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Abstract
The songs of migratory passerine birds have a key role in mate attraction and territory defence during the breeding season. Many
species also sing on their wintering grounds, but the function of this behaviour remains unclear. One possible explanation,
proposed by the song improvement hypothesis, is that the birds take advantage of this period to develop their singing skills
for the next breeding season. If so, non-breeding songs should reflect features of an early phase in song development, charac-
terized by high vocal plasticity. In our study, we tested this prediction by comparing songs of thrush nightingales (Luscinia
luscinia) recorded at two different breeding areas in Europe and one wintering area in Africa. While all songs from European
localities had a typical structure characteristic of the study species, 89% of the songs recorded from Africa were highly variable,
lacking such typical structure.We conducted further detailed analysis of breeding and winter songs that exhibited species-specific
structure. First, we explored plasticity at the syllable level using a cross-correlation analysis, to obtain similarity scores as a
measure of consistency. Second, we asked multiple human observers to quantify element variability. Our results showed
significant differences in syllable consistency between breeding and wintering grounds, with more consistent delivery of sylla-
bles in the breeding areas. Likewise, element variability was substantially lower in the breeding populations.While both results fit
the predictions of the song improvement hypothesis, more research is needed to elucidate the roles of singing on the wintering
grounds.

Significance statement
Manymigratory songbirds sing on their wintering grounds, outside the breeding period.While the role of singing during breeding
has been broadly studied, our understanding of the function of winter singing remains limited. We analysed songs of the thrush
nightingale, a migratory songbird with highly complex songs, comparing song structures recorded from breeding populations in
Europe and an African wintering site. We demonstrate that males recorded at wintering locations sang songs with both signif-
icantly lower syllable consistency and higher element variability. Such characteristics are comparable to those observed during
the sensorimotor phase of song development, previously described in other species. This pattern supports the song improvement
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hypothesis, suggesting that males singing on the wintering grounds may practice songs for the next breeding season. This study
contributes to the understanding of the functions of songbird vocal behaviour out of the breeding context.

Keywords Thrush nightingale . Song function . Song plasticity . Song consistency . Element variability . Non-breeding singing

Introduction

Since Darwin published his book on selection in relation to
sex (Darwin 1871), biologists have been intrigued by the func-
tions of sexually selected characters. According to the sexual
selection theory, two processes are important for such traits:
male-male competition leading to armaments and female
choice leading to ornaments (Berglund et al. 1996). Such traits
have been intensively studied in the context of reproduction,
but we have little knowledge about their functions outside of
the breeding context. Birdsong is an example of such a sexu-
ally selected character. Males of most songbird species
(oscines) that breed in the temperate zone sing intensively
during the breeding period to repel rivals and to attract fe-
males. The singing performance of male individuals is thus a
crucial component in estimating their quality for both compet-
itors and potential partners (e.g. Catchpole and Slater 2008;
Gil and Gahr 2002). While this behaviour has been well stud-
ied during the breeding period, why birds sing outside the
breeding season remains an open question (Sorensen et al.
2016). Long-distance migrants spend a significant part of the
year wintering at distant locations. Despite accumulating evi-
dence of songbirds singing on their wintering grounds (e.g.
Alexander 1917; Bannerman 1931; Cramp and Perrins 1994),
research on this topic is still scarce.

A few studies investigating singing on the wintering
grounds suggest that this behaviour may serve for territorial
defence (e.g. marsh warbler, Acrocephalus palustris, Kelsey
1989), while others could not confirm such a territorial func-
tion (e.g. willow warbler, Phylloscopus trochilus, Sorensen
2014). Sorensen et al. (2016) tested several hypotheses related
to the role of winter singing in great reed warblers
(A. arundinaceus). First, they showed that seasonal variation
in testosterone levels seems not to be responsible for trigger-
ing the singing behaviour. Second, no clear territorial behav-
iour was observed outside the breeding season. As an alterna-
tive explanation, the authors thus proposed the Bsong im-
provement hypothesis^, suggesting that practicing complex
songs during the non-breeding season could improve song
performance for the following breeding season, and thus pos-
itively impact individual fitness.

Unlike many other sexually selected traits, the song of
songbirds is a learned behaviour that is transmitted culturally
(Catchpole and Slater 2008; Zeigler and Marler 2008). Young
songbirds store model songs heard from conspecifics shortly
after hatching during an early sensitive phase. They then grad-
ually adjust their vocal output to what was stored before

(Brainard and Doupe 2002). During this sensorimotor phase,
the song is first characterized by high vocal plasticity (‘plastic
song’), and then gradually develops into more consistent
songs (Brenowitz et al. 1997). Eventually, the song crystal-
lizes and reaches its final adult and generally stereotyped form
(‘full song’ or ‘crystallized song’; Brainard and Doupe 2002).
However, even after crystallization, the song of adult males
may retain some plasticity. Such retention has been document-
ed in adult males recapitulating plastic song later in life during
an annual sensorimotor phase occurring during the non-
breeding season (Nottebohm et al. 1986; Margoliash et al.
1991). The capacity to retain some plasticity may allow the
birds to refine, improve and adjust their song motor perfor-
mance even in adulthood (Sakata and Vehrencamp 2012).

