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

N’arrivent jamais à belle fin.”

William Yarrell (1857) J. Proc. Linn. Soc. Zool. 1: 76-82



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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