspring. Most studies focus on such quantitative variation in
avian sex allocation, i. e. on the numbers of sons and daughters at different
stages in development. In addition to offspring numbers, offspring reproduc-
tive success, i. e. access to mates and fecundity, affects the fitness returns
through male and female function. A highly competitive or attractive male
may achieve disproportionate success even at the cost of lower survival. A fe-
male in good condition is likely to produce more or larger eggs, both resulting
in a larger number of surviving offspring.

Several reviews have discussed mechanisms of primary sex ratio adjustment
(Krackow 1995a; Pike & Petrie 2003) and sex-specific survival (Clutton-Brock
et al. 1985; Clutton-Brock 1986). Modelling of differential investment in sons
and daughters in addition to the manipulation of primary or secondary sex
ratios has only just started (Lessells 1998; 2002). One of the challenges in the
study of variation in sex allocation is that it is influenced by multiple factors
such as the environment, parental genes and parental phenotype, by offspring
genes and offspring phenotype and that selection can act in different directions
on parental and offspring genes (Kirkpatrick & Lande 1989).

Numbers: Primary sex ratios

Variation of the primary sex ratio has been reported in many avian species
(Komdeur & Pen 2002; Hasselquist & Kempenaers 2002). The details of geno-
typic sex-determination in birds have not been unravelled, but phenotypic sex
in birds is thought to be determined by factors on their sex-chromosomes,
which can morphologically be distinguished. In birds females are the het-
erogametic sex. Females have a Z- and a W-chromosome, and males have
two Z-chromosomes. Sex is therefore determined genotypically although envi-
ronmental influences can affect the phenotypic sex: disturbances during early
development or diseases of the reproductive tract can lead to disturbance of
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sexual differentiation (reviewed in Taber 1964). For example, extreme temper-
atures during embryonic development in chicken embryos result in about 10 %
of birds where phenotypic and genotypic sex do not match (Ferguson 1994). It
is not known to what extent such effects can explain variation in offspring phe-
notypic sex ratios under natural circumstances but it cannot explain variation
in offspring sex ratios in those studies that determined genotypic sex.

How is the primary sex ratio determined in birds?

A couple of reviews address this question (Krackow 1995a; Pike & Petrie
2003). No studies of oocyte development, meiosis, ovulation, fertilisation and
early embryonic development appear to have taken offspring sex into account.
This may change with the availability of molecular sex determination and meth-
ods for in vitro ovulation, fertilisation and embryonic development (Howarth
1971; Perry 1988; Olszanska et al. 1996). Sex is determined after the com-
pletion of the first meiotic division of the oocyte, when one sex chromosome
is eliminated into the first polar body (Romanoff 1960). This occurs shortly
before ovulation (Romanoff 1960). It is conceivable and has not been excluded
that already at an earlier stage some factors determine which sex chromo-
some will be eliminated. In that case, the speed of growth of the oocyte, and
the allocation of various substances may either determine or depend upon its
prospective sex and thereby influence the primary sex ratio or investment with
respect to offspring sex.

Many developing eggs become atretic (degenerate) before reaching ovulation
(Gilbert et al. 1981; Gilbert et al. 1983), and atresia may in theory be related
to the sex of the egg. Another possible mechanism is the resorption of eggs
after meiosis and fertilisation depending on their sex. This mechanism is likely
to result in laying gaps. In the absence of laying gaps it could result only in
a biased sex ratio of the first egg, but not later laid eggs, which may explain
why the most strong biases of the sex ratio have been observed especially in
first eggs in a number of species (Emlen 1997; Komdeur & Pen 2002). These
various mechanisms are not incompatible and may operate simultaneously or
in different species.

Numbers: Sex-specific survival

Differences in survival of sons and daughters increases in avian species with the
degree of sexual size dimorphism, with increasing food shortage (Clutton-Brock
et al. 1985) and with age at fledging (Pen 2000). Sex-biased mortality occurs
mostly late during the nestling period, at end of parental care, suggesting that
sex-specific mortality does not require differential parental investment but can
sufficiently be explained by sexual selection for large body size (Clutton-Brock
1986; Clutton-Brock 1991). In some species with larger females than males
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there is no sex difference in nestling mortality, indicating that other factors
besides sexual selection must play a role (Clutton-Brock 1991). Several – not
mutually exclusive – hypotheses have been put forward to explain sex-specific
survival in birds:

1. survival of males is lower due to stronger sexual selection in males leading
to higher investment in traits influencing mating success than in traits
influencing survival

2. survival of the heterogametic sex – females in birds – is lower, due to the
effects of deleterious recessive alleles on the sex chromosomes

3. nestling survival depends upon sexual size dimorphism, because

a) the larger sex requires more food and therefore has higher mortality
when less food is available (Roskaft & Slagsvold 1985; Griffiths 1992;
Torres & Drummond 1997; Dijkstra et al. 1998; Nager et al. 2000)

b) the smaller sex has higher mortality when less food is available,
because it has a disadvantage in sibling competition (Oddie 2000).

Reproductive success

The fitness of parents and offspring depends not only upon survival but also
on the reproductive success of sons and daughters.

“This depends, not on a struggle for existence, but on a strug-
gle between the males for possession of the females: the result is
not death to the unsuccessful competitor, but few or no offspring”.
(Darwin 1859)

Reproductive strategies in the sexes differ due to the fundamental differences
in parental investment in gamete production (Darwin 1871; Parker 1972), which
results in most species in larger variance in reproductive success in males than
in females due to their lower invest in each individual offspring (Bateman 1948;
Clutton-Brock 1988).

The best support for variation in success in reproduction of sons and daugh-
ters in birds comes from some size dimorphic raptors in which age at first
breeding depends more on the time of the year for one sex than for the other
sex and it has been observed that the sex is produced early in the season which
profits more (Daan et al. 1996). In most other species, only indirect measures
for reproductive success such as effects on size, body mass or condition of sons
and daughters have been measured (collared flycatcher: Gustafsson et al. 1995;
Merilä & Svensson 1997; pied flycatcher: Potti et al. 2002). Also, personal-
ity differences can have consequences for offspring fitness (Dingemanse et al.
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2004) and such personality differences have a genetic basis but can be modi-
fied by early experience (Carere 2003). In birds, continuous and discontinuous
variation in behaviour, physiology and morphology is observed in some species
and is related to differences in reproductive strategies (white-throated sparrow:
Lowther 1961; ruff: Lank et al. 1995; tawny owl: Roulin et al. 2003). Discon-
tinuous variation in behaviour can also be correlated with differences in yolk
hormone (Riedstra 2003; Carere 2003).

Because of the different reproductive strategies of males and females many
traits, such as age at sexual maturity, attractiveness, competitiveness, parental
investment or fecundity can have very different consequences for male and
female reproductive success (Andersson 1994). Therefore, within- and between-
sex differences in reproductive success are as important for sex allocation as
effects on primary sex ratio and sex differences in survival. Surprisingly, they
do not seem to be the focus of any reviews, possibly due to the difficulty in
comparing how variation in the quality of sons and daughters contributes to
reproductive success (Lessells 1998).

Besides direct genetic effects, the early environment and parental influences,
such as egg size (Bernardo 1996), egg composition (Hill 1993), hormonal in-
fluences (vom Saal 1983), incubation (temperature)(Decuypere et al. 1985),
offspring feeding and learning from parents can have long-lasting consequences
for offspring morphology, physiology and behaviour and therefore for sex allo-
cation (Crews et al. 1998; Mousseau & Fox 1998; Lindström 1999; Ketterson
& Nolan 1999; Metcalfe & Monaghan 2001; West-Eberhard 2003). Offspring
morphology and behaviour can vary on a continuous or discontinuous scale and
can become fixed or remain plastic (Moore 1991; Crews et al. 1998; Rhen &
Crews 2002).

Maternal hormones and sex allocation

In what way can maternal hormones be involved in avian sex allocation?

1. Hormonal effects on follicular maturation, ovulation and atresia may
depend upon the (prospective) sex of the egg, resulting in differential
growth, segregation distortion, or atresia and thereby in manipulation of
the primary sex ratio

2. Hormonal effects on the production of yolk components can result in sex
specific mortality or quality differences between the sexes if offspring de-
velopment is differentially affected by egg composition. This may also be
due to direct effects of hormones transferred into the egg yolk or albumen,
which can affect embryonic and post-hatching growth, the immune sys-
tem, begging and other behaviours and survival (Schwabl 1993; Schwabl
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1996a; McNabb & Wilson 1997; Sockman & Schwabl 2000; Lipar & Ket-
terson 2000; Eising et al. 2001).

3. Hormonal effects on maternal behaviour can result in differences in the
embryonic (incubation, insulation) or in post-hatching (brooding, feed-
ing) parental care, which again can result in sex-specific mortality or
quality differences between the sexes if they differ in sensitivity to the
intensity of parental care.

Maternal hormones, either acting in the female during egg production and
parental care, or acting in the offspring after being transferred to the egg, might
affect primary sex ratios, secondary sex ratios or quality of sons and daughters
(Krackow 1995a; Pike & Petrie 2003). Several lines of evidence suggest that
maternal hormones play an important causal role in such a physiological mech-
anism. Reproductive hormones regulate follicular growth, oocyte maturation,
ovulation and meiosis (Sturkie 1986). They vary in the maternal plasma and in
the egg yolk across the laying sequence (Schwabl 1993; Gil et al. 1999; Eising
et al. 2001) and variation of the sex ratio across the laying sequence has
been reported in several species (Kilner 1998; Nager et al. 1999; Kalmbach
et al. 2001). The levels of several of these hormones in the plasma or in the
yolk change with the season (Schwabl 1996b; Sockman et al. 2001; Pilz et al.
2003), and seasonal variation of the sex ratio provides one of the strongest
evidence for adaptive avian sex allocation (Dijkstra et al. 1990; Daan et al.
1996). Females paired to attractive males have elevated levels of testosterone
in plasma and/or eggs (Gil et al. 1999; Gil 2003; this thesis: chapter 3; but
see Mazuc et al. 2003) and produce male-biased offspring sex ratios (Burley
1981; Burley 1986c; Ellegren et al. 1996; Sheldon et al. 1999). Finally, the
quality or amount of food received before and during egg production influences
both levels of hormones in female plasma and eggs (Verboven et al. 2003) and
offspring sex ratios (Kilner 1998; Bradbury & Blakey 1998; Nager et al. 1999).

