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a b s t r a c t
Song is a fundamental component of territory defense and mate attraction in birds, and androgens (like
testosterone) are known to play a key role in controlling it. However, little is known about how differences in
testosterone levels between males translate into inter-individual song variation. Indeed, testosterone could
affect both the motivation to sing and the structure of song itself. Here, we tested whether experimentally
elevated testosterone levels in adult Bengalese ﬁnches (Lonchura striata var. domestica), an oscine bird
species, have an activational effect on 1) song performance, and 2) song structure. Our results show that
testosterone-treated males, in contrast to sham–control males, sang more when confronted with a female.
Other performance-related traits, however, such as latency to sing and song amplitude, were not affected.
Testosterone-treated males also showed no differences in our two measures of song structure: fundamental
element frequency and mean song frequency. Because song structure is known to be organizationally affected
by testosterone, our results, synthesized together with ﬁndings from the current literature, suggest that in
oscine birds, song contains multiple messages about the signaler's hormonal status. First, song performance
may reﬂect current hormonal condition, and second, song structure may reﬂect the past hormonal state.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction
The sexual behaviour of many vertebrates is strongly inﬂuenced by
testosterone, a steroid hormone produced in the gonads [1]. In oscine
birds, song is one of the fundamental components of mate attraction
and territory defense and there are many lines of evidence that
suggest that singing is controlled by testosterone. For example, in the
great tit (Parus major) and willow tit (Parus montanus) plasma
testosterone levels co-vary with singing activity over the breeding
season [2,3]. In zebra ﬁnches (Taeniopygia guttata) and canaries
(Serinus canaria), castration of males decreases song rates, but normal
singing activity is re-established after the castrated birds have been
injected with testosterone [4–6]. In a number of species, such as
white-crowned sparrows (Zonotrichia leucophrys) and canaries,
females supplied with exogenous testosterone develop a male-like
song and singing behaviour [7–9], even though in those species
females normally do not sing. Finally, neurobiological studies
demonstrated that songbirds have androgen receptors in their
specialized song control nuclei in the forebrain [10,11] as well as in
the ventralis muscle of the adult avian syrinx [12].
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Even though the overall relationship between androgens and
singing activity is well-documented, there is actually only a limited
number of studies that have looked at how differences in testosterone
levels between males translate into inter-individual song variation
[13]. Two fundamentally different properties of song can be used to
describe inter-individual song variation: song performance and song
structure. First, song performance is the quantity and amplitude of
song as well as the overall temporal pattern of song utterance. Second,
song structure includes spectral and temporal properties of the sound
waves that are emitted during singing. Song performance and song
structure can be measured independently of each other [13].
Most studies that have looked at how differences in testosterone
levels between males translate into inter-individual song variation
have considered song performance only. The majority of these
reported increased call or song rates in testosterone-treated oscines
[14–21], as well as in a suboscine [22] and a non-oscine species [23].
Another study employing experimental manipulation of testosterone
level did not ﬁnd an effect on singing rates [24] and several
investigations relating natural testosterone levels to inter-individual
differences in song rate also failed to ﬁnd such a relationship [25–27].
In some cases, this may be explained by seasonal variation in the level
of the estrogen-synthesizing enzyme aromatase [28], which plays a
crucial role in linking testosterone and behaviour [10,13]. Song bout
length, another performance-related trait was not found to be
positively related with experimentally increased androgen levels
([24], see also [29]). At the level of song element types, Galeotti et al.
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[25] found that the length of the distinctive ‘rattle’ syllable in the song
of the barn swallow (Hirundo rustica) as well as the number of pulses
correlates with natural plasma testosterone levels.
One song performance parameter, amplitude, has been ignored
among the several studies that have investigated the effect of testosterone on song performance. One reason for this may be that song
amplitude can only be measured reliably in a highly controlled set-up.
However, amplitude is important because 1) it determines the active
space of the signal, 2) female birds prefer loud songs [30,31] and
3) song amplitude is controlled by air sac pressure [32], and it has
been shown that certain muscles and other tissues that may affect the
gas pressure in the syrinx are sensitive to androgens [12].
In contrast to song performance traits, there are very few studies
that have addressed possible effects of sex steroids on song structure.
From a proximate perspective such an effect is expected simply
because of the high androgen sensitivity of the song control system
(see [10] for review). From an ultimate perspective such an effect is
expected because bird song is known to play a key role in male–male
competition and mate choice [33]. As sex steroids strongly affect
aggression and courtship behaviour [1,34], high testosterone levels
may optimize song parameters for efﬁcient sound transmission and
mate attraction. Nevertheless, the current evidence for a link between
testosterone and song structure is inconsistent. Repertoire size [35],
rate of song type switching [35] and song versatility (repertoire size
multiplied with the number of song type switches; [24]) were not
affected by administration of exogenous testosterone. However, Cynx
et al. [15] demonstrated that experimentally elevated testosterone
levels in adult zebra ﬁnches decreased their fundamental song
frequency. Remarkably this effect was only observed in the long
term as treatment birds decreased their song pitch after ﬁve weeks
post testosterone implantation. Moreover, the effect was still present
one year later, indicating long term effects of sex steroids during
adulthood (see [36] for a discussion of organizational vs. activational
androgen effects). To date, no studies have demonstrated an activational effect of androgens on song structure.
