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- PREFACE -

“THE nightingale," says Pliny, "that for fifteen days and nights, hid in the thickest shades,
continues her note without intermission, deserves our attention and wonder.—How
surprising that so great a voice can reside in so small a body!—Such perseverance in so
minute an animal! With what a musical propriety are the sounds it produces modulated!—
The note at one time drawn out into a long breath; now stealing off into a different cadence,
now interrupted by a break, then changing into a new note by an unexpected transition; now
seeming to renew the same strain, then deceiving expectation! She sometimes seems to
murmur within herself; full deep, sharp, swift, drawling, trembling; now at the top, the
middle, and the bottom of the scale! In short, in that little bill seems to reside all the melody
which man has vainly endeavoured to bring from a variety of musical instruments. Some
even seem to be possessed of a different song from the rest, and contend with each other with
great ardor. The bird overcome is then seen only to discontinue its song with its life."

from Natural History of the Nightingale by John Legg (1779), citing Pliny the Elder, Historia
Naturalis 1ib. X chap 29 (77 AD).

My own encounter with the nightingale (or rather the two “sisters” Procne and Philomela),
along the riverbanks of Poland was so special in many ways. But better than trying to put this
in words I can only exhort the reader to go and spend a vibrant spring night listening to the
grand voices of those little birds.

There is there all the beauty the soul needs, and surely more than enough biological
mysteries to feed a scientist curiosity for years.

A*
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- ABSTRACT -

The melodious and complex song of nightingales is a well-established model in studies focussing on the
development and function of birdsong. Moreover, two sister species: the thrush nightingale (Luscinia
luscinia) and the common nightingale (L. megarhynchos), meet in a recent secondary contact zone in
Central Europe, in which their close ecological preference result in competitive interactions and
interspecific hybridization. In sympatry, thrush nightingale males often replace part or all of their song
repertoires with the songs of the common nightingale, a phenomenon called “mixed singing”, while the
opposite tendency has not been observed. Understanding the reasons behind the occurrence of thrush
nightingale mixed singing, as well as exploring the similarities and difference in song structure between
the two species, were the main aims of this thesis.

In the first chapter, we tested the role of mixed singing on breeding common nightingale males and
revealed its possible function in mediating territorial conflicts. Such advantage might be adaptive as it
could help balance the potential costs of heterospecific song copying, and therefore help maintain the
asymmetric song convergence between those species. The second chapter aims to explore further the
function of thrush nightingale song structures. Since broadband trills in common nightingale songs are
candidate structures for aggressive motivation signalling, we tested the role of the similar broadband
“rattling” phrases in thrush nightingales, by comparing the song of breeding males before and after a
simulated territorial intrusion. As no significant difference was found, we propose that similar structures
might have different roles between the two study species.

The second part of this thesis arises from the several international collaborations developed during my
PhD study. The third chapter takes advantage of a sample of historical recordings to explore the change
in thrush nightingale song repertoire over time, by comparing them with recent recordings from the same
location in Eastern Finland, three decades later. Our results showed a complete turnover of song types,
while 40% of old syllable types were still present in recent repertoires. This first insight on long term
change in species with a complex song suggests that only part of the song repertoire is maintained while
other levels of song organisation are eventually modified. Focusing on the variation of song between
seasons, the last chapter explores for the first time the songs of thrush nightingales at their African
wintering ground. This study confirmed a substantially higher song plasticity in the wintering population
compared to the European breeding ones, in both syllable consistency and element versatility. These
results support the hypothesis that winter singing plays a role in song improvement, paying off during the
next breeding season. The work of this thesis highlights the importance of combining different approaches
to investigate such complex traits as birdsong, in exploring the many levels of song organisation as well
as the parts of life cycle overlooked in previous research.