Schwabl (1993) has suggested that one of the main functions of yolk andro-
gens may be to selectively enhance the fitness of chicks from last eggs, because
this is not possible by varying incubation onset. Indeed, in several avian species
(canary: Schwabl 1993; kestrel: Sockman & Schwabl 2000; black-headed gull:
Groothuis & Schwabl 2002; starling: Pilz et al. 2003; lesser black-backed gull:
Verboven et al. 2003) yolk androgens increase with the position in the laying
order and this might benefit young from later laid and therefore later hatching
eggs competing with earlier hatched siblings. In other species, such as zebra
finches (Gil et al. 1999) or cattle egrets (Schwabl et al. 1997), yolk andro-
gens decrease with the laying sequence, which is thought to give first hatched
young an extra advantage, facilitate brood reduction and thereby reduce costs
in terms of lost parental investment in species where not all young can survive
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when food availability is low. There are also large differences in the amount of
yolk androgens in repeated clutches of the same female or of different females
(Gil et al. 1999; Ward et al. 2001; Groothuis & Schwabl 2002; Pilz et al.
2003). Because high yolk androgen levels in several species are associated with
high breeding density and competition (house sparrow: Schwabl 1997; black-
headed gull: Groothuis & Schwabl 2002; tree swallow: Whittingham & Schwabl
2002; house sparrow: Mazuc et al. 2003) it has been suggested that between
clutch variation of yolk androgens may also adjust competition with unrelated
conspecifics by influencing offspring aggressiveness and developmental rate.

The hypothesis that maternal hormone levels are related to offspring sex ra-
tios has first been put forward for mammals (James 1985; James 1986) and has
support mostly from correlational evidence in mammals and birds (reviewed in
Krackow 1995a; James 1996; Pike & Petrie 2003). Solid experimental evidence
exists neither for birds nor for mammals. The best evidence comes from stud-
ies in the late 1950’s, when the hormonal regulation of sexual differentiation
was intensively investigated. A number of publications report biased offspring
sex ratios after treatment of female or male birds with ovarian preparations or
estrogens (Lang 1918; Schouppé 1930; Ökland 1936; Spicer 1954; Fraps et al.
1956; Pun 1958; Beilharz 1960; reviewed in Taber 1964). In some cases the pres-
ence of feminised males suggested that this was not an effect on the genetic sex
but due to phenotypic sex reversal, presumably by transfer of estrogens to the
egg (Riddle & Dunham 1942; Pincus & Erickson 1962; Adkins-Regan 1981).

Other studies suggested that this effect cannot be due to phenotypic rever-
sal, because mating of feminised genotypic males should result in all-male off-
spring, but offspring sex ratios appeared normal (Pun 1958). In another study
(Beilharz 1960) the advantage of sex-linked plumage traits was used to answer
this question. Because the plumage of daughters of estrogen-treated females
matched the genetically determined sex-linked plumage trait the excess of fe-
male offspring could not be explained by sex reversal of males. Unfortunately
this line of research seems not to have been pursued further.

Early hormone exposure leads to within-sex differences in morphology, phys-
iology and behaviour in a number of species (vom Saal 1983; Hews et al. 1994;
Clark & Galef 1998). The effects of manipulating early hormone exposure in
birds, including zebra finches, are complex, partly contradictory and not fully
understood (Balthazart & Ball 1995; Agate et al. 2003). Certain differences,
such as the sexual differentiation of the gonads appear to be primarily under
the control of estrogen-secretion so that very early exposure to estrogens or
inhibition of the enzyme aromatase, which is required for producing estradiol,
can completely reverse gonadal sex (reviewed in Taber 1964; Adkins-Regan
1981; Balthazart & Adkins-Regan 2002). Other sex differences, such as in the
plumage of zebra finches, appear to be entirely due to genetic sex of the indi-
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vidual cells. Behavioural and neural sexual differentiation appear to be affected
by gonadal hormones, cell-autonomous processes and local metabolism or se-
cretion of steroid hormones in the brain. The picture is further complicated
by the fact that the effects depend strongly upon the stage in ontogeny during
which manipulations are performed, most likely because of the developmental
changes in hormone receptors, hormone metabolising enzymes and endogenous
hormones.

Because of the focus on the effects of estradiol, the most important hor-
mone for gonadal sexual differentiation in birds, the effects of early exposure
to testosterone have not been studied intensively and not much is known about
its sex-specific effects. The discovery of maternal deposition of hormones into
the egg (Schwabl 1993) and their effects (Schwabl 1996a; Eising et al. 2001;
Eising & Groothuis 2003) will certainly stimulate the interest in the organising
effects of early testosterone exposure in birds.

In female birds, embryonic exposure to androgens has little effect on sexual
differentiation (Taber 1964). In males, estradiol, testosterone and even other
androgens often have similar feminising effects, possibly due to aromatisation
of testosterone to estrogens (Adkins-Regan 1985; Adkins-Regan et al. 1987).
At least in zebra finches, androgen receptors are present in both male and
female brains very early in embryonic development (Godsave et al. 2002) so
that testosterone may act both directly and after being aromatised to estradiol.

Endogenous estrogen levels seem to be generally high in female embryos
and low in male embryos, while relative levels of testosterone in male and fe-
male embryos differ depending upon the species (Woods et al. 1975; Woods
& Brazil 1981; Ottinger & Bakst 1981; Abdelnabi et al. 2000). Males may
be less exposed to active androgens (and estrogens) than females under nor-
mal circumstances because they have high activity of the enzyme 5-η-reductase
which reduces testosterone to the inactive metabolite 5-η-dihydrotestosterone
(Ottinger et al. 1984; Schumacher et al. 1989), but very little is known about
actual levels and metabolism of steroid hormones during embryonic develop-
ment. This makes it difficult to speculate about the mechanisms by which
androgens from maternal origin exert their effects.

In quail and chicken, early exposure to estradiol or testosterone demas-
culinises but does not feminise male sexual behaviour (Wilson & Glick 1970;
Sayag et al. 1988; Abdelnabi & Ottinger 2003) and testosterone-propionate can
reduce adult levels of plasma androgens (Taylor & Glick 1983). These effects
of testosterone on behaviour may directly or indirectly – mediated by estra-
diol – involve the vasotocinergic and serotoninergic system (Aste et al. 1998;
Abdelnabi & Ottinger 2003). The vasotocinergic system is sexually dimorphic
in adult birds, regulates social and affiliative behaviour, song and aggressive
behaviour and can be sex-reversed by manipulations of early estrogen expo-
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sure (Aste et al. 1998; Jurkevich 2003). Serotonin levels differ between males
and females during embryonic and post-hatching development (Abdelnabi &
Ottinger 2003). Embryonic treatment with estradiol or testosterone increased
serotonin levels in the preoptic area in adult birds, and inhibited male courtship
and mating behaviour (Abdelnabi & Ottinger 2003). Possibly, relative levels of
steroid hormones during early development modify offspring sexual, agonistic
and affiliative behaviour through these neurotransmitter systems.

Sex allocation in the zebra finch

Background

Mate attractiveness and food quality are the two factors generally considered
as most important for sex allocation in zebra finches. Certain features of the
life-history of the zebra finches support this idea, but the life-time fitness con-
sequences of parental attractiveness and environmental conditions for sons and
daughters are difficult to estimate for the zebra finch in the wild due to the
high mobility and high mortality of the species (Zann 1996). Therefore predic-
tions with respect to adaptive variation in sex allocation have to be taken with
caution.

As the species readily breeds in captivity and has been used extensively in
behavioural studies, it appears a promising species for research on sex allocation
in birds. Experimental studies on sex allocation in zebra finches have found
effects of manipulated parental attractiveness (Burley 1981; Burley 1986c),
feeding regime (Kilner 1998; Bradbury & Blakey 1998; Rutkowska & Cichón
2002; Rutstein 2004), the laying (Rutkowska & Cichón 2002; Rutstein 2004)
or hatching order (Clotfelter 1996; Kilner 1998) and clutch size (Arnold et al.
2003) on primary or secondary sex ratios.

Mate attractiveness

Zebra finches are socially monogamous, but genetically somewhat polygamous
with rates of extra-pair paternity and intraspecific brood parasitism up to 10 %
(Birkhead et al. 1988; Birkhead et al. 1990; Birkhead et al. 1995; Zann 1996).
Due to high mortality, repairing is frequent (Zann 1996). Both sexes have
strong mate preferences (Wynn & Price 1993), males prefer more fecund females
(Monaghan et al. 1996) and orange beaks (Burley & Price 1991), while females
prefer males with red beaks (Burley & Coopersmith 1987), high song rates (ten
Cate & Mug 1984; Houtman 1992; Collins et al. 1994) and display rates and
symmetric plumage (Swaddle & Cuthill 1994a) or banding (Swaddle & Cuthill
1994b). Redness of the beak negatively affects female viability (Burley et al.
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1992; Price & Burley 1994) and reproductive success (Burley & Calkins 1999).
Because beak colour is heritable for both sexes, daughters of females paired to
males with redder beaks will have redder beaks which negatively affects their
attractiveness and survival and sons will have redder, more attractive beaks
(Price & Burley 1993). Burley (1981; 1986c) found that females produce more
offspring of the more attractive parental sex and suggested that the adaptive
benefit is the increased attractiveness and therefore reproductive success of
their offspring.