In the present study we test for activational effects of testosterone
implants (i.e. an increase of testosterone above baseline levels) on a
thorough suite of both performance-related and structure-related
song parameters, some of which have never (or rarely) been studied
in the context of androgen sensitivity.
Our study species, the Bengalese ﬁnch (Lonchura striata var.
domestica), belongs, as the zebra ﬁnch, to the Estrildidae family. Like
many other members of that family, Bengalese ﬁnches display two
types of song: directed song and undirected song [37,38]. Both types
of song are structurally similar, but directed song is addressed at a
female during courtship while undirected song is sung in contexts not
clearly associated with a targeted receiver. Although it has been
shown that testosterone levels in the Bengalese ﬁnch are signiﬁcantly
increased during the nest construction phase [39,40], overall levels
and ﬂuctuations of plasma testosterone are low compared to songbirds of temperate latitudes, which is a pattern commonly observed in
tropical species [41,42]. As in the zebra ﬁnch [4], the occurrence of
directed song in the Bengalese ﬁnch is controlled by testosterone,
while undirected song is largely independent of androgen levels [37].
To test for activational effects of androgens, we measured performance-related song parameters and song structure of directed song in
birds implanted with testosterone pellets and the control birds with
sham pellets and compared their singing behaviour before and after
implantation.
2. Methods
2.1. Subjects and housing
The Bengalese ﬁnch is a domestic strain of the white-rumped
munia (L. striata), an estrildide ﬁnch which is distributed throughout
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tropical Asia [43]. White-rumped munias are gregarious birds often
found in groups of several dozen individuals [43]. The domesticated
form is highly gregarious, reaches sexual maturity at about 3 months
of age, and may breed all year round [44]. Bengalese ﬁnches have
relatively simple, stereotyped songs, similar to those of zebra ﬁnches.
Songs consist of individual-speciﬁc phrases or element sequences
repeated several times in a song bout [45,46]. A song element is a
single note, visible as a continuous tracing in a spectrogram. A phrase
is a stereotyped sequence of elements, whereas a song bout is a
sequence of uninterrupted song (usually containing several phrases)
which is separated by other song bouts by a clear break of at least a
few seconds. While bird song often has a dual function of male–male
competition and mate attraction, Bengalese ﬁnch song is never used
in aggressive contexts but primarily functions in female attraction and
during courtship [47].
The tested birds were obtained from local pet suppliers and kept
for several months in a large aviary at the Max Planck Institute for
Ornithology in Seewiesen to make sure that they had all reached
sexual maturity. The experiments were conducted between June 2nd
and June 21st. Two weeks before the experiment started, the males
were moved to single cages (61 × 40 cm and 50 cm high) set up in a
large outdoor aviary with three wooden walls, wooden ceiling and
one wall made of wire mesh. Since Bengalese ﬁnches are highly social,
all birds were kept in constant visual and acoustic contact with other
males to allow some degree of social interactions. They were exposed
to the outside light/dark cycle (ca. 16 h of full daylight during the time
of the experiments) and temperature ﬂuctuations. Cages were
equipped with three perches and a cuttleﬁsh bone, and birds had ad
libitum access to a commercial tropical seed mixture and water. Their
diet was supplemented with fresh lettuce once a week. The test birds
could hear the songs of the other males kept in the same room and
they could also see some of the other birds. No females were present
in the room.
2.2. Testosterone implantation and hormone assay
A total of 34 birds were randomly assigned to the experimental
groups, but we made sure that the same number of different colour
morphs was included in the treatment and control group. Testosterone birds were implanted with testosterone pellets (1.5 mg testosterone, 60 day release, Innovative Research of America, Sarasota,
Florida) subcutaneously through a small dorsal incision of the skin
that was then closed with VetGlu tissue adhesive (Heiland Vet GmBH,
Germany). For an assessment of release rates of pellets and a comparison with silastic tubes see [48]. The control birds were implanted
with sham pellets consisting of pure binding material (Innovative
Research of America, Sarasota, Florida). Blood samples were taken
twice: 7 days before implantation and again 7 days after implantation.
70–150 μl of blood was collected with heparinized micropipettes
following venipuncture of the alar vein. The samples were centrifuged
and the plasma separated and stored frozen until further analysis. For
each individual, the pre-implantation and the post-implantation
blood samples were taken at the same time of day to control for
circadian ﬂuctuations of plasma testosterone levels [49–52]. Blood
sampling took place between 1400 and 1630 h.
Plasma testosterone concentration was determined by direct radioimmunoassay (RIA) employing testosterone antiserum T3-125 (Esoterix Endocrinology, Calabasas, CA, USA), following the protocols
described in Goymann et al. [53,54]. Cross reactivities of this antiserum
are testosterone (100%), 5a-dihydrotestosterone (44%), d-1-testosterone (41%), d-1-dihydrotestosterone (18%), 5a-androstan-3b, 17b-diol
(3%), 4-androsten-3b,17b-diol (2.5%), d-4-androstenedione (2%), 5bandrostan-3b, 17b-diol (1.5%), estradiol (0.5%), and less than 0.2% with
23 other steroids tested. Plasma samples were equilibrated with
1500 dpm of tritiated testosterone (Perkin Elmer, Wellesley, MA, USA)
to calculate recoveries. Mean ± sd extraction efﬁciency for plasma
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testosterone was 92 ± 3%. Standard curves and sample concentrations
were measured in duplicates and calculated with Immunoﬁt 3.0
(Beckman Inc. Fullerton, CA), using a four parameter logistic curve ﬁt.
The lower detection limits of the standard curves was determined as the
ﬁrst value outside the 95% conﬁdence intervals for the zero standard
(Bmax) and was 0.36 pg/tube. Samples were analyzed in two assays with
an intra-assay coefﬁcient of variation of 1.7 and 6.2% (determined from
standard testosterone). The inter-assay coefﬁcient of variation was
11.5%, the intra-extraction coefﬁcient of variation of extracted plasma
pools was 4.4 and 7.6%, and the inter-extraction coefﬁcient of variation
was 21.2%. Since the testosterone antibody used shows signiﬁcant crossreactions with 5a-dihydrotestosterone (44%), our measurement may
include a fraction of 5a-DHT.
The experimental procedures were reviewed and approved by the
administration of Upper Bavaria.