- ABSTRAKT (in Czech) -

Melodicky a slozity zpév slavikl je dobie zavedenym modelem pro studium vyvoje a funkci ptaciho
zpévu. U dvou sesterskych druhti tohoto rodu, slavika tmavého (Luscinia lusicinia) a obecného (L.
megarhynchos) dochdzi v recentni zén¢ sekundérniho kontaktu ve stiedni Evropé k jevu nazyvanému
»smiSeny zpév*, kdy slavici tmavi vkladaji do svého repertoaru Casti nebo i celé zpévy slavika obecného.
Opaénym smérem k ptebirani zpévii nedochazi. Oba druhy slavikli maji podobné ekologické naroky a v
oblasti jejich kontaktu Ize pozorovat jak mezidruhové stiety, tak piipady mezidruhového kiizeni. Hlavnim
cilem této disertacni prace bylo piispét k objasnéni divodua, které vedou k existenci a pretrvavani
smiSené¢ho zpévu u slavikli tmavych a zaroven prozkoumat i1 dalsi aspekty zpévu tohoto druhu, ktery je
oproti zpévu slavika obecného probadan mnohem mén¢.

V prvni kapitole jsme testovali roli smiSené¢ho zp&vu za pomoci playbackovych pokusti na samcich slavika
obecného a odhalili jeho moznou funkci pti mezidruhovych teritoridlnich stietech. Zda se, ze smiSeny
zpév by mohl zmiriiovat pfimé agresivni konflikty, coz by mohlo byt natolik vyhodné, ze to vyvazi i
potencialni negativni dopady kopirovani heterospecifickych zpévi. Takovyto proces by mohl umoziovat
zachovani asymetrické konvergence zpévli mezi obéma druhy. Druha kapitola disertacni prace si klade za
cil prozkoumat dalsi funkce zpévu slavika tmavého. Protoze trylky s velkym frekvencnim rozsahem
signalizuji ve zpévech slavikii obecnych agresivni motivaci, zaméfili jsme se na podobné trylky v
,kastanétovych* frazich zpévu slavika tmavého. Porovnévali jsme spontanni zpévy samcii nahrané pied
simulovanym vniknutim ciziho zpivajiciho samce do jejich teritoria se zpévy z reakce na playbackovou
nahravku. Zadné vyznamné rozdily jsme vsak nenalezli, predpokladame tedy, Ze podobné struktury ve
zpévu mohou mit i u takto blizce ptibuznych druhii odlisné role.

Druha ¢ast této disertacni prace vychazi z nékolika mezinarodnich spolupraci, které vznikly béhem mého
doktorského studia. Tteti kapitola vyuziva historické nahravky k prozkoumani toho, jak se zménily zpévy
slavika tmavého na téze finské lokalit¢ s odstupem vice jak tficeti let. Vysledky ukazaly, Ze zatimco u
typl zpévl doslo k uplné promeéné, 40 % typl slabik zaznamenanych pted tfemi dekddami bylo stale
pfitomno v soucasnych repertoarech mistnich slavikii. Obdobnych studii studujicich dlouhodobé zmény
ptaciho repertodru neni mnoho a vétSina se zaméfila na druhy s jednoduchym zpévem. Nase vysledky
ukazuji, Ze druht se slozitym zpévem je tfeba brat v potaz rizné Grovnég, na kterych se zpév vyhodnocuje:
zatimco komplexnéjsi struktury mohou uplné vymizet, zdkladni jednotky, ze kterych je komplexni zpév
tvofen, mohou pfetrvavat 1 velmi dlouho. Posledni kapitola se zamétuje rozdily ve zpévech slavikl
tmavych na hnizdisti a zimovi§ti. Radi se tak k nékolika malo studiim, které se zabyvaji zpévem
migrujicich druhtit mimo hnizdni obdobi. Tato studie potvrdila podstatné vyssi plasticitu zpévu v africké
zimujici populaci ve srovnani s hnizdnimi populacemi v Evropé, a to jak na trovni konsistence slabik, tak
1 na variabilité¢ elementt. Vysledky podporuji hypotézu, Ze zimni zpé&v hraje roli pfi zlepSovani zpévu a
tento ,,zimni trénink* se mize vyplacet béhem ptistiho obdobi rozmnoZovani. Studie zahrnuté v této praci,
kombinujici rizné metodologické ptistupy, pfinaseji nové vhledy do studia komplexniho ptaciho zpévu
mimo jiné diky zaméteni na Groven organizace a ¢asti zivotniho cyklu v pfedchozim vyzkumu opomijené.
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edited from Birds of the World v1.0,

Lynx Edicions/BirdLife International
(Collar 2020, Collar et al. 2020).