Song improvement via practice thus seems to require adult
birds to retain or temporarily regain some plasticity in their
song. Consistent with this idea, Blyth’s reed warblers
(A. dumetorum) recorded during spring migration produced
songs with less organized syntax and less stable syllable com-
binations compared to populations from breeding areas
(Marova et al. 2010). Likewise, common nightingales
(Luscinia megarhynchos) exhibited higher degrees of song
variability in the wintering population compared to those at
breeding localities (Kipper et al. 2016). However, neither of
these studies investigated vocal plasticity by directly measur-
ing syllable consistency. Syllable consistency is defined as the
ability to replicate the acoustic features of a song from one
rendition to the next (Sakata and Vehrencamp 2012).
Consistent songs are expected to be adaptive since they send
a more efficient signal with a higher-performance value, as
high vocal consistency has repeatedly been linked to age,
social dominance and reproductive success in several species
(reviewed in Sakata and Vehrencamp 2012), and thus should
be particularly important during the breeding season.
Likewise, the plasticity of songs may be reflected in the var-
iability of elements (the smallest units of a song), i.e. the
acoustic structure of individual elements may vary from one
rendition to the next. High variability of elements is thus ev-
idence for low vocal consistency.

In our study, we compare the syllable consistency and ele-
ment variability in thrush nightingales (Luscinia luscinia) re-
corded during the breeding and wintering period, respectively.
We assume that if a song improvement process is at work, it
should affect the consistency in the fine structure of the song
resulting in less stereotyped songs. We explore the acoustic
variation between renditions within each individual’s perfor-
mance (i.e. in one and the same recording), allowing us to
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investigate the plasticity of song and the variability of its ele-
ments and compare if these individual song patterns differ
between populations from breeding and wintering sites.
Following the song improvement hypothesis, we predict that
individuals recorded at the non-breeding site should display a
higher level of vocal plasticity, and thus less stereotyped songs
with a lower consistency in syllable performance than those
from breeding grounds. Additionally, higher song plasticity
might also result in higher element variability, as different
reiterations (or rendition) of one element type might lack suf-
ficient consistency in order to be perceived as the same type.
To our knowledge, this is the first detailed quantitative analy-
sis of wintering song based on spectral and temporal song
characteristics. Such a structural approach may contribute to
further understanding of the evolution and functions of non-
breeding singing in migrating species.

Methods

Studied species and its song

The thrush nightingale is a long-distance migrating songbird
with complex songs (e.g. repertoire varying from 23 to 42
songs, mean 32.7 per individual, Griessmann and Naguib
2002), characterized by a typical two-part ending phrase
consisting of slow syllable repetitions, usually followed by a
fast rattling part. This specific composition remains stable
over the whole species range (Sorjonen 1983; Griessmann
and Naguib 2002; Vokurková et al. 2013; Ivanitskii et al.
2016; cf. Fig. 1a). Closely related to the well-studied common
nightingale, thrush nightingales seem to have the same ability
to learn new songs even after their early life sensory phase and
to adjust their song repertoire according to their neighbours
(Sorjonen 1987; Griessmann and Naguib 2002). In secondary
contact zones, thrush nightingales sometimes even learn from
their sister species, the common nightingale (Vokurková et al.
2013). Learning after their early life sensory phase as well as
learning from their sister species can have direct consequences
on their vocal territorial interactions during the breeding sea-
son (Naguib and Todt 1998; Reif et al. 2015; Souriau et al.
2018). As a result, the mean proportion of song types shared
between breeding males can be as high as 47% in a stable
population (Ivanitskii et al. 2016). Moreover, syllable sharing
seems to be even more pronounced: Griessmann and Naguib
(2002) showed that birds from the same population shared up
to 80% of their syllable types but only 30% of song types.

Every year, thrush nightingales migrate from Northern and
Eastern Europe to East and South Africa (Pearson and
Backhurst 1976), where they are known to sing actively
(Pearson 1984), though their territorial habits and social inter-
actions at their winter grounds remain poorly known. More
recent studies investigating migration using geolocators

suggest that birds from the same population may migrate to
similar wintering regions (Stach et al. 2012; Thorup et al.
2017).

Also, males are highly philopatric to their breeding grounds
(e.g. return rates up to 40% in Scandinavia, Sorjonen 1987),
implying that the same individuals may continue to engage in
vocal interactions in subsequent years.

Studied populations

This study is based on a comparison between three distant
populations (i.e. males recorded in the same area) of thrush
nightingales sampled over different years. All recordings pre-
sented Bpure-species^ songs, i.e. songs without any
heterospecific components (elements from the closely
related common nightingale, Vokurková et al. 2013).
Populations from breeding grounds in Europe were recorded
in Poland, Podlasie (53°12.0′N, 22°24.4′E), during spring
2009, and in Russia, Zvenigorod, Moscow region (55°42.3′
N, 36°44.6′E), during spring 2012 and 2013. The wintering
individuals were recorded in Tanzania, Mbeya region (8°47.7′
S, 34°03.0′E), from January to March 2006, over 6000 km
away. The distance between the two breeding localities is 970
km. This ensures a minimal connectivity between the breeding
populations and provides different pools of syllables and ele-
ments for our analysis, as song repertoire varies with distance
in thrush nightingales (Sorjonen 1987).

