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“Sieh in dem zarten Kind zwei liebliche Blumen vereinigt,
Jungfrau und Jüngling, sie deckt beide die Knospe noch zu.

Leise löst sich das Band, es entzweien sich zart die Naturen,
Und von der holden Scham trennet sich feurig die Kraft.”

Schiller (1796) Die Geschlechter



CHAPTER 6

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,
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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
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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.
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