Breeding
Non-breeding

Figure 1 — Distribution area of the two studied species of nightingales at both their breeding and wintering
grounds (see legend). The thrush nightingale (L. /uscinia), in bold colours and the common nightingale
(L. megarhynchos), in light colours, meet over sympatric zone (darker red) as the one crossing central
Europe. The location of the different populations studied in this thesis are displayed along with the
reference to their related chapters.



- GENERAL INTRODUCTION -

The virtuosity of birdsong has caught human imagination and curiosity for ages. From the early naturalist
work of Pliny the Elder in his Naturalis Historia during the I*' century to classical poets like Williams
Shakespeare, the song of nightingales, among others, always inspired. Centuries later, in The descent of
man and selection in relation to sex, Darwin (1871) gives to birdsong a prominent place, as an example
of secondary sexual trait in the elaboration of his sexual selection theory. In the light of this evolutionary
perspective, scientists have been relentless in their effort to understand the mechanisms and functions

explaining the existence of such an elaborate trait.

The story of bird song starts with a special sound-producing organ, the syrinx, found for the first time in
an ancient bird around 68 Mya (Clarke et al. 2016). The syrinx is a bipartite structure located at the
tracheobronchial junction and composed of a pair of labia on each side, which vibration allows either
lateral or bilateral phonation (Suthers & Zollinger 2004). One group in particular, the songbirds (oscine),
has been shown to evolve unprecedented morphological features providing them with outstanding song
abilities (Gaunt & Nowicki 1998, Riede & Goller 2014). Accordingly, the songbirds’ syrinx is also
composed of five pairs of syringeal muscles, each playing an important role in controlling different
parameters of the song, as for example the timing or the frequency of sound produced (Larsen & Goller
2002). Such a precise coordination of respiratory and vocal organs also requires a complex neural system
to allow the high degree of precision required to produce species-specific songs (Suther et al. 1999).
Additionally, another important feature of the neurological evolution in oscine birds is the ability to learn
and refine songs, only made possible by the development of specialized forebrain areas, in which motor
and auditory centres interact closely (Doupe & Kuhl 1999). As a consequence, the transmission of song
by imitation implies that songs are transferred across generations as a cultural trait (Slater 1986). Cultural
selection can thus be considered as an evolutionary force on its own, while still interacting with the genetic

bases determining the filters for conspecific song recognition and learning (Lachlan & Slater 1999).

In some cases, however, birds are also found to imitate sounds out of their conspecific models. Vocal
mimicry, for example, refers to the capacity of some birds to copy vocalisations from other species, often
targeting simpler “calls” and generally used out of any appropriate context (Hindmarsh 1986, Garamszegi
et al. 2007). Despite exploring several promising hypotheses such as predation avoidance, social
parasitism or intraspecific sexual selection, Kelley et al. (2008) concluded that no evidence was strong

enough to generalize a functional explanation for the occurrence of mimicry, and rather considered it as a
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learning mistake. Nonetheless, several examples of functional mimicry were also documented in particular
species, such as the ones found in drongos: Greater racket-tailed drongos (Dicrurus parasideus) were
shown to use mimicry to attract other species into mixed species flocks, improving their own foraging
benefits (Goodale & Kotagama 2006). Another spectacular example was shown in the kleptoparasitic
fork-tailed drongo (Dicrurus adsimilis): birds were able to perfectly mimic the alarm calls of target
species, from other birds, but also meerkats (Suricata suricatta) and used them as a deception strategy to

help steal the copied species’ food (Flower 2010).