Populations from the breeding areas were typically found
along river banks or woody vegetation patch edges in close
neighbouring territories, with a maximum distance of 5 km
between sampling sites within a given population. Such males
apparently belong to the same sub-population, and thus share
a relatively large part of their syllable repertoire, which re-
mains stable and identifiable over several years (AS, unpub-
lished data from Polish and Russian localities). In contrast, the
African recordings were made along a 20 km gradient, likely
sampling a wider diversity in song repertoire due to the longer
distance between individuals, and possibly also their different
origin. Although only one population from the wintering
ground was analysed in detail due to sample size and record-
ing duration requirements, we also considered several avail-
able recordings from Kenya, Malawi, Zambia, Botswana and
South Africa (JV unpubl. data, Macaulay Library of Natural
Sounds (http://macaulaylibrary.org), Xeno-canto database
(http://www.xeno-canto.org)). The use of two well-separated
breeding populations, and examination of recordings from
other wintering sites, allowed us to reduce the risk that a sim-
ple population effect causes the observed differences in sylla-
ble consistency and element variability between breeding and
wintering grounds. Although we cannot fully rule out such
population effects, our approach focussing on syllable consis-
tency within individual repertoires should eliminate the direct
effects of geographic variation.
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Data collection in the field

Recordings used for this study were made during the morning
(0400–1300 h, Russia and Tanzania) or both the morning and
evening (0600–0900 and 1900–2000 h, Poland). In the major-
ity of cases, we recorded spontaneously singing individuals.
For some recordings from Poland, we used the playback of
conspecific songs to elicit vocal behaviour; the potential effect
of such playbacks has been controlled for in the analysis (see
below).

Our non-invasive recording approach did not involve any
marking of individuals. Therefore, particular care was given to
the song recording strategies and subsequent selection of

recordings to rule out the risk of repeated analysis of the same
individual’s song. Only one recording was used per any given
recording location, representing confirmed territorial birds in
the two breeding populations. At the wintering locality, the
birds were usually recorded at greater distances from each
other than at the breeding sites, thus minimizing the possibility
that one male was recorded twice. Another limitation of study-
ing unmarked birds is the lack of information on the age or
pairing status of the subjects. Thus, while individuals of the
breeding populations can be considered adults aged 1 year or
older, at least some individuals on the wintering ground could
have been in their first year (we come back to this issue in the
discussion).

Fig. 1 a Spectrogram of a typical thrush nightingale song (recorded in
Poland) showing the characteristic song organisation of the species. The
sub-parts (indicated by Greek characters and highlighting the ending
Bcastanet^ and Brattling^ parts as introduced by Sorjonen 1983) are char-
acterized by elements that always occur in the same sequence. The α-part
is usually the most variable part between and within individual reper-
toires, while the last parts of the song (solid red arrow lines) are the most
stable ones. In this study, song type categories are defined as the same

combination of the last β element and the following Ψ1 (Castanet) and
Ψ2 (Rattling, fast trill covering a wide frequency range), indicated by
solid arrow lines underneath the spectrogram. b–g Spectrograms illustrat-
ing syllable renditions selected for the spectral cross-correlation analysis
and their sequential position: b, c Poland; d, e Russia; f, g Tanzania.
Highlighted syllables illustrate renditions selected for comparison of the
same syllable type in two songs of the same type and from the same
individual
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Recordings were generally collected from a cautious dis-
tance to minimize disturbance of the bird’s natural behaviour.
The mean overall duration (mean duration ±SD) of recordings
was Poland = 20.3 ± 2.2 min (n = 15), Russia = 15.6 ± 2.2 min
(n = 12), Tanzania = 14.0 ± 4.0 min (n = 7). Recording was
performed using Sennheiser ME67 (Poland) or ME66
(Russia, Tanzania) directional microphones, connected to
Marantz PMD660 (Poland, Russia) or PMD670 (Tanzania)
solid-state digital recorders. It was not possible to record data
blind because our study involved focal animals in the field.

Song analyses

Song definition

In this study, we define a syllable type as the smallest invariant
unit composed of one or a few elements (i.e. the smallest
iteration in the spectrogram) that are always repeated in the
same sequential order (Fig. 1a). Syllables are usually orga-
nized into larger consistent units called Bsongs^, typically
separated from each other by silent pauses (see examples of
three different song types in Fig. 1b–g). Songs of thrush night-
ingales are generally characterized by the presence of two
subsequent ending phrases, referred to as Bcastanet^ and
Brattling^ by Sorjonen (1983). Given the higher variability
of syllables at the beginning of the song, even within the same
individual, the definition of a song type for this study is based
on a combination of the typical two-part ending and the last
phrase preceding it (Fig. 1a) traditionally used for descriptions
of thrush nightingale song (Sorjonen 1987).