bouts). Song element parameters included fundamental frequency
(only measured in harmonic elements), mean frequency and
amplitude (rms method with averaging time 125 ms), all averaged
over 3–10 renditions. Recording settings were kept constant between birds, which allowed us to compare the sound levels of songs
from different recordings. To calibrate the sound amplitude measurements, we played a calibration tone (f0 = 2 kHz) with constant
amplitude from inside the experimental cage (with a FOXPRO
Scorpion X1A digital player, FOXPRO Inc, Lewistown, USA), which
was recorded with the same recorder and settings as the song
recordings. We then replaced the microphone with a CEL 314
precision sound level meter (integration time 125 ms) to measure
the sound level at the location of the microphone. Mean of peak
amplitude of the Bengalese ﬁnch songs during the pre-implantation
session was 52.9 dB SPL re 20 μPa at 1 m (range: 44.1–61.7 dB), mean
of mean amplitude was 49.3 dB (range: 43.1–55.9 dB).

2.3. Song recording and song analysis
2.4. Data analysis
For each male, song was recorded 1–3 days after the ﬁrst blood
sampling (i.e. 4–6 days before implantation of the testosterone/control
pellet) and again 1–3 days after the second blood sampling (i.e. 8–
10 days after implantation).
For the song recordings, each bird was moved singly to the experimental cage, a small wire mesh cage (54 × 28 cm and 41 cm high)
equipped with a single perch. The cage was placed in the center of an
empty room (4.60 × 3.40 m and 2.45 m high) that was partly lined
with anechoic foam to reduce reverberations. The back and side walls
of the cage were foam-padded while the top and the front were open.
A Sennheiser ME 62 omnidirectional microphone connected to a
Marantz PMD 660 solid state recorder was installed 80 cm vertically
above the center of the perch. This set-up allowed us to reliably
measure sound amplitude independent of the singing direction of the
subject [55,56]. A second cage with two females was placed in one
meter distance from the uncovered front of the male cage to stimulate
the test bird to sing. The females had access to ad libitum food and
water. The sound recording was started as soon as the male was
released into the experimental cage and lasted for 1 h. Simultaneously, the males' behaviours were recorded with a video camera (JVC
Everio GZ-MG77E). This allowed us to later distinguish songs uttered
from the perch from songs uttered from the ﬂoor of the cage. After 1 h,
the male was moved back to its home cage.
Of the 34 males tested, one died between the ﬁrst and the second
session due to unknown causes. 12 (seven treatment birds and ﬁve
control birds) sang during both recording sessions. Five males sang in
only one of the two sessions, 16 birds did not sing at all. In our
experience, the high rate of non-singers is typical for Bengal ﬁnches
and related species. Zebra ﬁnches, for instance, show very similar
singing rates with comparable testing set-ups when a female is kept in
1 m distance [57].
Sound analysis was performed both on the level of song bouts
and on the level of single song elements. For the latter, we analyzed
3–8 different song element types per bird. We chose song elements
depending on whether several good quality renditions of the same
element were available. Only those songs which were uttered while
the male was sitting on the perch were used in the analyses, as
some song parameters, in particular song amplitude, can vary with
the distance of the singing bird to the microphone. All recordings
were high-pass ﬁltered at 350 kHz to remove low-frequency background noise. The following song parameters were measured using
Avisoft-SASLab Pro (R. Specht, Berlin, Germany): latency to sing
(the time it took from the start of the experiment until the bird
uttered the ﬁrst song), time spent singing, element rate (number of
elements per second), peak amplitude (the amplitude of the loudest
element in the song, averaged over 1–10 renditions; root mean
square (rms) values, averaging time 125 ms) and mean amplitude
across the whole song bout (rms method, averaged over 1–10 song