Food quality

Reproduction in zebra finches is opportunistic and rapid, tracing the avail-
ability of food depending upon unpredictable rainfall (Immelmann 1963) and
offspring are able to reproduce at a very young age due to rapid maturation
(Sossinka 1980; Zann 1996). Fecundity of daughters depends strongly upon
their fledging weight (Haywood 1993), while male reproductive performance
may be less affected by early conditions: several traits of adult males that are
related to their reproductive performance (body size, testicular function, beak
colour and song rate) are not affected by a low quality diet during the nestling
period, which leads to reduced growth and immune function during the nestling
period (Birkhead et al. 1999). Most studies interpret these apparently stronger
effects on daughters as evidence that the fitness of daughters depends more on
favourable conditions during early development than the fitness of sons (Kilner
1998; Rutkowska & Cichón 2002; Rutstein 2004) and suggest that females in
good condition or in a good environment should invest more in daughters than
in sons.

Maternal hormones

Hormones are thought to be involved in sex allocation in zebra finches, be-
cause the same factors that influence sex ratios, affect yolk androgens depo-
sition: levels of the androgens testosterone and dihydrotestosterone in zebra
finch eggs were elevated in egg laid by females paired to attractive males (Gil
et al. 1999)(chapter 3), and decreased with the position in the laying order
(Gil et al. 1999; Ward et al. 2001)(chapter 3). The strength of the decrease
with the laying order can depend upon the attractiveness of the mate (chap-
ter 3) and the feeding regime (Sandell 2003), which may explain why a clear
decrease of yolk androgens with the laying order has not been reported in all
studies (Ward et al. 2001). Further, yolk androgen levels increased in succes-
sive clutches of the same females (Gil et al. 1999) and they significantly varied
between clutches of different females (Ward et al. 2001).
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Another study that suggested a link between maternal hormones and off-
spring sex ratios (Williams 1999) reported female-biased offspring sex ratios
at fledging when treating female zebra finches before breeding with estradiol.
Estradiol was detectable in zebra finch eggs at very low levels (Schwabl 1993),
but may have important effects on sex allocation due to its effects on sexual
differentiation (Adkins-Regan 1981; Adkins-Regan et al. 1995).

Sex allocation mechanisms

Three major questions formed the basis of the thesis and will be discussed by
focussing first on effects on numbers and survival of sons and daughters -
primary sex ratios and sex-specific survival -, then on effects on the reproduc-
tive success of sons and daughters.

1. are there robust effects of parental traits and the feeding regime on off-
spring sex ratios?

2. at which stage do differences in offspring sex ratios emerge?

3. are maternal hormones involved in sex allocation?

Numbers: Primary sex ratios

We investigated the effects of parental attractiveness (chapter 2, chapter 3), the
effects of the feeding regime (chapter 4) and the effect of treatment of mothers
with estradiol on offspring primary sex ratios.

Offspring sex in this thesis was assessed by the amplification of sex-specific
gene sequences (Griffiths et al. 1996; Ellegren & Sheldon 1997). The validity
of this method was checked by comparing the genotypic sex using this method
with the phenotypic sex of surviving offspring. This validation is expected to
result in some error, as sexual differentiation may be disturbed due to hormonal
aberrations or disease, leading usually to masculinisation of females due to
differentiation of the non-functional right gonad to a testis (see Taber 1964).
Out of all offspring in this thesis, for which genotypic and phenotypic sex was
determined (< 300) there was one mismatch: a zebra finch with male plumage
and female genotype. The genotype was repeatedly determined as female using
two different types of sex-specific primers (Griffiths et al. 1996; Bradbury &
Blakey 1998). Interestingly, this genetic female, but phenotypic male was fertile
and breeding successfully with a normal female. It is still unclear whether this
was due to a mutation in the gene sequences used for sex determination or a
truly genetic female with deviating sexual differentiation.

118



SYNTHESIS

The first studies that reported significantly biased sex ratios in relation to
parental attractiveness, manipulated by coloured leg bands (Burley 1981; Bur-
ley 1986c) did not analyse primary sex ratios. Coloured Leg bands affect mate
attractiveness in domesticated (Burley 1982; Burley 1985a) and wild zebra
finches (Burley 1988a), although this effect could not be replicated in some
studies (Ratcliffe & Boag 1987; Jennions 1998; Fawcett 2003). Two studies
manipulated male attractiveness using green (unattractive), orange (neutral)
and red (attractive) leg bands and found that offspring sex ratios increased
with increasing attractiveness of the leg-band colour of the male (Burley 1981;
Burley 1986c). The author suggested that this was due to sex-specific survival,
because sex ratios were not biased in broods without mortality, but adjustment
of the primary sex ratio could not be excluded.

Recent studies found no evidence (Zann & Runciman 2003), or only partial
evidence (Dijkstra et al. 2000) for an effect of parental attractiveness on off-
spring sex ratios. These studies excluded the possibility for mutual mate choice
and male-male competition by pairing birds in individual breeding cages and
analysed only primary sex ratios. The exclusion of these factors and sex-specific
survival might explain the failure to replicate the previous results. We therefore
repeated the study in a set-up matching the original study (Burley 1986c) as
closely as possible. In this experiment, described in chapter 2, females paired
to males wearing attractive or unattractive leg bands, produced on average
very similar secondary sex ratios to the original study, but offspring of males
with a neutral band-colour produced a much higher proportion of daughters.
Overall primary sex ratios in our study were 49% males for green-banded and
48 % red-banded males. The sex-ratio bias of surviving young of red-banded
fathers (61%) was due to sex-biased nestling survival as Burley had originally
suggested (see below for further discussion of the secondary sex ratios).

In the study described in chapter 3 females were paired to their preferred or
unpreferred males, but male attractiveness neither affected primary sex ratios,
nor sex-specific survival (see below). Offspring primary sex ratios decreased
with the position in the laying order for both females paired to attractive and
unattractive males, due to a male-biased primary sex ratio of only the first
egg. The function of this first-egg bias is unclear, but it supports the idea that
biased sex ratios of first eggs may be easier to achieve than biased sex ratios of
later laid eggs (Emlen 1997).

Two studies have reported significantly biased primary sex ratios in zebra
finches in relation to the feeding regime and the laying sequence (Rutkowska
& Cichón 2002; Rutstein 2004) and two studies report biased sex ratios at
hatching (Kilner 1998; Bradbury & Blakey 1998) which may be due to primary
sex ratio adjustment or differential embryonic survival. We investigated the
effect of food quality on primary sex ratios and simultaneously increased fe-
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male reproductive effort by continuously removing freshly laid eggs (chapter 4).
Primary sex ratios were biased towards sons in the group receiving high quality
food and biased towards daughters in the group receiving low quality food, but
the effect was restricted to a subset of eggs produced (chapter 4). The direction
of the bias was opposite to what was expected based upon previous research
(Kilner 1998; Bradbury & Blakey 1998), but, taking into account other recent
studies (Rutkowska & Cichón 2002; Rutstein 2004), the effects are not consis-
tent: In one study sex ratios increased with the laying or hatching order under
both treatments (Kilner 1998), in another study sex ratios increased with the
laying order under low food quality but not high food quality (Rutkowska &
Cichón 2002) and in a third study offspring sex ratios increased with the laying
order when food quality was low and decreased when food quality was high
(Rutstein 2004).

We found no evidence that treatment of females with estradiol leads to a
bias of the primary sex ratio (chapter 5). Biased secondary sex ratios were due
to sex-biased offspring survival (see below).

In conclusion, there is little evidence that parental attractiveness and mater-
nal hormonal status influence offspring primary sex ratios. The feeding regime
and the laying order had effects on offspring primary sex ratios in several recent
studies and our studies also find effects of the feeding regime and the laying
order on the primary sex ratios, but the direction of the bias is inconsistent
between studies. This may be due to differences in the type and timing of
manipulation and requires further investigation.

Numbers: Sex-specific survival

Analysis of survival in this thesis was restricted to the period of nutritional
dependence. We distinguished between survival during the embryonic stage,
which is influenced by egg quality and the incubation pattern and survival
during the nestling stage, which can also be influenced by differential parental
investment such as brooding or feeding.

Other studies investigated differences in survival of sons and daughters af-
ter independence: average life span of males and females in the wild is the
same (Zann 1996), although adult sex ratios in the wild are usually slightly
and consistently, but not significantly male-biased (average 52 %, Zann 1996).
Female zebra finches raised in enlarged broods have higher mortality after in-
dependence than males, but the actual cause of mortality is unknown (de Ko-
gel 1997). In an aviary study, attractive leg-band colours increased survival
of males, perhaps due to reduced reproductive effort of these males (Burley
1985a), but no effect of leg-band colour on survival has been observed in the
wild (Zann 1994)
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Embryonic survival Survival before hatching depends on parental investment
in male and female eggs, and on differential vulnerability of sons and daugh-
ters to environmental conditions. We investigated sex-differences in embryonic
survival of offspring in relation to the attractiveness of the father (chapter 2,
chapter 3), treatment of mothers with estradiol and treatment of eggs with
testosterone.

Chapter 2 provides no evidence that offspring sex ratios are correlated with
paternal attractiveness, as the males wearing leg bands of intermediate attrac-
tiveness (orange) produce the most female-biased sex ratios. Our experiment
lasted 3 months, while the original study took 22 months (Burley, 1986). In
that study, offspring sex ratios fluctuated widely over time and the patterns
were different between leg-band colour. This may explain why the sex ratios
of orange-banded males in our differ from those of orange-banded males in
Burley’s study and suggests that leg-band colour influences offspring sex ratio
not only via their effect on paternal attractiveness but also via effects on other
features, such as competitiveness, and that their effect changes over time, due
to e. g. experience or season.