The songs selected for our quantitative analyses had to pass
a two-step evaluation: first, they had to exhibit clearly identi-
fiable thrush nightingale species-specific song organization
and characteristic ending phrases (see Fig. 1a), as in previous
studies from different breeding sites (Sorjonen 1983, 1987;
Naguib and Todt 1998; Marova et al. 2015a; Ivanitskii et al.
2016) (Fig. 2). Songs and/or recordings that were lacking the
typical syntax and repetition patterns (similar to ‘sub-songs’)
were not considered further. Second, those selected in the first
step (either typical songs of the species or variants presenting
some degrees of variation in their syntax and sequence of
elements, similar to ‘plastic songs’) had to successfully pass
an automatic detection procedure necessary to ensure the ac-
curate assignment of syllable types (see below).

Three syllable categories were defined to cover different
aspects of their structural diversity and position in the song,
and thus potential associated constraints in vocal production.
We aimed to test three syllable types for each individual, one
for each category (see Fig. 3, see the full list of tested syllables
in Online Resource 1):

– Category A: disyllabic association of two discrete sylla-
bles or elements that are always performed one after the

other. Those types are usually found among the first sta-
ble elements of the recurring sequence defining a song
type (see last part of β syllables in red, Fig. 1a).

– Category B: this category comprises complex syllables
characterized by highly repeated structures, long duration
and/or harmonics at either low or high frequency. Similar
lower pitched Bbuzz^ structures have been suggested to
be costly in the common nightingale (Weiss et al. 2012),
due to potential physiological constraints of high-speed
production. In thrush nightingales, complex syllables are
usually found in the β parts of the songs (see Fig. 1a),
except for the Russian population in which they are used
as final syllables.

– Category C: low pitched Bcastanet-like^ syllables with
narrow frequency bandwidth that are highly repeated in
the song. They constitute a mandatory part of the charac-
teristic ending of thrush nightingale songs (Sorjonen
1983, 1987).

Populations in Poland and Russia exhibited local syllable
sharing between individuals (see Online Resource 1),
allowing the selection of comparable syllable types from
songs of different individuals for the analysis. In contrast,
the absence of such syllable sharing between individuals in
Tanzania led to the selection of a larger diversity of syllable
types. However, our measure of syllable consistency is not
impacted by this difference in the degree of syllable sharing
between different populations, as syllables were compared
within songs of single individuals.

Syllable consistency

We measured individual syllable consistency by conducting a
semi-automatic intra-individual comparison between several
occurrences of the same syllable type across different songs.
We thus calculated the average spectral cross-correlation
(SPCC) of a given syllable rendition in comparison to another
rendition of the same syllable type selected from another song
of the same type at an analogous serial position (see Fig. 1b–g).
For each individual, in the same recording, one syllable rendi-
tion was chosen as a reference pattern for each of the three
syllable categories, whereby priority was given to renditions
with high signal to noise ratios and without masking sounds.

The cross-correlation analysis was performed with Avisoft-
SASlab Pro 5.2 (www.avisoft.com, Specht 2007) as follows:
first, the syllable repertoire of birds was visually explored to
assess the quality of potential candidate syllables. Based on
this exploration, appropriate syllable types were preselected
according to the criteria of recording quality and whether there
was a sufficient number of recurrences at analogous serial
positions inside the same song type. The selection of
renditions on analogous serial positions was necessary to
rule out any potential effects of the serial position (see Fig.
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1b–g). Next, we applied the Bscan for template spectrogram
patterns^ function in Avisoft-SASlab for automatic recogni-
tion of syllable types. To this end, we used the frequency band
cut-off function to compute only those frequency bands cov-
ered by the given syllable type, minimizing the effects of
potential background noises. Settings were set to exclude

any frequency deviation (0 Hz) or masking interval (0 s). To
improve this automatic procedure, the recognition of syllables
was visually confirmed (false positive = wrong syllable de-
tected) and guided (false negative = matching syllable unde-
tected at the selected threshold) by one human observer (AS).
The same observer also carried out the preselection and was

Fig. 2 Spectrograms of songs from each population. Note the clear
organisation of the thrush nightingale song in a, b Poland and c, d
Russia, contrasting with the variability in syllable shapes and repetition
patterns visible in various elements of the Tanzanian examples. Song e is

representative of the sample successfully used in the cross-correlation
analysis, while songs f–h display an increasing level of syllable
plasticity, typical of the recordings excluded due to the absence of clear
repeatable song patterns
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not blind as to the population origin of the recordings. Given
this semi-automatic approach, the risk of a potential observer-
expectancy bias (e.g. Brumm et al. 2017) is expected to be
low.