More rarely, some species are even found to thoroughly imitate the songs of another target species and
fully integrate them in their repertoire in a process called “mixed singing”, likely doing so through their
early song learning process (European species reviewed in Helb et al. 1985). Unlike simple mimicry,
mixed singing only focuses on closely related species. It is usually asymmetrical, and the proportion of
copied songs may vary a lot between individuals of the same population (Qvarnstrom et al. 2006,
Vokurkova et al. 2013). While also primarily thought to result from misdirected learning mistakes (Helb
et al. 1985) and to be maladaptive by favouring hybridization (Haavie et al. 2004, Qvarnstrom et al. 2006),
some studies suggest a functional role of mixed singing in improving the communication with interspecific
competitors (Gorissen et al. 2006, Reif et al. 2015). In Chapter 1, we investigated such a role in two
species of European nightingales: the thrush nightingale (Luscinia luscinia), often performing mixed
singing when co-occurring with its closest relative, the common nightingale (L. megarhynchos) (Sorjonen
1986, Vokurkova et al. 2013). From an evolutionary perspective, we assume that, despite its cultural
aspects, mixed songs may constitute an actual example of convergent agonistic character displacement.
Among other criteria, it does not simply result from hybridization (Vokurkova et al. 2013) and as a
territorial signal could affect the intensity of interference competition between the two species. A first
study on heterospecific territoriality between the two species showed that in both species the males were
actively reacting to the presence of the other (Sorjonen 1986). However, as the playback stimuli were
always presented to the tested males with the same order and between short intervals of time, we cannot
exclude a potential bias on the individual response. Another study from Reif et al. (2015) showed that
common nightingale, the copied species, reacts significantly more to conspecific playbacks compared to
heterospecific ones, while thrush nightingale reacted to both equally. In order to get insights on the
potential territorial role of mixed singing, we thus aimed to test the territorial reaction of common
nightingales to simulated intruders singing the songs of either species as well as mixed ones

(methodological details in Chapter 1). Interestingly, mixed singing stimulations provoked an intermediate



composite response: first of all, as expected, the common nightingale reacted more to conspecific songs,
but also showed an intermediate level of vocal response to the mixed stimulus. Mixed songs thus involved
a medium counter-singing response that might reflect the partial presence of its own species songs in the
playbacks. Nevertheless, instead of being simply misled in species recognition, our results suggest that
the tested males were able to discriminate the singer’s species, as their physical response to mixed singing
(including the closest approaches and risky aggressive displays) did not differ from the response to pure
thrush nightingale songs. Common nightingale thus seems to recognize and react to a competitor while
still recognizing the singer’s species and avoid a costly confrontation with its bigger cousin. Mixed
singing, while likely originating from misdirected song learning, could nonetheless constitute a functional
signal toward heterospecific competitors with adaptive value in regulating competition by establishing
clear territorial boundaries, as already suggested in other species (e.g. Gil 1997). From an evolutionary
point of view, and despite being only indirectly linked to genetic bases as it is transferred culturally, mixed
singing may thus be considered as a case of convergent agonistic character displacement as predicted

between two species involved in interference competition.

Nevertheless, to fully understand the role of birdsong in signalling, we need to consider the diversity and
variation of its components, as well as the syntactical rules that shape it. Bioacousticians generally define
the smallest detectable song components as elements, often combined in repeatable syllable units,
themselves constituting the phrases of a song. The existence of variations in the various song components
and their sequencing suggests that birds possess functional mechanisms to identify, categorize and
combine sounds (reviewed in Ten Cate 2014). For example, common starlings (Sturnus vulgaris), have
shown the ability to recognize recursive acoustic patterns out of strict syntactical context, in a similar
manner to humans (Gentner et al. 2006). As a consequence, birds may use different song structures as a

variety of distinct song signals.

In our temperate latitude, birdsong generally refers to the conspicuous vocalisations of males during the
breeding season and is mainly used for territorial maintenance and mate attraction (Catchpole & Slater
2008). Competition between males eventually leads to the signalling of aggressive motivation, predicting
an escalation in conflict (Searcy & Beecher 2009). Aggressive motivation signalling has thus often been
associated with an increase in the rate of songs (Baker et al. 2012, Petruskova et al. 2014), syllables
(Linhart et al. 2013, Funghi et al. 2014) or elements (Podos 1997, Vehrencamp et al. 2012). In common
nightingales, in particular, aggressivity has been linked to the use of fast-element structures such

broadband trills (Kunc et al. 2006, Schmidt et al. 2008, Sprau et al. 2010). Since in thrush nightingale the
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trill structures are a most common and diversified feature, characteristic of the song ending (Sorjonen
1983), it may also play a role in similar contexts. In Chapter 2, we investigated the potential role of trill
for territorial signalling in male thrush nightingales, by comparing the trill use and their temporal
parameters between spontaneous song and response of a tested male to a playback simulating a conspecific
intrusion. Contrary to our expectations, while all the birds reacted to the playback, by counter-singing and
displaying various degrees of investigation, no significant change in the type of used trills or the
modification of trill length or rate was detected. Moreover, those parameters did not differ between the
boldest birds, reacting fast and taking the most risk to approach the intruder, and the ones carefully staying
inside the vegetation cover and reacting late. Altogether, those results did not support a role of trills in
territorial interactions in thrush nightingale, contrasting with the use of similar structures in its cousin

species, the common nightingale.