Elevation of yolk testosterone in eggs of attractive males may lead to male-
biased secondary sex ratios by increasing survival of sons relative to survival
of daughters. Our studies support observations that testosterone levels are el-
evated in eggs of females paired to attractive males (Gil et al. 1999)(chapter
3) and that secondary sex ratios are male-biased (Burley 1981; Burley 1986c;
chapter 2). Experimental elevation of yolk testosterone indeed may influence
sex-specific embryonic survival (chapter 6). Embryonic survival of sons in the
control group was on average 60 % that of daughters while the survival in
offspring from testosterone-treated eggs did not differ between the sexes. Al-
though these difference were statistically not significant, the average effect was
large, and the possibility of a sex-specific effect of yolk testosterone on em-
bryonic survival should be investigated with a larger sample. Females paired
to attractive males deposit more yolk androgens in their eggs and, in some
studies produce male-biased secondary sex ratios. If yolk testosterone indeed
elevates embryonic survival of males, this could lead to a bias of the secondary
sex ratio. As our studies (chapter 2, chapter 3) found no evidence that male
attractiveness affects offspring sex ratios, the relation of male attractiveness,
yolk testosterone and offspring sex ratios remains unclear.

In another experiment (chapter 3), females were paired either to the males
they preferred or the males they rejected in a mate choice tests. We found no
effect of paternal attractiveness on sex-specific offspring survival, but in both
groups survival of male offspring was lower than survival of female offspring
during the embryonic stage, although the difference did not reach significance
(p = 0.06).
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Chapter 5 shows that sex differences in survival can be hormonally modu-
lated: elevation of 17-β-oestradiol in the maternal circulation increased embry-
onic survival of daughters at the cost of survival of sons. As primary sex ratios
were not biased, this effect on survival led to the overproduction of daughters
at fledging in our study (37.7 % males) and, most likely also in a previous study
(27.6% males) which used the same treatment but did not analyse primary sex
ratios (Williams 1999). Because we manipulated hormone levels in the mother,
not in the egg, it remains unclear, whether this effect is due to hormone titers in
the egg, or to other egg components or to parental incubation behaviour. Sex
differences in embryonic survival have been observed in other studies, showing
lower embryonic survival of daughters in tree swallows (Whittingham & Dunn
2002) or of sons in zebra finches (Rutkowska & Cichón 2002).

We did not find evidence that parents adjust egg composition with respect to
its sex, but we investigated only differences in egg weight (chapter 3; chapter 4;
chapter 5). Studies in other bird-species found such adjustment of egg quality
with respect to offspring sex: American kestrels (Weathers et al. 1997), brown
song larks (Magrath et al. 2003) and spotless starlings (Cordero et al. 2001)
lay smaller eggs for the sex which is ultimately larger, while white-crowned
sparrows (Mead et al. 1987) and house sparrows (Cordero et al. 2000) produce
smaller eggs for the sex which is ultimately smaller. It is unclear whether the
differences in egg mass or size are due to a difference in the amount of yolk or
albumen. This distinction is important, because the yolk is laid down before
meiosis and possibly sex determination while the albumen is laid down after
meiosis and fertilisation and might therefore be influenced by the sex of the
developing embryo. Egg composition, such as antibodies or hormones can vary
with respect to offspring sex. In barn swallows, more antibodies were found
in female eggs (Saino et al. 2003). In peacocks, male eggs contained more
androgens than female eggs (Petrie et al. 2001; but see Eising et al. 2003).
Such sex differences in yolk size and yolk composition do not imply that parents
can detect offspring sex before hatching, because yolk size and composition may
also determine the probability for an egg to be female or male.

It has also been suggested (Clotfelter 1996), that parents could adjust in-
vestment with respect to offspring sex without the need of recognising the sex
of individual eggs if the sex ratio varies with respect to the laying order and
parental investment, such as onset of incubation also varies with respect to
the laying order. We observed the possibility for such an effect in chapter 3:
offspring sex-ratio of only the first egg was strongly male biased and embryonic
survival increases with the position in the laying when fathers were unattractive
and did not vary across the laying order when fathers were attractive. This did
not result in a bias of the secondary sex ratio, because only the first egg was
male-biased and for this egg, survival did not differ with respect to treatment.
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In conclusion, our results show that differential investment before hatching
can indeed be important for avian sex allocation and the fact that manipulation
of maternal plasma hormones and yolk hormones can modify the sex-specific
survival patterns indicate that they may provide a flexible pattern to adjust
investment with respect to offspring sex.

Nestling survival After hatching, sex specific survival can be affected by sex-
specific parental investment and by differential vulnerability of male and female
offspring to, e. g., food shortage, cold or diseases.

Our repeat of Burley’s study (chapter 2), gave some support to the idea
that parental leg-band colours affect offspring secondary sex ratios, because
sex ratios at independence varied from 39 % (orange-banded fathers), to 50 %
(green-banded fathers) and 59 % (red-banded fathers), although these differ-
ences were not statistically significant due to low sample sizes and therefore
low power. Because primary and hatchling sex ratios were unbiased for green-
banded and red-banded males (see above), the deviating secondary sex ratios
of red-banded males were due to sex-biased survival as Burley had originally
suggested, although the effect was statistically not significant in our study.
Green-banded males had the heaviest nests and red-banded males had the low-
est hatching success, suggesting that parental investment differed in relation
to paternal leg-band colour which could cause sex-specific survival. The re-
sults suggest that the failure of studies using individual pairs in breeding cages
(chapter 3; Zann & Runciman 2003; but see Dijkstra et al. 2000) to find effects
on the sex ratio, may be due to the possibility for mutual mate choice and
male-male competition in an aviary setting.

In the experiment described in chapter 3 nestling survival of sons was signifi-
cantly lower than that of daughters resulting in a non-significant female bias at
independence in both pairs with attractive and unattractive fathers. In other
studies survival of both sexes was similar (Bradbury & Blakey 1998) or lower
in male than in female nestlings (Kilner 1998) when food was unrestricted and
lower in female than in male nestlings when food was restricted (Kilner 1998;
Bradbury & Blakey 1998). We therefore expected lower survival of daugh-
ters due to reduced paternal investment of males in the group with attractive
fathers but the ad lib. feeding may have precluded such an effect.

Increased levels of yolk testosterone in eggs laid by females paired to attrac-
tive males may influence nestling survival by their effects on begging behaviour
(Schwabl 1996a; Eising et al. 2001; chapter 6). Testosterone treatment led
to a delay in early nestling mortality of both sexes (chapter 6). Furthermore,
there were sex-specific effects on begging and growth (chapter 6): in the control
group sons begged more than daughters and grew more rapidly. Elevation of
yolk testosterone increased begging and growth only in daughters, while beg-
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ging of sons from testosterone-treated eggs was not affected and their growth
even reduced.

Sex differences in begging would allow active discrimination by the parents.
Balda and Balda (cited in Burley 1986c) observed that begging calls of male and
female nestling zebra finches differ. Burley (1986c) suggested that offspring sex
ratios were male biased due to selective rejection of female offspring, because sex
ratios were biased only in broods with offspring mortality. It will be important
to investigate whether parents can recognise the sex of their offspring and
selectively reduce investment in offspring of a certain sex as suggested by Burley
(1986c). Clotfelter (1996) found that male parents invest more in male biased
broods. But there is no direct experimental proof that parental care is affected
by the recognition of offspring sex in zebra finches.

If the sexes differ in vulnerability to changes in food allocation, changes in
parental investment can result in sex-specific mortality even without active dis-
crimination of sons and daughters and several studies indicate that zebra finches
daughters indeed grow and survive less well when conditions during rearing are
suboptimal (de Kogel 1997; Kilner 1998; Bradbury & Blakey 1998; Martins
2004). Elevated yolk-testosterone levels in eggs of females paired to attractive
males may therefore benefit daughters more than sons in terms of begging and
growth, because they suffer more from potentially reduced parental investment
of attractive fathers. Such a compensatory function of increased yolk androgens
for daughters is consistent with the observation that yolk androgens increases
for female eggs with the position in laying sequence, but decrease for males
(Rutstein 2004), because last hatchlings suffer most from sibling competition.

Active discrimination of the offspring sexes is possible in species, where off-
spring signal their sex to parents. In barn swallows (Saino et al. 2003) and
red-winged black birds (Teather 1992) male and female nestlings differ in beg-
ging behaviour, presumably due to their different size at that age. In some
species it has been found that parents feed male and female offspring differ-
ent amounts (budgerigar Stamps et al. 1987; Stamps 1990) or quality of food
(Teather & Weatherhead 1988; Magrath et al. 2004). In some species moth-
ers and fathers differ in how much food they allocate to sons and daughters
(reviewed in Lessells 1998) and/or parental investment can depend upon the
offspring sex ratio (Stamps et al. 1987; Droge et al. 1991; Nishiumi et al. 1996;
Clotfelter 1996).

On the other hand, even in the absence of parental influences, nestling ze-
bra finch females grow less well than males when food is reduced (Martins
2004), so that lower nestling survival of daughters (Kilner 1998; Bradbury
& Blakey 1998) is not necessarily due to parental discrimination of sons and
daughters. Differences in growth between sons and daughters can be related
to sex-specific mortality due to a higher mortality of the larger sex which re-
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quires more resources (Teather & Weatherhead 1988; Krijgsveld et al. 1998),
or due to a higher mortality of the smaller sex, because it is less competitive
(Dhondt 1970; Oddie 2000). Often these difference in growth and/or survival
increase when the nestling conditions are more harsh, e. g. when brood size is
enlarged, females are unexperienced or food availability is reduced (reviewed
in Clutton-Brock et al. 1985; Clutton-Brock 1986).

The available data on zebra finches clearly show that the sexes can differ
in survival during the nestling stage and that the direction or strength of dif-
ferences in survival of sons and daughters depend upon the feeding regime
experienced during breeding. Our studies do not provide evidence for effects
of yolk hormones on sex differences in nestling survival, but the sex-specific ef-
fects on begging and growth suggest that sex differences in survival may emerge
when sibling competition is enhanced or food availability is reduced.