For the recording of each individual that passed the two-
step selection procedure, we analysed three syllable types,
each representing one of the three categories previously intro-
duced (see examples in Fig. 3), except for one Tanzanian

individual for which we could not find an appropriate syllable
type for category A and two other Tanzanian individuals with
no appropriate syllable types for category B. The mean num-
ber (±SD) of renditions of the same syllable type in the same
individual compared per category was, for each population:
Poland A = 21.1 ± 5.7, B = 11.2 ± 3.8, C = 10.5 ± 2.2; Russia
A = 18.8 ± 6.5, B = 12.3 ± 5.5, C = 10.8 ± 4.8; Tanzania A =
9.43 ± 4.1, B = 10.20 ± 2.5, C = 10.67 ± 3.5.

Fig. 3 Spectrograms (bottom)
and oscillograms (top) illustrating
examples of selected syllable
types used for the cross-
correlation analysis in the three
different categories (A = disylla-
ble association, B = complex syl-
lables, C = low pitched
Bcastanet^) for each locality
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Element variability

We performed an additional analysis to further investigate
song characteristics at the element level. Due to the subjectiv-
ity of defining limits for an element category when songs
presented continuous variability, we used ten different human
observers. The observers, experienced with spectrograms of
birdsong but not of thrush nightingales and blind to the pop-
ulation origin of the given individuals or tested hypotheses (to
avoid any potential bias), were provided with the same set of
spectrograms. Each of our three populations was represented
by five individuals selected from the same sample as used for
the analysis of syllable consistency, and each individual by
five songs (resulting in a total of 75 songs). The observers
were then instructed to visually assess the number of element
types as well as the total number of countable elements present
in each song. Given the structural specificity of highly repeat-
ed long trills in the typical songs of our species and the tech-
nical difficulty in counting the number of elements in the
fastest ones, all the broadband clicks repeated more than 3
times in a row (e.g. final trills in Fig. 1) were scored as one
Bserial element^.

Element variabilitywithin each evaluated songwas expressed
as the ratio of different element types to the total number of
elements per song (equivalent to Bsong versatility^ in Järvi
1983; Gil and Slater 2000; Gil et al. 2001). Lastly, a mean index
value for an individual bird was calculated based on each ob-
server’s mean score from the five songs of a given individual.
We expected element variability to be reflected in the spectro-
grams by a larger number of different element types sung.

Statistical analysis

Our hypothesis that birds from the wintering grounds sing less
stereotyped songs with a lower consistency in syllable perfor-
mance was tested by a comparison of (1) the syllables’ SPCC
for each of our three syllable categories and (2) the element
variability index between our three populations with a focus
on the contrast between breeding and non-breeding grounds.

We used LMMs (linear mixed-effect models) implemented
in R software 3.2.2 (R Core Team 2016). To test for a global
difference in the syllable correlation scores between popula-
tions, we first fitted full models (nlme package, Pinheiro et al.
2017) with the syllable correlation score as a dependent vari-
able, with the presence or absence of playback used in order to
elicit song and population origin as fixed-effects predictor
variables and bird’s identity as a random factor. The models
were then corrected by either including or not including the
potential playback effect based on the output of the previous
models for each category separately.

A similar approach was used to test for an overall differ-
ence in element variability, with the element variability index
as a dependent variable, the population origin as a fixed-

effects predictor variable and the bird’s identity as a random
factor. A potential influence of playback on the element vari-
ability index was not tested by the model, as all the individuals
from Poland used for this analysis except one were stimulated,
and such an effect would then be confounded into the Polish
population category.

To correct for multiple testing, we adjusted the α values of
global tests using the sequential Bonferroni procedure. For
LMMs that revealed a significant effect of any predictor var-
iables, we used post hoc Tukey’s contrasts for multiple com-
parisons (multcomp package, Bretz et al. 2010), which pro-
vided P values adjusted by the single-step method.

Ethical note

Samples used in this study are based on a non-invasive record-
ing technique from a distance. Birds were not caught, but for
few individuals, playback stimulation was performed to trig-
ger an active singing behaviour. This stimulation was kept as
short as possible and we are not aware of any consequences
for subjects’ breeding or welfare. Authorizations for fieldwork
were granted from legal authorities in each different sampling
country when needed. For the wintering population, record-
ings were made within the framework of another research
project (Geberzahn et al. 2009, 2010).

Results

While all songs in the recordings from both breeding popula-
tions had the typical structure of thrush nightingale song, this
was far from being the case in the wintering population: when
pooling all recordings across different recording locations,
59% of all Tanzanian recordings (39 out of 66) did not pass
the first step of the selection process, as their songs were
highly disorganised (i.e. most or all of the typical sub-parts
α,β,Ψ1,Ψ2 andω could not be identified, cf. Fig. 1a) and/or
missed silent pauses in between. The recordings available
from other known wintering grounds (Kenya, Malawi,
Zambia, Botswana and South Africa) showed the same pat-
terns of plastic and disorganized song structure as described
above for Tanzanian recordings.

Recordings that did not pass the first step of the selection
process could not be considered further as our analysis relied
on the ability to assign syllables to syllable types. In contrast,
we did not have to exclude any recordings from Poland and
Russia (Fig. 2). Of the remaining 27 recordings from
Tanzania, only 7 successfully passed the automatic detection
procedure (each of them corresponding to a different record-
ing location). Thus, in total, 89% of the Tanzanian recordings
(59 out of 66) did not enter the subsequent analysis due to
extremely low structural consistency, while all recordings
from the breeding sites (15 from Poland and 12 from
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Russia) passed both steps and were suitable for the quantita-
tive analysis of intra-individual syllable consistency.