All statistical tests were performed with R 2.8.1 [58] (R Development
Core Team, 2008). The function lmer (R package lme4) was used to ﬁt
generalized linear mixed-effects models (GLMM). We used a Wald χ2
test (see [59]) to investigate whether there was a signiﬁcant interaction
between the ﬁxed factor “timing” (before/after the treatment) and the
“group” (control/treatment group), i.e. whether the reaction of the
individuals depended on the treatment. The variable “latency to sing”
had a complex distribution because birds that did not sing during one
session were assigned a maximum value. We were not able to ﬁt a
GLMM to the original data and therefore used a rank transformation
following the procedures outlined by [60].
Birds that did not sing during at least one of the two recording
sessions (i.e. 16 out of 33) were excluded from the analyses. One bird
from the treatment group did not show an elevated testosterone level
but a decrease by 30% (from 994 to 695 pg/ml), while all other
treatment birds had a more than two-fold increase in testosterone
levels. Therefore, we assumed that the implant probably fell off and
the individual was removed from the analysis.
We accounted for the repeated sampling of the same individuals
(one sampling before the treatment and one sampling after the
treatment) by using individual subject as a random factor. For the
analysis of the song element parameters (fundamental frequency,
amplitude, mean frequency), we used a random factor “element type”
that was nested in the individual subjects. Body weight was always
included in our models as a ﬁxed factor because the control birds
tended to be heavier than treatment birds before implantation, but
this difference was not signiﬁcant (Welch Two Sample t-test: t =
−2.09, df = 7.85, P = 0.07).
3. Results
Before implantation, the two experimental groups neither differed
statistically in their testosterone levels (t = −0.60, df= 13.90, P = 0.57)
nor in any of the measured song parameters: total time singing (t =
−1.20, df = 8.67, P = 0.26), latency to sing (t = −0.19, df= 14,00,
P = 0.85), peak amplitude (t = −1.60, df= 8.41, P = 0.15) and mean
amplitude (t = −0.87, df = 7.83, P = 0.41). Similarly, baseline testosterone level was not correlated with body weight (Spearman's rank
correlation, r2 = 0.01, t = 0.44, df = 14, P = 0.66), nor were any of the
song parameters (0.22 ≥ r2 ≥ 0.003, 1.66 ≥ t ≥ −0.20, 14 ≥ df ≥ 10,
0.84≥ P ≥ 0.13). Likewise, none of the song parameters varied with
individual testosterone levels before implantation (0.16 ≥ r2 ≥ 0.01,
1.38≥ t ≥ −0.37, 14 ≥ df≥ 10, 0.72 ≥ P ≥ 0.20).
After implantation, the treatment birds had considerably increased
plasma testosterone levels compared to the control birds (χ2 = 9812.1,
df= 1, P b 0.001, Fig. 1), which indicates that our hormone treatment
was successful. Body weight was not affected by the treatment

Group

4000

6000

8000

T
C

2000

testosterone level (pg/ml)

10000

M. Ritschard et al. / Physiology & Behavior 102 (2011) 30–35

33

control birds suggests that the baseline singing motivation was lower
in the second recording session compared to the ﬁrst session. However, while the two slopes differed signiﬁcantly, both the increase
within the testosterone birds (t = −0.76, df = 12.32, P = 0.46) and the
decrease within the control birds (t = 1.10, df = 9.14, P = 0.30) were
statistically not signiﬁcant. The testosterone-related difference in
performance time was mainly due to the treatment birds producing
more song bouts, but they also tended to increase their average song
bout length compared to the control birds (χ2 = 2.77, df = 1,
P = 0.10). Latency to sing (χ2 = 0.44, df = 1, P = 0.51) and element
rate were not signiﬁcantly affected by the testosterone treatment
(χ2 = 2.21, df= 1, P = 0.14), nor were mean song amplitude (χ2 = 0.30,
df= 1, P = 0.58), peak song amplitude (χ2 = 0.15, df= 1, P = 0.70) and
element amplitude (χ2 = 1.26, df= 1, P = 0.26).

0

3.2. Song structure

Before

After

Fig. 1. Interaction plot of plasma testosterone levels before and after pellet implantation
in male Bengalese ﬁnches. Means ± SE of testosterone levels are given for treatment
birds (solid line; N = 8) and the control birds (dashed line; N = 8). In contrast to the
control birds, treatment birds show signiﬁcantly elevated testosterone levels after
implantation (P b 0.001).

(χ2 = 0.35, df= 1, P = 0.55), with both treatment group and control
group showing a slight, but statistically insigniﬁcant, increase in weight.
3.1. Song performance

140

Our testosterone treatment did not affect the overall likelihood to
sing (χ2 = 0.09, df = 1, P b 0.76); in the treatment group, a total of
seven birds sang during the ﬁrst session and eight birds during the
second session, while in the control group, a total of six birds sang in
the ﬁrst session and seven birds (whereof two did not sing before) in
the second session. In contrast, the treatment had a strong effect on
the total singing duration (χ2 = 206.63, df = 1, P b 0.001) with testosterone birds spending more time singing and the control birds decreasing their total singing duration (Fig. 2). The decrease within the
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Fig. 2. Effect of testosterone on the total duration of courtship song in Bengalese ﬁnches.
Interaction plot of the song duration before and after pellet implantation. Means ± SE of
total song duration are given for treatment birds (solid line; N = 8) and the control
birds (dashed line; N = 8). In comparison with the control birds, testosteroneimplanted birds show a signiﬁcant increase in total song duration (P b 0.001).