Reproductive success

The last experiment of this thesis (chapter 7) aimed at investigating the long-
term effects of elevated yolk testosterone on offspring attractiveness and repro-
ductive performance. Elevation of yolk testosterone increased attractiveness of
both sexes, but no differences in morphology were detected that might explain
the effect on attractiveness. The treatment had sex-specific effects on repro-
ductive behaviour: males hatching from eggs with elevated testosterone levels
produced less undirected song during the first days of a breeding attempt and
showed less nest-building activity, but their nests became heavier than those
of control males. Female zebra finches normally do not sing and the treatment
did not induce song. Nest-building behaviour of females was not affected. The
specific effect on undirected male song is interesting, because the neural activ-
ity during undirected song and directed song differs (Jarvis et al. 1998; Hessler
& Doupe 1999). Undirected song appears to be more dependent upon andro-
gens and directed song more on estrogens (Pröve 1974; Arnold 1975; Harding
et al. 1983; Walters et al. 1991). Undirected song induces females to stay in
the nest and is correlated with rates of extra-pair copulation (Dunn & Zann
1996a; Dunn & Zann 1996b), but the actual function of undirected song is not
known. The increased but less efficient nest building of control males during
the first days after pairing suggests that nest-building activity may partly have
a courtship function and therefore not result in actual increase in nest material
accumulated in the nest.

Males from testosterone-treated eggs also started incubating later than males
from control eggs, while there was no effect on females. There were no differ-
ences in reproductive performance in terms of latency to lay, clutch sizes and
egg weights (chapter 7), but egg fertility, hatching and fledging success was not
investigated.
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What may be the mechanism mediating these effects of early testosterone
exposure?

Early exposure to hormones often has specific effects on certain behaviours,
while others are unaffected (Adkins-Regan et al. 1987; Adkins-Regan 1999),
which may be due to specific effects on different brain circuits. In our exper-
iment, only undirected song is reduced in males hatching from testosterone-
treated eggs, which may be due to a specific influence on the song structures
influencing undirected song. During undirected song in zebra finches, gene ex-
pression (immediate early gene ZENK) is higher than during directed song in
the brain areas which are most important for song learning (Area X, MAN and
RA)(Jarvis et al. 1998). Early exposure to dihydrotestosterone, a metabolite of
testosterone, can increase the size of the high vocal centre, in which the neural
pathways of the song system originate (Gurney 1982). Besides this experimen-
tal evidence, correlational evidence suggest a link between maternal androgens
and neural structures: last hatching male zebra finches, which are presumably
exposed to low androgens, because of the decrease with the laying order (Gil
et al. 1999), start earliest to learn song and produce the best imitation of their
father’s song (Tchernikovski 1999). These effects on the HVC is on the first
sight not consistent with our finding that there was no effect of early testos-
terone treatment on the frequency of directed song, but only on undirected
song. However, we did not investigate the similarity of the song of our males
with their father’s song, and the other studies did not compare directed song
and undirected song or their respective neural structures.

There is large variation in male mating behaviour:

“Some perform exaggerated greetings and begin the stage 1 courtship
waltz..., others simply confront the female and direct a number of
song phrases at her, and some mated males omit all courtship and
simply jump straight on the female’s back without preliminaries”
(Zann 1996).

Our results indicate that maternal androgen may modify such male repro-
ductive behaviour. Within-brood variation in reproductive behaviour of sons
and daughters may adaptively ensure that parents produce different types of
offspring each of which performs best under a different circumstance. Between-
clutch variation of androgens may adjust offspring behaviour to the given cir-
cumstances, but the adaptive benefits of long-term consequences of variation
in maternal androgens still remain to be demonstrated.

Our study shows that natural variation in exposure to androgens can have
long-term effect on offspring reproductive behaviour. The modulation of off-
spring phenotype by secretion of hormones into avian eggs is a fascinating and
promising new research field, in which both the adaptive consequences and the
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actual physiological, neural and behavioural mechanisms require attention.

Perspectives and Conclusions

A major challenge for studies on sex allocation in zebra finches remains the
difficulty to establish the costs and benefits of producing sons and daughters
under field conditions by assessing the effects on parental and offspring fit-
ness. In the laboratory it will be especially interesting to further investigate
the effects of feeding regime on primary sex ratios, because this may allow to
investigate the mechanisms of primary sex ratio adjustment in more detail.

The most exciting result of this thesis are the short- and long-term effect of
elevated yolk testosterone on offspring development and behaviour. Variation
in yolk testosterone is thought to represent an adaptive adjustment to variation
in conditions the offspring will face. Therefore it is likely that it depends upon
the actual conditions whether the effects of high or low levels of testosterone
are beneficial or detrimental for offspring. Such interactions between environ-
mental quality, parental genetic quality and parental investment require more
attention. The early sexual maturity of zebra finches, makes them an good
laboratory model to investigate the long-term and even intergenerational con-
sequences of maternal effects.

A particularly important area requiring further research appears to be the
degree of control that parents and offspring respectively exert over avian sex
allocation, which is not well studied neither from a theoretical nor from an
empirical point of view (e. g. Krackow 2002, Pen 2000). The expressions ‘sex
ratio manipulation’, ‘golden eggs’ (Gil 2003) or ‘mother knows best’ (Schwabl
1998) assign all control over differences in offspring quality to parents and
in particular mothers which may be unjustified given the large potential for
offspring influences as first suggested by Trivers (1974).

Similar studies performed at different locations with different populations
of zebra finches have not produced consistent results with respect to offspring
sex ratios. This may be due to varying domestication effects and it would be
good to repeat studies using zebra finches from the same stock to ensure that
this leads to more consistent results. Domesticated zebra finches will differ in
many aspects from wild zebra finches. If stocks of zebra finches vary greatly
in general traits such as mate choice or sexual dimorphism, then findings from
one study cannot easily be generalised and used as assumptions in other studies
and similar results are not even expected.
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CHAPTER 8

What can we conclude regarding the proximate control of sex allocation in
zebra finches? The three main questions posed at the outset were:

1. are there robust effects of parental traits and the feeding regime on off-
spring sex ratios?

2. at which stage do differences in offspring sex ratios emerge?

3. are maternal hormones involved in sex allocation?

The fact that primary sex ratio adjustment has been observed in this thesis,
adds to the evidence that birds are able to overcome the Mendelian constraints
of genetic sex determination. Doubts remain regarding whether primary sex
ratio adjustment is indeed a mechanism to adaptively adjust sex allocation
because the direction of primary sex ratio biases remains unpredictable. It has
repeatedly been suggested (Palmer 2000; Krackow 2002; Ewen et al. 2004)
that significant findings of avian primary sex ratio adjustment may represent
publication bias towards significant results and may represent the 5 or less
percent of studies that are expected to yield an accidentally significant result.
The effect of food quality on offspring primary sex ratios in zebra finches is one
of the most frequently investigated questions in the sex-ratio literature. Three
published studies (Rutkowska & Cichón 2002; Arnold et al. 2003; Rutstein
2004) and the study in chapter 4, found effects of experimental manipulation
of the feeding regime on primary sex ratios, although the effect depended upon
the laying order or clutch size or was only present in a subsample. If the
four studies represent the studies falling outside the five-percent significance
level, there should be about 80 unpublished studies that found no effect of the
feeding regime on primary sex ratios in zebra finches. We are in contact with
most research groups that investigate sex ratios in zebra finches and are not
aware of any other studies on this topic. It seems therefore very unlikely that
the evidence for primary sex ratio adjustment in relation to the feeding regime
represents publication bias.

While the evidence for primary sex ratio adjustment can still be considered
somewhat controversial, secondary sex ratios very frequently deviate from unity
due to sex differences in survival during early development. The substantial
evidence for secondary sex ratio adjustment in birds has been repeatedly re-
viewed (Clutton-Brock et al. 1985; Clutton-Brock 1986; Hardy 2002). In zebra
finches reduced survival of daughters, when food quality or food availability is
low, is well supported by experiments (Kilner 1998; Bradbury & Blakey 1998;
Birkhead et alz. 1999). Sex specific survival can be an adaptive mechanism to
adjust the secondary sex ratio, if the costs of offspring mortality is relatively
low. Such a situation is observed in chapter 4, where overall mortality was
similar between treatments, and more females than males died in the control
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group, while more females than males died in the experimental group. Mate
attractiveness influences secondary sex ratios, but this is restricted to a situa-
tion allowing mate choice and competition (chapter 2), and does not occur in
individual breeding cages (chapter 3).

We provide evidence that the effects of early conditions depend upon the sex
of the offspring. Maternal estradiol treatment reversed differences in embryonic
survival. Embryonic treatment with testosterone abolished sex differences in
begging and growth that were present in the control group. Natural variation
of hormone secretion into the egg has important consequences for offspring
development, not only during the embryonic and early nestling stage, but last-
ing into adulthood. These effects can be sex-specific. Variation in maternal
hormones can thus play an important role in avian sex allocation, both by ad-
justing sex-specific survival and by affecting behaviour and morphology in a
sex specific way, with potential consequences for offspring reproductive success.
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zum Zeitgeberproblem, unter besonderer Berücksichtigung der Brut- und
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für Geflügelkunde, 9, 22-25.

L

Lank, D. B., Smith, C. M., Hanotte, O., Burke, T. & Cooke, F. 1995. Genetic
polymorphism for alternative mating behaviour in lekking male ruff Philomachus
pugnax. Nature, 378, 59-62.

Lessells, C. M. 1998. A theoretical framework for sex-biased parental care. Animal
Behaviour, 56, 395-407.

141



PROXIMATE CONTROL OF AVIAN SEX ALLOCATION

Lessells, C. M. 2002. Parentally biased favouritism: why should parents specialize in
caring for different offspring? Philosophical Transactions of the Royal Society of
London Series B: Biological Sciences, 357, 381-403.

Lessells, C. M., Oddie, K. R. & Mateman, A. C. 1998. Parental behaviour is unrelated
to experimentally manipulated great tit brood sex ratio. Animal Behaviour, 56,
385-393.

Lindström, J. 1999. Early development and fitness in birds and mammals. Trends in
Ecology & Evolution, 14, 343-349.

Lipar, J. L. & Ketterson, E. D. 2000. Maternally derived yolk testosterone enhances
the development of the hatching muscle in the red-winged blackbird Agelaius
phoeniceus. Proceedings of the Royal Society of London. Series B: Biological
Sciences, 267, 2005-2010.