Intra-individual syllable consistency

Our measure for syllable consistency (SPCC) showed a sig-
nificant overall difference between populations for all three
categories (Table 1a). In all of them, birds from Tanzania
displayed significantly less consistent syllables than both
Polish and Russian ones (Table 2, Fig. 4).

Significant differences were also found between breeding
populations in categories A and B. While birds from the
Russian population produced more consistent category A syl-
lables than birds from the Polish population (Table 2, Fig. 4a),
the patterns were reversed for the category B syllables, sung
less consistently by Russian birds than by Polish ones
(Table 2, Fig. 4b).

Element variability

The analysis based on the element variability index obtained
by assessments of ten human observers showed a significant
difference in element variability between populations
(Table 3a). As predicted, songs produced by males wintering
in Tanzania showed a higher element variability index than
songs from both Polish and Russian populations (Table 3b,
Fig. 5). This clearly indicates that syllables in songs from the
wintering population were more variable than those from
breeding grounds, between which no significant differences
in element variability were observed (Table 3b, Fig. 5).

Discussion

Thrush nightingales recorded on their wintering grounds in
Tanzania sang with significantly lower consistency than indi-
viduals recorded at two different breeding locations. Our mea-
sure of syllable consistency was lower for wintering birds in
all three selected syllable categories. Likewise, wintering birds
performed songs with more variable elements than did birds
from the two breeding populations. Our multiple-population
approach allowed us to reduce the potential influence of a
simple population effect as the two breeding populations
displayed similar patterns, both differing from the wintering
one, and additional recordings from other sites in Africa were
comparable to those from Tanzania. Below, we consider our
findings in light of the song improvement hypothesis pro-
posed by Sorensen et al. (2016). Furthermore, we discuss
other potential causes for singing on the wintering ground,
based on both field and developmental studies.

Higher vocal plasticity in the wintering population

Songs performed by thrush nightingales on their Tanzanian
wintering ground exhibited a strikingly lower syllable consis-
tency and higher element variability than the songs produced
by individuals of two different populations from breeding
grounds. Concerning the lower syllable consistency quantified
by cross-correlation analyses our results are highly conserva-
tive, given that more than half of the Tanzanian recordings did
not pass the first step of the selection, and about 3/4 of the
remaining songs had to be excluded in the second step be-
cause of the high variability between different syllable rendi-
tions, making assignments to the same syllable type impossi-
ble. Therefore, taken as a whole, songs of thrush nightingales
were substantially less consistent in Tanzania than estimated
by our quantitative analysis.

Such vocal plasticity is usually associated with early sub-
song (soft, rambling sounds) and plastic song produced during
the sensorimotor phase of the song learning process, in con-
trast to the more consistent song produced during the breeding
season (e.g. Marler and Peters 1982; Hultsch and Todt 2004;
Catchpole and Slater 2008). Although we cannot rule out that
our Tanzanian sample contains songs of first-year males, by
excluding recordings from our analysis that showed structures
highly reminiscent of developmental sub-song and plastic
song, our data should rather represent birds past their first year
of life. Therefore, such vocal plasticity likely reflects older
males engaging in a later plastic phase (Margoliash et al.
1991), although studies with marked birds of known age
would be necessary to confirm this hypothesis. In any case,
we consider that the lower syllable consistency in the winter-
ing population revealed by our analysis supports the song
improvement hypothesis, as defined in Sorensen et al.
(2016). Higher element variability in the wintering population

Table 1 Overall contrast in syllable consistency scores (SPCC) be-
tween all three populations. (a) Comparisons from the modelling of the
effect of population origin (as well as playback stimulation for categories
B and C) on the syllable consistency score, for each syllable category (A
= disyllabic associations, B = complex syllables, C = castanet-like sylla-
bles). (b) Results from the preliminary modelling of the effect of both the
playback stimulation and population effect on the syllable consistency
score. Note that for the category A, the factor playback was removed
from the final model)

Syllable category numDF denDF F P (population effect)

(a)

Category A 2 30 18.025 < 0.001

Category B 2 28 17.149 < 0.001

Category C 2 30 28.031 < 0.001

Syllable category numDF denDF F P (playback effect)

(b)

Category A 1 29 1.697 0.203

Category B 1 28 12.339 0.002

Category C 1 30 28.031 0.031
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also likely results from higher vocal plasticity in winter sing-
ing. The more variable performance of syllables might have
hindered human observers in their assigning of aberrant syl-
lable renditions to the corresponding syllable type. To some
extent, however, higher element variability in the wintering
populations could be indeed caused by males producing a
larger number of different syllable types per song.

While the consistency for all three syllable type categories
was always lowest in recordings from Tanzania, the differences
betweenRussian and Polish populationwere not consistent (Fig.
4). Additionally, the results for the category C (castanet-like
syllables, characterized by long repeated sequences and simple
structure) suggest an overall higher consistency compared to the
categories A and B within each population. This pattern might
be explained by a potential learning facilitation for syllables of

category C, which are usually exhibited in long repetitive
phrases found across the species range (see Sorjonen 1987).