Another approach to address the matter of song variability would be to explore the maintenance of bird
song components and syntax over long periods of time. Due to the logistic constraints and technological
limits in the past, long-term study are usually limited in time and still remain scarce (e.g. Ince et al. 1980,
Derryberry 2009, Ju et al. 2019). Interestingly, changes in vocal repertoires over a long period of time
seem to vary a lot depending on the study, with examples showing surprisingly stable song types over
decades in some species (Goodale & Podos 2010) whereas others illustrate a complete song repertoire
turn over (Holland 1996). Altogether, these results suggest that long-term studies may inform on the
potential differences in cultural transmission and song maintenance mechanisms existing between species.
Supporting this idea, a study of Harbison et al. (1999) on the song repertoire in white-crowned sparrows
(Zonotrichia leucophrys oriantha), suggest that the contrast in song evolution rate over 26 years between
two populations was directly linked to the populations size and habitat discontinuity. The study presented
in Chapter 3 took advantage of the archive of historical thrush nightingale song recordings deposited in
the Natural history museum of Helsinki for more than 30 years. In this chapter, we explored the long-term
change in the repertoire at both the song type and syllable type levels, and their sharing among individuals
at the same locality in Finland between 1986 and 2019. Our analysis of song repertoires firstly revealed
that no song types were shared between the old and the recent population, suggesting that the maintenance
of strict syntactic rules defining a song by its syllable associations could be difficult. Moreover, the
conservation of a proportion as high as 40% of the syllable type repertoires from 1986 after more than
three decades proves that simpler song structures can be maintained for a long period of time, even in

complex singers such as our model species.



Nonetheless, some other aspects of song variability might also be addressed on a shorter time scale, taking
advantage of the different contexts in which the birds sing. Following this idea, the last chapter of this
thesis aims to explore yet another rather overlooked side of the nightingale singing behaviour. From its
early development historically based on northern temperate zones, the studies of birdsong have largely
focused on the conspicuous song of males and its functions during the most active breeding period (e.g.
Catchpole 1987, Kroodsma & Byers 1991). While the recent years showed a renewed interest for female
song (see Odom et al. 2014, Riebel et al. 2019), our knowledge on the occurrence of song in long-distance
migrants out of their breeding ground still remains very scarce. Following a pioneering study on European
bird wintering in Africa from Kelsey (1989), that favoured a territorial function to secure food resources,
a study of Sorensen et al. (2016) hypothesised a potential role of winter singing in the song development
process. Subsequent work from Kipper et al. (2016) on the common nightingale, while not showing strong
differences in songs from breeding season compared to the wintering ones, also found a lack of song
repetition that could support a role in song rehearsal. To complement these first studies, our study
presented in Chapter 4 focused on the difference of song in the thrush nightingale between a wintering
population from Tanzania and two breeding populations from Europe. Based on the important plasticity
revealed by a preliminary exploration of the wintering songs, we decided to base our analysis at two fine
structural levels of the song - syllables and elements. By the use of semi-automated cross-correlation, we
showed an important lack of consistency in syllable repetitions over different songs of the same type. The
irregularity of song was also confirmed by the estimation of element versatility by several observers,
showing an exaggerated number of different notes compared to the more stable element sequencing in
breeding songs. These results highlight some important similarities between our observation from the field
and the phase of song plasticity as observed for example in common nightingales (Hultsch & Todt 2004).
This phase of song development plays an important role in song rehearsing, before crystallizing a more
stable song repertoire that will determinate the male’s song performance during the next breeding season.
It might even, to some extent, provide insight on the processes of song imitation and refinements

responsible for establishment of male repertoire and thus mixed singing in the relevant populations.
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- NIGHTINGALES AS A MODEL STUDY -

The thrush nightingale Luscinia [uscinia (Linnaeus 1758) and the common nightingale Luscinia
megarhynchos (hereafter referring to the nominal subspecies L. m. megarhynchos; Brehm 1931) are two
small migratory songbirds of the Muscicapidae family breeding across the northern part of the Palearctic
region. The two species show no sexual dimorphism and look rather similar, with thrush nightingales
being sensibly bigger in size and common nightingale having a brighter plumage along with a reddish
rump and tail (Cramp & Perrins 1994, Collar 2020, Collar & Christie 2020). While inconspicuous
coloured, both nightingale species are characterized by the active male singing during the first stages of

the breeding period, performing by night and day (Sorjonen 1977, Cramp & Perrins 1994).