Lipar, J. L., Ketterson, E. D., Nolan, V. & Casto, J. M. 1999. Egg yolk layers
vary in the concentration of steroid hormones in two avian species. General and
Comparative Endocrinology, 115, 220-227.

Lipar, J. L. 2001. Yolk steroids and the development of the hatchling muscle in
nestling European starlings. Journal of Avian Biology, 32, 231-238.

Lowther, J. K. 1961. Polymorphism in the white-throated sparrow, Zonotrichia albi-
collis. Canadian Journal of Zoology, 39, 281-292.

M

Magrath, M. J., van Lieshout, E., Visser, G. H. & Komdeur, J. 2004. Nutritional
bias as a new mode of adjusting sex allocation. Proceedings of the Royal Society
of London.Series B: Biological Sciences,271 (Suppl.5), S347-S349.

Magrath, M. J. L., Brouwer, L., van Petersen, A., Berg, M. L. & Komdeur, J. 2003.
Breeding behaviour and ecology of the sexually size-dimorphic brown songlark,
Cinclorhamphus cruralis. Australian Journal of Zoology, 51, 429-441.

Mansukhani, V., Adkins-Regan, E. & Yang, S. 1996. Sexual partner preference in
female zebra finches: The role of early hormones and social environment. Hor-
mones and Behavior, 30, 506-513.

Martins, T. L. F. 2004. Sex-specific growth rates in zebra finch nestlings: a possible
mechanism for sex ratio adjustment. Behavioral Ecology, 15, 174-180.

Maynard Smith, J. 1982. Evolution and the Theory of Games. Cambridge: Cam-
bridge University of Press.

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

McGraw, K. J. & Ardia, D. R. 2003. Carotenoids, immunocompetence, and the
information content of sexual colors: An experimental test. American Naturalist,
162, 704-712.

McGraw, K. J., Gregory, A. J., Parker, R. S. & Adkins-Regan, E. 2003. Diet, plasma
carotenoids, and sexual coloration in the zebra finch (Taeniopygia guttata). Auk,
120, 400-410.

142



REFERENCES

McNabb, F. M. A. & Wilson, C. M. 1997. Thyroid hormone deposition in avian eggs
and effects on embryonic development. American Zoologist, 37, 553-560.

Mead, P. S., Morton, M. L. & Fish, B. E. 1987. Sexual dimorphism in egg size
and implications regarding facultative manipulation of sex in mountain white-
crowned sparrows. Condor, 89, 798-803.
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Pröve, E. 1974. Der Einfluss von Kastration und Testosteronsubstitution auf das Sex-
ualverhalten männlicher Zebrafinken (Taeniopygia guttata castanotis). Journal
für Ornithologie, 115, 338-347.

Pun, C. F. 1958. The sex ratio in the progeny of oestrogen-treated parents in the
brown leghorn. Poultry Science, 37, 307-311.

R

Radford, A. N. & Blakey, J. K. 2000. Intensity of nest defense is related to off-
spring sex ratio in the great tit Parus major. Proceedings of the Royal Society of
London.Series B: Biological Sciences, 267, 535-538.

Randerson, J. P. & Hurst, L. D. 2001a. A comparative test of a theory for the
evolution of anisogamy. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 268, 879-884.

Randerson, J. P. & Hurst, L. D. 2001b. The uncertain evolution of the sexes. Trends
in Ecology & Evolution, 16, 571-579.

Ratcliffe, L. M. & Boag, P. T. 1987. Effect of colour bands on male competition and
sexual attractiveness in zebra finches. Canadian Journal of Zoology, 65, 333-338.

Reiss, M. J. 1987. Evolutionary conflict over the control of offspring sex-ratio. Journal
of Theoretical Biology, 125, 25-39.

Rhen, T. & Crews, D. 2002. Variation in reproductive behaviour within a sex: neural
systems and endocrine activation. Journal of Neuroendocrinology, 14, 517-531.

Riddle, O. & Dunham, H. H. 1942. Transformation of males to intersexes by estrogen
passed from blood of ring doves to their ovarian eggs. Endocrinology, 30, 959-968.

Riedstra, B. 2003. Development and social nature of feather pecking. Ph.D.thesis,
University of Groningen, The Netherlands.

Rodbard, D. 1974. Statistical quality control and routine data processing for radioim-
munoassays and immunoradiometric assays. Clinical Chemistry, 20, 1255-1270.

Romanoff, A. L. 1960. The avian embryo. New York: Macmillan.

145



PROXIMATE CONTROL OF AVIAN SEX ALLOCATION

Ros, A. F. H., Groothuis, T. G. G. & Apanius, V. 1997. The relation among gonadal
steroids, immunocompetence, body mass, and behavior in young black-headed
gulls (Larus ridibundus). American Naturalist, 150, 201-219.

Røskaft, E. & Slagsvold, T. 1985. Differential mortality of male and female offspring
in experimentally manipulated broods of the rook. Journal of Animal Ecology,
54, 261-266.

Roulin, A., Ducret, B., Ravoussin, P. A. & Altwegg, R. 2003. Female colour polymor-
phism covaries with reproductive strategies in the tawny owl Strix aluco. Journal
of Avian Biology, 34, 393-401.

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

Runfeldt, S. & Wingfield, J. C. 1985. Experimentally prolonged sexual activity in
female sparrows delays termination of reproductive activity in their untreated
mates. Animal Behaviour, 33, 403-410.

Rutkowska, J. & Cichón, M. 2002. Maternal investment during egg laying and off-
spring sex: an experimental study of zebra finches. Animal Behaviour, 64, 817-
822.

Rutstein, A. 2004. Diet quality and resource allocation in the zebra finch. Proceedings
of the Royal Society of London. Series B: Biological Sciences,(Suppl.) 271, 286-
289

S

Saino, N., Romano, M., Ferrari, R. P., Martinelli, R. & Møller, A. P. 2003. Maternal
antibodies but not carotenoids in barn swallow eggs covary with embryo sex.
Journal of Evolutionary Biology, 16, 516-522.

Sayag, N., Snapir, N., Robinzon, B. & Grimm, V. E. 1988. Effect of embryonic
treatment with estradiol benzoate on the aggressive behaviour of cockerels. In-
ternational Journal of Neuroscience, 41, 265-270.

Schouppé, K. 1930. Beitrag zur hormonalen Beeinflussung des Geschlechts. Archiv
für wissenschaftliche und practische Thierheilkunde, 62, 267-270.

Schumacher, M., Hendrick, J. C. & Balthazart, J. 1989. Sexual-differentiation in quail
- critical period and hormonal specificity. Hormones and Behavior, 23, 130-149.

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

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

Schwabl, H. 1996b. Environment modifies the testosterone levels of a female bird and
its eggs. Journal of Experimental Zoology, 276, 157-163.

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

Schwabl, H. 1998. Mother knows best. Natural History, 107, 24-25.

146



REFERENCES

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

Seger, J. & Stubblefield, J. W. 2002. Models of sex ratio evolution. In: Hardy, I.
C. W. (ed) Sex Ratios.Concepts and Research Methods. Cambridge: Cambridge
University Press.

Sheldon, B. C. 1998. Recent studies of avian sex ratios. Heredity, 80, 397-402.

Sheldon, B. C., Andersson, S., Griffith, S. C., Ornborg, J. & Sendecka, J. 1999.
Ultraviolet colour variation influences blue tit sex ratios. Nature, 402, 874-877.

Sockman, K. W. & Schwabl, H. 2000. Yolk androgens reduce offspring survival.
Proceedings of the Royal Society of London.Series B: Biological Sciences, 267,
1451-1456.

Sockman, K. W., Schwabl, H. & Sharp, P. J. 2001. Regulation of yolk-androgen
concentrations by plasma prolactin in the American kestrel. Hormones and Be-
havior, 40, 462-471.

Sossinka, R. 1980. Ovarian development in an opportunistic breeder, the zebra finch
Poephila guttata. Journal of Experimental Zoology, 211, 225-230.

Spicer, A. 1954. British Veterinary Journal, 110, 358-359.

Stamps, J., Clark, A., Kus, B. & Arrowood, P. 1987. The effects of parent and
offspring gender on food allocation in budgerigars. Behaviour, 101, 177-199.

Stamps, J. A. 1990. When should avian parents differentially provision sons and
daughters. American Naturalist, 135, 671-685.

Steel, E. & Hinde, R. A. 1972. Influence of photoperiod on oestrogenic induction of
nest building in canaries. Journal of Endocrinology, 55, 265-278.

Sturkie, P. D. 1986. Avian Physiology. Berlin: Springer.

Swaddle, J. P. & Cuthill, I. C. 1994a. Female zebra finches prefer males with sym-
metrical chest plumage. Proceedings of the Royal Society of London.Series B:
Biological Sciences, 258, 267-271.

Swaddle, J. P. & Cuthill, I. C. 1994b. Preference for symmetrical males by female
zebra finches. Nature, 367, 165-166.

T

Taber, E. 1964. Intersexuality in birds. In: Armstrong, C. N.& Marshall, A. J. (eds)
Intersexuality in Vertebrates Including Man London: Academic Press.

Taylor, R. L. & Glick, B. 1983. Pituitary and testicular activity in chickens after
embryonic testosterone treatment. American Journal of Physiology, 244, E66-
E71.

Tchernichovski, O. & Nottebohm, F. 1998. Social inhibition of song imitation among
sibling male zebra finches. Proceedings of the National Academy of Sciences of
the United States of America, 95, 8951-8956.

Teather, K. L. 1992. An experimental study on competition for feed between male
and female nestlings of the red-winged blackbird. Behavioral Ecology and Socio-
biology, 31, 81-87.

147



PROXIMATE CONTROL OF AVIAN SEX ALLOCATION

Teather, K. L. & Weatherhead, P. J. 1988. Sex-specific energy requirements of great-
tailed grackle (Quiscalus mexicanus) nestlings. Journal of Animal Ecology, 57,
659-668.

ten Cate, C. J. & Mug, G. 1984. The development of mate choice in Zebra Finches.
Behaviour, 90, 125-150.