Singing in wintering birds

Our results show that thrush nightingales predominantly pro-
duce plastic song when singing on their wintering ground in
Tanzania. Similar contrasts have been observed between re-
cordings of thrush nightingales from other known breeding
grounds (e.g. Sorjonen 1983; Griessmann and Naguib 2002;
Vokurková et al. 2013; Ivanitskii et al. 2016) and from other
wintering grounds, including Kenya, Malawi, Zambia,
Botswana and South Africa, which display songs with a lack
of element consistency comparable to the one described in our
analysis (AS personal observation, Online Resource 3). This

Table 2 Contrast in syllable
consistency scores (SPCC) be-
tween pairs of populations. The
table shows all pairwise compari-
sons from the modelling of the
effect of population origin (as
well as playback stimulation for
categories B and C) on the sylla-
ble consistency score, for each
syllable category (A = disyllabic
associations, B = complex sylla-
bles, C = castanet-like syllables)

Syllable category Populations Estimate SE Z P

Poland–Tanzania 0.152 0.037 4.089 < 0.001

Category A Russia–Tanzania 0.230 0.038 5.998 < 0.001

Russia–Poland 0.008 0.029 2.760 0.016

Poland–Tanzania 0.235 0.040 5.856 < 0.001

Category B Russia–Tanzania 0.145 0.038 3.854 < 0.001

Russia–Poland − 0.090 0.032 − 2.82 0.013

Poland–Tanzania 0.195 0.030 6.433 < 0.001

Category C Russia–Tanzania 0.193 0.028 6.876 < 0.001

Russia–Poland − 0.002 0.027 − 0.092 0.995

Fig. 4 Syllable correlation score (SPCC) as a measure of syllable consis-
tency in three populations of thrush nightingales. Shown are three syllable
categories: a disyllabic associations (category A), b complex syllables
(category B), and c castanet-like syllables (category C). From left to right:
Poland (PL), Russia (RU), Tanzania (TZ). Box-and-whisker plots depict
the median, interquartile range and non-outlier range (whisker length up
to 1.5 times the interquartile range). Numbers underneath the plots

represent the total number of observations (n) and the number of subjects
(N). Note that the individual identity of birds was entered in the corre-
sponding LMM as Brandom = (~ 1|ID)^ in order to avoid
pseudoreplication. Post hoc Tukey tests from the linear models were used
to conduct pairwise comparisons of populations for each syllable catego-
ry (NS = p > 0.05, *p < 0.05, ***p < 0.001)
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suggests that plastic song on the wintering grounds is wide-
spread at the species level rather than a rare behaviour.
Moreover, our findings are concordant with the results of a
study on the common nightingale singing at its wintering
grounds in Gambia (Kipper et al. 2016). While their analysis
did not assess song consistency quantitatively, the authors noted
that the element accuracy and stereotypy of elements seemed
lower for most recordings from the non-breeding period.
Comparable results were also found in the great reed warbler
(Acrocephalus arundinaceus), another species with high song
complexity and a similar migration strategy. Great reed war-
blers were found to use longer songs and switched more often
between different syllable types at their winter grounds
(Sorensen et al. 2016). In the Palearctic region, Blyth reed war-
bler (Acrocephalus dumetorum) individuals from the most
southern areas of their distribution, most likely migrating indi-
viduals, were also found to sing songs with Bchaotic syntax and
instable phonetic structure^ (Marova et al. 2010; Samotskaya
et al. 2016). To support and extend these examples, a recent
comparative meta-analysis from Sorensen et al. (2016) found a
significant link between the occurrence of song in migratory
bird species wintering in Africa, and the complexity of their
produced song. We may speculate that the occurrence of a
singing phase on wintering grounds is widespread, and actually
essential, for those species in which the development of com-
plex song extends beyond an early sensory phase of song learn-
ing on their breeding grounds (Table 3).

Proximate aspects of plasticity in wintering song

The occurrence of plastic song in wintering birds may be
related to the fact that the acquisition of new song character-
istics correlates with seasonal changes of the song control
regions in the brain over consecutive years, as has been shown
in some species (e.g. Nottebohm 1981; Tramontin and
Brenowitz 2000). However, whether thrush nightingales re-
duce their song control nuclei seasonally is currently un-
known. In other species that do not exhibit such pronounced
seasonal changes, it has been shown that the variability in
song structure seems to be actively generated by the song
system, as lesions in certain song nuclei can cause a reduction
of song variability (e.g. Brainard and Doupe 2000; Kao and
Brainard 2006). Song plasticity may thus be functional and
allow continuous modification of the song through rehearsal
and adjustment to the social environment even in adulthood
(e.g. Sakata et al. 2008; Sakata and Vehrencamp 2012;
Woolley and Doupe 2008; Tumer and Brainard 2007).