We found no effect of the testosterone treatment on our two
structural song measures, fundamental element frequency (χ2 = 0.30,
df = 1, P = 0.58) and mean element frequency (χ2 = 0.97, df = 1,
P = 0.32).
4. Discussion
We found that within 10 days after administration, testosterone
implants increased the total time that male Bengalese ﬁnches spent
singing. In contrast, no evidence for activational effects of testosterone
on latency to sing and on song amplitude could be observed. Thus, we
conclude that in Bengalese ﬁnches, high plasma testosterone levels
augment the motivation to sing. A similar effect has been described in a
number of avian species, including the pied ﬂycatcher (Ficedula
hypoleuca; [20]), song sparrow (Melospiza melodia); [19]), dark-eyed
junco (Junco hyemalis; [16]), rufous whistler (Pachycephala ruﬁventris;
[18]), red grouse (Lagopus logopus scoticus; [23]), zebra ﬁnch [15],
canary [14], golden-collared manakin (Manacus vitellinus; [22]), blue tit
(Cyanistes caeruleus; [17]) and the house ﬁnch (Carpodacus mexicanus;
[21]).
As singing functions in territory defense and mate attraction [33], a
high motivation to sing is likely to be required during the periods when
competition for resources and access to mates is high. Such periods
may vary between species depending on their ecological requirements
and life-history traits (see [42] for review). Peak androgen levels are
correlated, among other factors, with, seasonality [2,3,41,61], mating
system [41,62] and sociality [63,64]. In the Bengalese ﬁnch, testosterone levels are highest during the nest building stage, when males
compete for access to females [40]. In combination, all these pieces of
evidence strongly suggest that a direct physiological link exists between circulating testosterone levels and singing motivation.
Contrary to song output, song amplitude did not differ between
testosterone birds and the control birds in our study. This indicates
that song amplitude is not affected by variation in circulating testosterone levels, at least in the Bengalese Finch. It is possible that an
effect of testosterone on song amplitude will be found in more
territorial species that use their songs for long-range communication,
because loud songs will be advantageous both in territorial defense
and in passive female attraction, however we presume that modulation of song amplitude will generally tend to be under more direct
(i.e. neuronal) control mechanisms (see later discussions).
The challenge hypothesis predicts short term increases of testosterone levels during aggressive encounters [65], which is particularly
interesting with respect to the potential relationship between song
amplitude, testosterone and territorial defense. In nightingales, territorial males have been found to increase their song amplitude
during simulated challenges by rival males [66]. However, all nightingales increased their vocal effort within one minute after hearing a
rival male (some individuals even within a few seconds) indicating
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that the vocal regulation of song amplitude can be very fast. These
brief reaction times suggest that testosterone may not be the
immediate mediator of the increase in song amplitude because the
secretion of testosterone is expected to take at least several minutes
after stimulation [67]. Therefore short term changes in song
amplitude are more likely to be mediated by other, i.e. neuronal,
mechanisms.
In contrast to the effects on song performance, our testosterone
treatment did not affect our two measures of song structure,
fundamental frequency and mean frequency of song elements. This
is in line with another study [15] that found organizational, but no
activational effects of androgens on fundamental frequency of zebra
ﬁnch song elements: the fundamental frequency of testosteronetreated males did not change within three weeks after implantation,
but it was signiﬁcantly lower ﬁve weeks after implantation and
remained low for at least one year. However, Cynx et al. [15] did not
assess plasma testosterone levels, so it is unclear how effective the
treatment was and for how long testosterone levels remained
elevated.
Although in our study administration of additional testosterone
did not alter song structure on the short term, this does not exclude
that testosterone below the observed baseline levels may have an
impact on song structure. It might be that a comparably low
testosterone level has activational effects on song structure and/or
amplitude, but these song features may remain stable beyond a
certain threshold of androgen concentration. This hypothesis can be
tested with experiments using androgen receptor blockers or
employing methods to reduce the amount of circulating testosterone
[1].
Taken together, our study and the study of Cynx et al. [15] suggest
that immediate, activational effects of enhanced plasma testosterone
affect singing motivation, while long term effects may alter song
structure. It is possible that some changes in song structure involve
complex physiological processes altering neural and muscular actions
and/or the structure of the syrinx. As a consequence, singing rate and
perhaps song bout length, may reﬂect current hormonal state, while
song structure may reﬂect past hormonal state, both during early
development [68,69] and during adulthood [15]. However, this
hypothesis regarding the hormonal basis of singing motivation and
song structure needs to be substantiated by further experimental
data. While there is a rather large body of evidence for a strong link
between current androgen levels and overall courtship motivation in
birds, activational and organizational effects of testosterone on song
structure are still neglected. Therefore, future studies of testosteronesensitivity of bird song should assess both short term and long term
effects. Moreover, such studies may focus on song parameters which
have been found to be under positive female preference, as
testosterone during early development as well as during adulthood
may have long-time effects and perhaps also short-time effects on
song quality. High testosterone levels have been shown to be costly to
maintain [70] and good singers may thus signal their ability to bear
these costs. Song parameters which may be tested for testosteronesensitivity include repertoire size [71,72] and speciﬁc song elements
(‘sexy syllables’) like the broadband trills in canaries [73], which both
have been shown to be important for female choice.