Thissen, D. & Martin, E. 1982. Reputed band attractiveness and sex manipulation
in Zebra Finches. Science, 215, 423

Torres, R. & Drummond, H. 1997. Female-biased mortality in nestlings of a bird with
size dimorphism. Journal of Animal Ecology, 66, 859-865.

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

Trivers, R. L. & Hare, H. 1975. Haplodiploidy and evolution of social insects. Science,
191, 249-263.

Trivers, R. L. & Willard, D. E. 1973. Natural selection of parental ability to vary the
sex ratio of offspring. Science, 179, 90-92.

Tsang, C. P. W. & Grunder, A. A. 1984. Production, clearance rates and metabolic
fate of estradiol-17β in the plasma of the laying hen. Steroids, 43, 71-85.

V

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

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

Vining, R. F. 1980. Testosterone radioimmunoassay: rapid extraction technique for
steroids based on kieselguhr mini-columns. Steroids, 36, 149-159.

vom Saal, F. S. 1983. Models of early hormone effects on intrasex aggression in mice.
In: Svare, B. B. (ed) Hormones and Aggressive Behavior. New York: Plenum
Press.

W

Wade, J., Buhlman, L. & Swender, D. 2002. Post-hatching hormonal modulation
of a sexually dimorphic neuromuscular system controlling song in zebra finches.
Brain Research, 929, 191-201.

Wade, J. & Arnold, A. P. 1996. Functional testicular tissue does not masculinize
development of the zebra finch song system. Proceedings of the National Academy
of Sciences of the United States of America, 93, 5264-5268.

Wade, J., Gong, A. & Arnold, A. P. 1997. Effects of embryonic estrogen on differen-
tiation of the gonads and secondary sexual characteristics of male zebra finches.
Journal of Experimental Zoology, 278, 405-411.

148



REFERENCES

Walsh, J. P., Metzger, D. A. & Higuchi, R. 1991. Chelex-100 as a medium for simple
extraction of DNA for PCR-based typing from forensic material. Biotechniques,
10, 506-513.

Walters, M. J., Collado, D. & Harding, C. F. 1991. Estrogenic modulation of singing
in male zebra finches - differential-effects on directed and undirected songs. An-
imal Behaviour, 42, 445-452.

Ward, B. C., Nordeen, E. J. & Nordeen, K. W. 2001. Anatomical and ontogenetic
factors producing variation in HVC neuron number in zebra finches. Brain Re-
search, 904, 318-326.

Weatherhead, P. J. & Robertson, R. J. 1979. Offspring quality and the polygyny
threshold: ‘The sexy son hypothesis’. American Naturalist, 113, 201-208.

Weathers, W. W., Hodum, P. J. & Anderson, D. J. 1997. Is the energy cost of begging
by nestling passerines surprisingly low? Auk, 114, 133

West, S. A., Lively, C. M. & Read, A. F. 1999. A pluralist approach to sex and
recombination. Journal of Evolutionary Biology, 12, 1003-1012.

West, S. A., Reece, S. E. & Sheldon, B. C. 2002. Sex ratios. Heredity, 88, 117-124.
West-Eberhard, M. J. 2003. Developmental Plasticity and Evolution. Oxford: Oxford

University Press.
Whittingham, L. A. & Dunn, P. O. 2002. Offspring sex ratios in tree swallows; females

in better condition produce more sons. Molecular Ecology, 9, 1123-1129.
Whittingham, L. A. & Schwabl, H. 2002. Maternal testosterone in tree swallow eggs

varies with female aggression. Animal Behaviour, 63, 63-67.
Williams, G. C. 1979. The question of adaptive sex ratio in outcrossed vertebrates.

Proceedings of the Royal Society of London.Series B: Biological Sciences, 205,
567-580.

Williams, T. D. & Miller, M. 2003. Individual and resource-dependent variation in
ability to lay supranormal clutches in response to egg removal. Auk, 120, 481-489.

Williams, T. D. 1999. Parental and first generation effects of exogenous 17-β-estradiol
on reproductive performance of female zebra finches (Taeniopygia guttata). Hor-
mones and Behavior, 35, 135-143.

Wilson, J. A. & Glick, B. 1970. Ontogeny of mating behavior in the chicken. Amer-
ican Journal of Physiology, 218, 951-955.

Wingfield, J. C. 1994. Behavioral and hormonal responses of male song sparrows to
estradiol-treated females during the non-breeding season. Hormones and Behav-
ior, 28, 146-154.

Wingfield, J. C. & Farner, D. S. 1975. The determination of five steroids in avian
plasma by radioimmunoassay and competitive protein binding. Steroids, 26,
311-327.

Winkler, D. W. 1993. Testosterone in egg-yolks - an ornithologists perspective. Pro-
ceedings of the National Academy of Sciences of the United States of America,
90, 11439-11441.

Wolff, E. & Wolff, E. 1951. The effects of castration on bird embryos. Journal of
Experimental Zoology, 116, 59-97.

Woods, J. E. & Brazzill, D. M. 1981. Plasma 17-β-estradiol levels in the chick-embryo.
General and Comparative Endocrinology, 44, 37-43.

149



PROXIMATE CONTROL OF AVIAN SEX ALLOCATION

Woods, J. E., Simpson, R. M. & Moore, P. L. 1975. Plasma testosterone levels in
chick-embryo. General and Comparative Endocrinology, 27, 543-547.

Wynn, S. E. & Price, T. 1993. Male and female choice in zebra finches. Auk, 110,
635-638.

Z

Zann, R. 1994. Effects of band color on survivorship, body condition and reproductive
effort of free-living Australian zebra finches. Auk, 111, 131-142.

Zann, R. & Runciman, D. 2003. Primary sex ratios in zebra finches: no evidence for
adaptive manipulations in wild and semi-domesticated populations. Behavioral
Ecology and Sociobiology, 54, 294-302.

Zann, R. A. & Rossetto, M. 1991. Zebra finch incubation: brood patch, egg temper-
ature and thermal properties of the nest. Emu, 91, 107-120.

Zann, R. A. 1996. The Zebra Finch. A Synthesis of Field and Laboratory Studies.
Oxford: Oxford University Press.

150



SAMENVATTING

Nederlandse Samenvatting

Sex allocatie is de strategie van verschillende investering in mannelijke en
vrouwelijke nakomelingen. Sex allocatie betreft zowel de investering in het
relatieve aantal zoons en dochters, de geslachtsverhouding of sex ratio, als ook
de relatieve investering in elke individuele zoon en dochter.

De meeste dieren produceren gemiddeld even veel mannelijke als vrouwe-
lijke nakomelingen. Een eenvoudige verklaring hiervoor is het feit dat het ge-
slacht door de geslachtschromosomen bepaald wordt: iedere jong krijgt de helft
van zijn chromosomen van de vader, en de andere helft van zijn moeder. Bij
zoogdieren hebben mannen twee verschillende geslachtschromosomen – een X-
en een Y-chromosoom – terwijl vrouwen twee overeenkomstige X-chromosomen
hebben. Bij vogels is het omgekeerd: vrouwen hebben twee verschillende ge-
slachtschromosomen – een Z- en een W-chromosoom – terwijl mannen twee
Z-chromosomen hebben. Als een vogelmoeder een ei produceert, komt of het Z-
chromosoom of het W-chromosoom in het ei terecht, en hiermee is het geslacht
van het toekomstige jong bepaald. Het Z-chromosoom in de bevruchtende
zaadcel van de vader heeft geen invloed meer op het geslacht.

Als puur toevallig het Z-chromosoom of het W-chromosoom in het ei
terechtkomt, dan resulteert dit gemiddeld in evenveel mannelijke en vrouwelijke
nakomelingen, dus een sex ratio van 50 % (percentage mannen van het totale
aantal jongen).

In de afgelopen jaren is echter gebleken, dat vogels niet altijd evenveel man-
nelijke en vrouwelijke nakomelingen krijgen. Bij sommige soorten worden on-
der bepaalde omstandigheden meer dochters of zoons geproduceerd dan men
op grond van toevalsvariatie zou verwachten. Dit komt ten dele door een ver-
schil in sterfte van zoons en dochters nog voor het uitvliegen. Maar bij andere
studies bleek bij het leggen van het ei de sex ratio zo sterk van 50% af te wijken,
dat al bij de productie van het ei het geslacht bëınvloed moet zijn. De verdeling
van de geslachtschromosomen over de eieren kan dus niet toevallig zijn.

Variatie in sex allocatie heeft twee oorzaken. De eigenschappen die sex al-
locatie bepalen, zijn uitendelijk in het genoom vastgelegd door verschillen in
overleving en reproductie tussen individuen die zich in de betrokken genen
onderscheiden (ultimate causes). De samenwerking van omgevingsfactoren en
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fysiologische en genetische mechanismen bepaalt de sex allocatie van ieder in-
dividu (proximate causes).

Omdat er bijna altijd verschillen tussen mannen en vrouwen zijn die hun
overleving en reproductie bëınvloeden, kan het onder bepaalde omstandigheden
voordelig voor de ouders zijn om meer zoons te produceren – zodat hun genen
via mannelijke nakomelingen in de toekomstige generatie terechtkomen – of
juist meer dochters te krijgen. Een duidelijk voorbeeld van een situatie waar
het voordelig is veel zoons te krijgen is als er op een gegeven moment weinig
mannen zijn. Dan hebben zoons meer kans dan dochters om een partner te
vinden en zich voort te planten. Dit verklaart waarom een gemiddelde sex
ratio van 50% gewoonlijk optimaal is, omdat dan de kansen voor reproductie
voor beide geslachten even groot zijn.