Complementary insights from developmental studies

Song ontogeny has not been directly investigated under con-
trolled laboratory conditions in thrush nightingales. However,
in the closely related common nightingale, young males kept
in the laboratory spend several months singing plastic song
during the winter and early spring (thus whilst their wild con-
specifics are on the wintering ground) and crystallize their
song at the beginning of the first breeding season (Hultsch
and Todt 2004). Furthermore, captive common nightingales
go through additional phases of plastic singing before their
song crystallizes again in subsequent breeding seasons
(Henrike Hultsch, personal communication). This additional
phase of plastic singing seems to be a prerequisite for males to
integrate song types into their motor program that they have

Fig. 5 Element variability index in three populations of thrush
nightingales assessed at the element level. From left to right: Poland
(PL), Russia (RU), Tanzania (TZ). Box-and-whisker plots depict the me-
dian, interquartile range and non-outlier range. Numbers underneath the
plots represent the total number of songs (n) and the number of individ-
uals (N) tested. Note that the individual identity of birds was entered in the
corresponding LMM as Brandom = (~ 1|ID)^ in order to avoid
pseudoreplication. Post hoc Tukey tests from the linear model were used
to conduct pairwise comparisons of populations for each syllable catego-
ry (NS = p > 0.05, **p < 0.01)

Table 3 Contrast in element variability index between populations. (a)
The overall contrast in the element variability index between all three
populations. The results of all pairwise comparisons from the modelling
of the effect of population origin for each syllable category (A = disyllabic
associations, B = complex syllables, C = castanet-like syllables)

(a)

numDF denDF F P

Population effect 2 30 18.025 < 0.001

(b)

Populations Estimate SE Z P

Poland–Tanzania 0.173 0.049 3.491 0.001

Russia–Tanzania 0.148 0.049 2.980 0.008

Russia–Poland 0.025 0.049 0.510 0.866
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newly acquired during their first season (Todt and Geberzahn
2003), highlighting the potential role of plastic singing as a
form of motor exploration in adulthood. Moreover, in com-
mon nightingales, hand-reared yearlings not only delayed the
use of some early tutored songs to the 2nd year of life but also
produced imitations more often in their 2nd year if the same
tutored songs were broadcasted again when the individuals
were about 1 year old (Geberzahn et al. 2002; Geberzahn
and Hultsch 2003). In that regard, singing during the winter
season could have a role in activating pre-existent memory as
well as increasing and adjusting a bird’s song repertoire to its
social environment.

Such adjustments might be particularly important in
species that use vocal matching to address each other in
vocal territorial disputes, such as common nightingales
(Todt and Naguib 2000) or song sparrows (Melospiza
melodia, Beecher 2008). In that context, sharing parts of
one’s repertoire with territorial neighbours may convey
advantages, and such vocal sharing has been reported in
many species (see Handley and Nelson 2005 for review).
This change in repertoire would thus allow better song
matching and conflict regulation between neighbours of
the same population over years in highly philopatric
species. Thrush nightingales seem to be able to add new
elements to their song repertoire over successive breeding
seasons, as documented by Sorjonen (1987) and suggested
by Griessmann and Naguib (2002). Thus, singing during
the wintering period could not only benefit young males
developing their singing skills, but also older males
adjusting their repertoire to new songs heard during the
previous breeding seasons.

Complementary and alternative hypotheses
for wintering song

Our results are in accordance with the Bmarket place^
hypothesis (Kipper et al. 2016), which proposes that sing-
ing outside of the breeding season could be an opportunity
for older birds to learn and share new songs with nearby
wintering individuals. Wintering grounds would then con-
stitute a song Bmarket place^ where males would go
through a new sensory phase of song learning, allowing
better territorial communication with neighbouring con-
specifics over time. From this point of view, the Bmarket
place^ hypothesis can be regarded as a part of the song
improvement hypothesis.

Regardless of the potential delayed benefits for a mi-
grating bird to sing outside of its breeding season, further
investigations will be needed to substantiate that wintering
song serves as song improvement. Likewise, we cannot
rule out other possible functions. The strong territorial
behaviour of thrush nightingale males during the breeding
season does not seem to be widespread on the wintering

grounds, and particular individuals singing highly variable
songs could sometimes be observed singing quite close to
each other (NG personal observation). Nonetheless, a
competition over feeding resources might still occur. In
order to determine whether winter singing serves a terri-
torial function in thrush nightingales, future playback
studies in Africa would be needed to test whether variable
songs recorded from the wintering grounds are potent
enough to elicit a territorial response.

Conclusion

This study reveals conspicuous differences in song perfor-
mance between breeding and wintering grounds in thrush
nightingales. Our results improve the understanding of
how a culturally transmitted sexually selected trait like
birdsong, playing a central role in reproductive success,
might be influenced by a complex learning process with
functional implications over different seasons. Future
studies should aim to track individual birds over their full
life cycle in order to provide direct evidence for song
improvement. Additionally, further investigations explor-
ing the strategies of non-breeding singing behaviour and
its possible functions are needed to achieve a clear under-
standing of songbirds’ singing behaviour throughout their
full life cycle.
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