Acknowledgments
We would like to thank Katja Temnow and Rebecca Wutzler for
help and assistance during the experiments, and Edith Bodendorfer
for taking care of our birds. We are also grateful to Wolfgang
Goymann, Ingrid Schwabl and Monika Trappschuh for the hormone
analysis, Tobias Roth and Mihai Valcu for statistical advice and Bart
Kempenaers for support. Wolfgang Goymann and Sue Anne Zollinger,
as well as two anonymous reviewers, provided helpful comments on

the manuscript. Funding was provided by the Max Planck Society and
the Deutsche Forschungsgemeinschaft (award Br 2309/6-1).

References
[1] Adkins-Regan E. Hormones and animal social behavior. Princeton: Princeton
University Press; 2005.
[2] Rost R. Hormones and behaviour: a joint examination of studies on seasonal
variation in song production and plasma levels of testosterone in the great tit
Parus major. J Ornithol 1990;131:403–11.
[3] Rost R. Hormones and behaviour: a comparison of studies on seasonal changes in
song production and plasma testosterone levels in the willow tit Parus montanus.
Ornis Fenn 1992;69:1–6.
[4] Pröve E. Der Einﬂuss von Kastration und Testosteronsubstitution auf das
Sexualverhalten männlicher Zebraﬁnken (Taeniopygia guttata castanotis Gould).
J Ornithol 1974;115:338–47.
[5] Arnold AP. The effects of castration and androgen replacement on song, courtship,
and aggression in zebra ﬁnches (Poephila guttata). J Exp Zool 1975;191:309–26.
[6] Heid P, Güttinger HR, Pröve E. The inﬂuence of castration and testosterone
replacement on the song architecture of canaries (Serinus canaria). Z Tierpsychol
1985;69:224–36.
[7] Kern MD, King JR. Testosterone-induced singing in female white-crowned
sparrows. Condor 1972;74:204–9.
[8] Mulligan J, Erickson R. Instrumental analysis of hormone induced singing in
female canaries. Am Zool 1968;8:743–4.
[9] Shoemaker HH. Effects of testosterone proprionate on the behavior of the female
canary. Proc Soc Exp Biol Med 1939;41:299–302.
[10] Ball GF, Castelino CB, Maney DL, Appeltants D, Balthazart J. The activation of
birdsong by testosterone. Multiple sites of action and role of ascending
catecholamine projections. Ann N Y Acad Sci 2003;1007:211–31.
[11] Gahr M, Metzdorf R. Distribution and dynamics in the expression of androgen and
estrogen receptors in vocal control systems of songbirds. Brain Res Bull 1997;44:
509–17.
[12] Veney SL, Wade J. Steroid receptors in the adult zebra ﬁnch syrinx: a sex difference
in androgen receptor mRNA, minimal expression of estrogen receptor α and
aromatase. Gen Comp Endocrinol 2004;136:192–9.
[13] Gil D, Gahr M. The honesty of bird song: multiple constraints for multiple traits.
Trends Ecol Evol 2002;17:133–41.
[14] Boseret G, Carere C, Ball GF, Balthazart J. Social context affects testosteroneinduced singing and the volume of song control nuclei in male canaries (Serinus
canaria). J Neurobiol 2006;66:1044–60.
[15] Cynx J, Bean NJ, Rossman I. Testosterone implants alter the frequency range of
zebra ﬁnch songs. Horm Behav 2005;47:446–51.
[16] Ketterson ED, Nolan Jr V, Wolf L, Ziegenfuss C. Testosterone and avian life histories:
effects of experimentally elevated testosterone on behavior and correlates of
ﬁtness in the dark-eyed junco (Junco hyemalis). Am Nat 1992;140:980–99.
[17] Kurvers RHJM, Roberts ML, McWilliams SR, Peters A. Experimental manipulation
of testosterone and condition during molt affects activity and vocalizations of
male blue tits. Horm Behav 2008;54:263–9.
[18] McDonald PG, Buttemer WA, Astheimer LB. The inﬂuence of testosterone on
territorial defence and parental behavior in male free-living rufous whistlers,
Pachycephala ruﬁventris. Horm Behav 2001;39:185–94.
[19] Nowicki S, Ball GF. Testosterone induction of song in photosensitive and photorefractory male sparrows. Horm Behav 1989;23:514–25.
[20] Silverin B. Effects of long-lasting testosterone treatment on free-living pied
ﬂycatchers, Ficedula hypoleuca, during the breeding season. Anim Behav 1980;28:
906–12.
[21] Strand CR, Ross MS, Weiss SL, Deviche P. Testosterone and social context affect
singing behavior but not song control region volumes in adult male songbirds in
the fall. Behav Process 2008;78:29–37.
[22] Day LB, McBroom JT, Schlinger BA. Testosterone increases display behaviors but
does not stimulate growth of adult plumage in male golden-collared manakins
(Manacus vitellinus). Horm Behav 2006;49:223–32.
[23] Mougeot F, Dawson A, Redpath SM, Leckie F. Testosterone and autumn territorial
behavior in male red grouse Lagopus lagopus scoticus. Horm Behav 2005;47:
576–84.
[24] Kunc HP, Foerster K, Vermeirssen ELM, Kempenaers B. Experimentally elevated
plasma testosterone levels do not inﬂuence singing behaviour of male blue tits
(Parus caeruleus) during the early breeding season. Ethology 2006;112:984–92.
[25] Galeotti P, Saino N, Sacchi R, Møller AP. Song correlates with social context,
testosterone and body condition in male barn swallows. Anim Behav 1997;53:
687–700.
[26] Saino N, Galeotti P, Sacchi R, Møller AP. Song and immunological condition in male
barn swallows (Hirundo rustica). Behav Ecol 1997;8:364–71.
[27] Saino N, Møller AP. Testosterone correlates of mate guarding, singing and aggressive
behaviour in male barn swallows, Hirundo rustica. Anim Behav 1995;49:465–72.
[28] Fusani L. Seasonal expression of androgen receptors, estrogen receptors, and
aromatase in the canary brain in relation to circulating androgens and estrogens.
J Neurobiol 2000;43:254–68.
[29] Voigt C, Leitner S. No correlation between song and circulating testosterone levels
during multiple broods in the domesticated canary (Serinus canaria). Ethology
2010;116:113–9.
[30] Searcy WA. Sound-pressure levels and song preferences in female red-winged
blackbirds (Agelaius poeniceus) (Aves, Emberizidae). Ethology 1996;102:187–96.