Dit proefschrift bestudeert niet de ultimate oorzaken maar de proximate
determinatie van sex allocatie bij vogels. Hierbij wordt in het bijzonder de
mogelijke invloed van maternale hormonen onderzocht. Maternale hormonen
worden tijdens de eiproductie door de moeder aangemaakt en komen in het ei
terecht. Bij een aantal soorten hebben dezelfde factoren – aantrekkelijkheid
van de partner, positie in de legvolgorde of voedsel – invloed op sex allocatie
en maternale hormonen. Er bestaat dus mogelijk een causaal verband tussen
maternale hormonen en sex allocatie. Studie object is de zebravink omdat
eerdere studies bij deze soort variatie in sex allocatie en depositie van mater-
nale hormonen hebben aangetoond. De zebravink broedt bovendien uitermate
gemakkelijk in gevangenschap.

De nadruk van dit proefschrift ligt ten eerste op het onderzoeken van
de robuustheid van resultaten uit eerder onderzoek en ten tweede op de
uitbreiding van het onderzoek met de vraag naar tijdstip en mechanisme van
aanpassing van sex allocatie.

Hoofdstuk 1 geeft een inleiding in de vraagstelling en een overzicht van
het proefschrift.

De volgende drie hoofdstukken onderzoeken de invloed van externe factoren
op primaire sex ratio (op het moment dat de eieren worden geproduceerd),
secundaire sex ratios (tijdens latere stadia van ontwikkeling) en maternale
hormonen.

Hoofdstuk 2 beschrijft de invloed van kunstmatige ornamenten bij ze-
bravink mannetjes op de sex ratio van de nakomelingen en reproduktie. Het

152



SAMENVATTING

experiment is gebaseerd op een aantal opmerkelijke studies van Nancy Bur-
ley uit de jaren ’80. Zij ondekte dat vrouwelijke zebravinken mannetjes met
rode pootringen zeer aantrekkelijk vinden (Burley 1982a). Mannen met groene
pootringen waren onaantrekkelijk. Mannen met oranje ringen zaten daar tussen
in. Ook was de sex ratio van de overlevende jongen positief met de aantrekke-
lijkheid van de pootringen van de mannelijke partner gecorreleerd (Burley 1981,
Burley 1986c). Het was niet bekend of de sex ratio verschuiving door verschil-
lende sterfte van zoons en dochters werd veroorzaakt, of door aanpassing van de
primaire sex ratio. Recent onderzoek kon deze resultaten niet bevestigen (Zann
& Runciman 2003), maar dit lag er wellicht aan dat hierbij niet met groepen in
volières maar met individuele broedparen in kooitjes gewerkt werd. Deze opzet
sluit de mogelijkheid voor competitie tussen mannen en partnerkeuze door de
mannetjes uit.

Ons experiment herhaalde daarom zo nauwkeurig mogelijk de originele opzet
in zes replica’s op drie plaatsen (Universiteiten van Groningen, Bielefeld in
Duitsland en La Trobe in Australië). Bovendien werden in vijf replica’s de
geslachten van de niet uitgekomen en gestorven jongen bepaald om het tijdstip
van sex ratio aanpassing te bepalen. De resultaten weken duidelijk van de
resultaten van Nancy Burley af: mannen met oranje kleurringen kregen het
laagste percentage zoons. Dit effect van ringkleur op de sex ratio was overigens
niet significant, hoewel in alle replica’s rode mannen gemiddeld meer zoons
kregen dan oranje mannen. De lage sex ratio bij mannen met oranje kleurring
was al op het moment van de eileg aanwezig en werd dus niet door differentiële
sterfte veroorzaakt.

De kleurring van de man had wel een duidelijk invloed op het nestgewicht en
het percentage eieren dat uitkwam. Dit ondersteunt het idee dat de ‘kwaliteit’
van de man door de kleur van de pootring bëınvloedt wordt. Een mogelijke
oorzaak voor de verschillen in resultaten tussen studies zijn verschillen in de
effecten van de kleurringen op aantrekkelijkheid en dominantie.

Recent onderzoek van Diego Gil uit Schotland (Gil et al. 1999) toonde aan
dat bij vrouwelijke zebravinken die met mannen met rode pootringen gepaard
zijn de eieren meer “mannelijke” geslachtshormonen (androgenen) bevatten dan
bij vrouwen die met mannen met groene pootringen gepaard zijn. Omdat an-
drogenen de ontwikkeling en het overleven van de jongen kunnen bëınvloeden,
zou dit een mechanisme voor de regulatie van de secundaire sex ratio kunnen
zijn.

In hoofdstuk 3 lieten wij de aantrekkelijkheid van de man door de vrouw zelf
bepalen en paarden vervolgens de vrouw of met haar gekozen mannetje of juist
met het niet verkozen mannetje. Van een kleinere groep werden de eieren direct
na de eileg verzameld en werd voor ei 1 en ei 4 de hoeveelheid hormoon bepaald.
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In dit experiment waren inderdaad de androgenen in de eieren van vrouwen
met aantrekkelijke mannen verhoogd, weliswaar alleen significant voor ei 4. Er
was echter geen sekse verschil in de overleving van jongen van aantrekkelijke
en onaantrekkelijke mannen. Een mogelijke verklaring is, dat de effecten van
androgenen op het overleven van de jongen van de echte kwaliteit van de vaders
of de jongen afhankelijk zijn.

Ook bij een beter voedselaanbod is bij zebravinken eerder een verhoogd per-
centage dochters gevonden (Kilner 1998; Bradbury & Blakey 1998). In hoofd-
stuk 4 onderzochten wij zowel het effect van voedselkwaliteit alsook het effect
van verhoogde eiproductie. Verse eieren werden dagelijks uit het nest gehaald
waardoor de vogels meer eieren legden. In tegenstelling tot de eerdere studies
vonden wij een verhoogd percentage zoons juist in de groep met betere voed-
selkwaliteit, maar alleen voor de eieren die in het begin van de leg geproduceerd
worden. Het effect van voedselkwaliteit op de sex ratio blijkt dus niet consist-
ent, hoewel in vele studies duidelijk een invloed op de sex ratio gevonden werd.
Mogelijk is de positie in de legvolgorde of het aantal gelegde eieren hierbij van
belang: in sommige studies is er een toename van de sex ratio met de positie
in de legvolgorde, in andere neemt de sex ratio bij slecht voedsel met de positie
in de legvolgorde af.

Het idee dat de hormonale conditie van de moeder de sex ratio kan bepalen
werd ondersteund door een studie van Tony Williams. Hij toonde aan dat
injectie van oestradiol bij vrouwelijke zebravinken tot een verhoogde percentage
dochters leidt (Williams 1999). Het was niet bekend of dit een effect was op
de primaire sex ratio. In de studie beschreven in hoofdstuk 5 herhaalden
wij het experiment en bovendien bepaalden wij de primaire sex ratio. Wij
vonden geen effect op de primaire sex ratio maar bij de nakomelingen van met
oestradiol behandelde vrouwtjes wel een significant verhoogde overlevingskans
van dochters vergeleken met zoons. Het blijft onduidelijk op dit effect direct
wordt veroorzaakt door oestradiol dat in het ei terechtkomt. Het is ook mogelijk
dat oestradiol het gedrag van de ouders bëınvloedt en daardoor indirect een
effect heeft op de sex ratio.

Het directe effect van maternale androgenen werd in hoofdstuk 6 on-
derzocht. 500 pg testosteron werd in de eidooier van zebravinken eieren
gëınjecteerd. Deze hoeveelheid komt overeen met het gemiddelde verschil in
androgenen in dooiers van eieren van vrouwtjes met aantrekkelijke en on-
aantrekkelijke mannen. Mannelijke jongen uit controle eieren bedelden meer
en groeiden sneller dan vrouwelijke jongen. Testosteron verhoogde het bedelge-
drag en versnelde de groei van dochters uit met testosteron behandelde eieren.
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Het had geen effect op het bedelgedrag van zoons en vertraagde zelfs hun groei.
Door de depositie van testosteron te variëren zou dus een vogelmoeder de vroege
ontwikkeling van de jongen op seks specifieke manier kunnen bëınvloeden.

In het experiment in Hoofdstuk 7 werden de lange termijn consequen-
ties van verhoogd testosteron in de eidooier onderzocht. Op volwassen leeftijd
waren mannen en vrouwen uit met testosteron behandelde eieren aantrekke-
lijker voor het andere geslacht dan mannen en vrouwen uit controle eieren. Er
waren geen verschillen in morfologie of kleur aantoonbaar maar wel verschillen
in reproductief gedrag: In een broedpoging met onbehandelde partners pro-
duceerden mannen uit testosteron eieren minder ongerichte zang dan mannen
uit controle eieren. Ze begonnen later met nestbouw maar kregen uiteindelijk
zwaardere nesten en begonnen later met broeden. Wij konden geen verschil in
gedrag van vrouwen uit testosteron en controle eieren vaststellen.

In Hoofdstuk 8, wordt een algemeen overzicht gegeven over functie en
mechanisme van sex allocatie en worden de resultaten van het proefschrift in
de context van onderzoek aan zebravinken en andere vogels geplaatst. Onder-
zoek in dit proefschrift ondersteunt de opvatting dat vogels de primaire sex
ratio kunnen reguleren. Maar de consistentie tussen verschillend onderzoek
blijft gering. Voor het onderzoek naar de mechanismen van primaire sex ra-
tio bepaling is sterke behoefte aan een onderzoeksysteem waarin de resultaten
makkelijker zijn te reproduceren. Veel duidelijker dan de effecten op de pri-
maire sex ratio waren de effecten op overlevingskansen van zoons en dochters.
Sterfte van de nakomelingen betekent kosten voor de ouders in de vorm van ver-
loren investering, maar als de kosten van investering relatief laag zijn, kan het
een adaptief mechanisme zijn voor de aanpassing van de sex ratio. Tenslotte
vonden wij dat het effect van androgenen in het ei afhangt van het geslacht
van het jong en dat deze androgenen lange termijn consequenties hebben op
reproductief gedrag. Variatie in depositie van maternale hormonen kan dus een
belangrijke rol spelen bij sex allocatie van vogels.
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