M. Ritschard et al. / Physiology & Behavior 102 (2011) 30–35
[31] Ritschard M, Riebel K, Brumm H. Female zebra ﬁnches prefer high-amplitude
song. Anim Behav 2010;79:877–83.
[32] Plummer EM, Goller F. Singing with reduced air sac volume causes uniform
decrease in airﬂow and sound amplitude in the zebra ﬁnch. J Exp Biol 2008;211:
66–78.
[33] Catchpole CK, Slater PJB. Bird song: biological themes and variations. Cambridge:
Cambridge University Press; 2008.
[34] Fusani L. Testosterone control of male courtship in birds. Horm Behav 2008;54:
227–33.
[35] Weatherhead PJ, Metz KJ, Bennett GF, Irwin RE. Parasite faunas, testosterone and
secondary sexual traits in male red-winged blackbirds. Behav Ecol Sociobiol
1993;33:13–23.
[36] Arnold AP, Breedlove SM. Organizational and activational effects of sex steroids on
brain and behavior: a reanalysis. Horm Behav 1985;19:469–98.
[37] Ikeda M, Takeuchi HA, Aoki K. The role of sex steroid in two avian song behaviors
differing in ontogenetic process. Experientia 1994;50:972–4.
[38] Sossinka R, Böhner J. Song types in the zebra ﬁnch Poephila guttata castanotis.
Z Tierpsychol 1980;53:123–32.
[39] Seiler HW, Gahr M, Goldsmith AR, Güttinger HR. Testosteron, Progesteron und
Prolaktin im Brutzyklus des Japanischen Mövchens (Lonchura striata var.
domestica). Verh Dtsch Zoologischen Ges 1988;81:262–3.
[40] Seiler W, Güttinger HR. Testosterone titers, song and courtship activity in the
domestic Bengalese ﬁnch (Lonchura striata var. domestica). J Ornithol 1988;129:
473–5.
[41] Goymann W, Moore IT, Scheuerlein A, Hirschenhauser K, Grafen A, Wingﬁeld JC.
Testosterone in tropical birds: effects of environmental and social factors. Am Nat
2004;164:327–34.
[42] Hau M, Gill SA, Goymann W. Tropical ﬁeld endocrinology: ecology and evolution of
testosterone concentrations in male birds. Gen Comp Endocrinol 2008;157:241–8.
[43] Restall R. Munias and mannikins. Sussex: Pica Press; 1996.
[44] Eisner E. The biology of the Bengalese ﬁnch. Auk 1960;77:271–87.
[45] Okanoya K, Yamaguchi A. Adult Bengalese ﬁnches (Lonchura striata var.
domestica) requite real-time auditory feedback to produce normal song syntax.
J Neurobiol 1997;33:343–56.
[46] Woolley SMN, Rubel EW. Bengalese ﬁnches Lonchura striata domestica depend
upon auditory feedback for the maintenance of adult song. J Neurosci 1997;17:
6380–90.
[47] Honda E, Okanoya K. Acoustical and syntactical comparisons between songs of the
White-backed munia (Lonchura striata) and its domestic strain, the Bengalese
ﬁnch (Lonchura striate var. domestica). Zool Sci 1999;16:319–26.
[48] Fusani L. Endocrinology in ﬁeld studies: problems and solutions for the
experimental design. Gen Comp Endocrinol 2008;157:249–53.
[49] Bachmann SE, Bachmann JM, Mashaly MM. Effect of photoperiod on the diurnal
rhythm of plasma testosterone, dihydrotestosterone and androstenedione in
mature male chickens. Comp Biochem Physiol A 1987;87:775–9.
[50] Balthazart J. Daily variations of behavioural activities and of plasma testosterone
levels in the domestic duck Anas platyrhynchos. J Zool 1976;180:155–73.
[51] Balthazart J, Reboulleau C, Cheng MF. Diurnal variations of plasma FSH, LH, and
testosterone in male ring doves kept under different photoperiods. Gen Comp
Endocrinol 1981;44:202–6.
[52] Schanbacher BD, Gomes WR, VanDemark NL. Diurnal rhythm in serum
testosterone levels and thymidine uptake by testes in domestic fowl. J Anim Sci
1974;38:1245–8.

35

[53] Goymann W, Möstl E, Gwinner E. Non-invasive methods to measure androgen
metabolites in excrements of European stonechats, Saxicola torquata rubicola. Gen
Comp Endocrinol 2002;129:80–7.
[54] Goymann W, Trappschuh M, Jensen W, Schwabl I. Low ambient temperature
increases food intake and dropping production, leading to incorrect estimates of
hormone metabolite concentrations in European stonechats. Horm Behav
2006;49:644–53.
[55] Brumm H. Song amplitude and body size in birds. Behav Ecol Sociobiol 2009;63:
1157–65.
[56] Brumm H, Zollinger SA, Slater PJB. Developmental stress affects song learning but
not song complexity and vocal amplitude in zebra ﬁnches. Behav Ecol Sociobiol
2009;63:1387–95.
[57] Brumm H, Slater PJB. Animals can vary signal amplitude with receiver distance:
evidence from zebra ﬁnch song. Anim Behav 2006;72:699–705.
[58] R Development Core Team. R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing; 2008.
[59] Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, et al.
Generalized linear mixed models: a practical guide for ecology and evolution.
Trends Ecol Evol 2008;24:127–35.
[60] Conover WJ, Iman RL. Analysis of covariance using the rank transformation.
Biometrics 1982;38:715–24.
[61] Wikelski M, Hau M, Robinson WD, Wingﬁeld JC. Reproductive seasonality of seven
neotropical passerine species. Condor 2003;105:683–95.
[62] Wingﬁeld JC, Ball GF, Dufty AM, Hegner RE, Ramenofsky M. Testosterone and
aggression in birds. Am Sci 1987;75:602–8.
[63] Reyer H-U, Dittami JP, Hall MR. Avian helpers at the nest: are they psychologically
castrated? Ethology 1986;71:216–28.
[64] Wingﬁeld JC, Hegner RE, Lewis DM. Circulating levels of luteinizing hormone and
steroid hormones in relation to social status in the cooperatively breeding whitebrowed sparrow weaver, Plocepasser mahali. J Zool Lond 1991;225:43–58.
[65] Wingﬁeld JC, Hegner RE, Dufty AM, Ball GF. The ‘challenge hypothesis’: theoretical
implications for patterns of testosterone secretion, mating systems, and breeding
strategies. Am Nat 1990;136:829–46.
[66] Brumm H, Todt D. Male–male vocal interactions and the adjustment of song
amplitude in a territorial bird. Anim Behav 2004;67:281–6.
[67] Wingﬁeld JC. Short-term changes in plasma levels of hormones during
establishment and defense of a breeding territory in male song sparrows,
Melospiza melodia. Horm Behav 1985;19:174–87.
[68] Grisham W, Arnold AP. A direct comparison of the masculinizing effects of
testosterone, androstenedione, estrogen, and progesterone on the development of
the zebra ﬁnch song system. J Neurobiol 1995;26:163–70.
[69] Veney SL, Wade J. Post-hatching syrinx development in the zebra ﬁnch: an
analysis of androgen receptor, aromatase, estrogen receptor alpha and estrogen
receptor beta mRNAs. J Comp Physiol A 2005;191:97–104.
[70] Wingﬁeld JC, Lynn SE, Soma KK. Avoiding the “costs” of testosterone: ecological
bases of hormone–behavior interactions. Brain Behav Evol 2001;57:239–51.
[71] Mountjoy DJ, Lemon RE. Female choice for complex song in the European starling:
a ﬁeld experiment. Behav Ecol Sociobiol 1996;38:65–71.
[72] Searcy MA, Yasukawa K. Song and female choice. In: Kroodsma DE, Miller EH,
editors. Ecology and evolution of acoustic communication in birds. Ithaca:
Comstock Publishing Associates; 1996. p. 454–73.
[73] Vallet E, Kreutzer M. Female canaries are sexually responsive to special song
phrases. Anim Behav 1995;49:1603–10.