The two species are closely related and diverged about 1.8 Mya during the Pleistocene (Storchova et al.
2010) before recolonising different parts of the western Palearctic. They currently meet over several
secondary contact zones, among which is a well-documented area across central Europe (Sorjonen 1986,
Kovits et al. 2013, Vokurkova et al. 2013, Chapter 1, Figure 1). The two species occasionally hybridize
(Becker 2007, Kverek et al. 2008, Reifova et al. 2011, Kovats et al. 2013), but only a low proportion of
hybrids are found in those populations, suggesting the existence of incomplete reproductive barriers
(Reifova et al. 2011, Albrecht et al. 2019). Both species show very similar ecological preferences (Cramp
& Perrins 1994), beside an inclination for drier habitats in common nightingales or wetter ones in thrush
nightingales, likely responsible for a partial habitat and potential diet segregation in sympatry (Sottas et
al. 2018, 2020). Competition over territory in their secondary contact zone thus leads to aggressive
territorial interactions between them, more especially in the form of singing response (Sorjonen 1986,
Reifet al. 2015, Chapter 1). Moreover, the co-occurrence of the two species often results in the inclusion
of common nightingale songs in thrush nightingale repertoires, providing a good model species to study
mixed singing (Sorjonen 1986, Vokurkova et al. 2013, Chapter 1). Although the song of the two species
retains similarities compared to other related species, they arguably differ in structure and repertoire:
common nightingales are characterized by shorter song and faster song rate, an individual repertoire
usually containing several hundred of song types (from around 150 to 280) (Hultsch & Todt 1981, Kipper
et al. 2004), with no strong variation across its distribution area. As a contrast, thrush nightingale songs
are usually of longer duration, separated by longer pauses and individual repertoires are way smaller,
variating from around 10 to 40 song types depending on the study (Sorjonen 1987, Griessman & Naguib
2002, Marova et al. 2015). Thrush nightingale songs are also known to vary geographically (Sorjonen
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1987, Marova et al. 2015, Chapter 4, Figure 2). Mixed singing between these species thus results in
thrush nightingale males either integrating a variable proportion of clearly identifiable heterospecific
songs (from a few songs up to the totality of a bird repertoire, at least on the short term, Vokurkova et al.
2013) or possibly the inclusion of common nightingale song components into the classical species syntax
(Chapter 1). Additionally, the two species also differ in migrating habits (Cramp & Perrins 1994): if the
thrush nightingale meet with the nominal subspecies of L. megarhynchos at their breeding ground, their
migrating path overlaps during a significant period of time with the one of the two other subspecies L.

megarhynchos africana and L. megarhynchos golzii in eastern and southern Africa (Pearson 1984).
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Figure 2 - Song examples I recorded from various studied populations included in this thesis. The first
row (a,b,c) shows songs recorded from common nightingale in southern Poland, 2016. The second row
displays mixed songs (d,e) or conspecific songs (f) recorded from thrush nightingales at the same
location during the same year. The last line shows songs from allopatric populations in northern Poland,
2016 (g) and Finland, 2019 (h). All the spectrograms display the frequency (kHz) on time (s).
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- CONCLUSION & FUTURE PROSPECTS -

Our studies improved the understanding of several mechanisms related to the occurrence of the still
controversial adaptivity of mixed singing, while also contributed to the knowledge on the function and
variability of song structures in thrush nightingales. However, many aspects of these topics still need to
be addressed. This thesis might therefore also provide insights for potential future studies.

Although mixed singing is not a result of hybridization (Vokurkova et al. 2013), thrush nightingales may
not consider that the songs of common nightingale are ‘alien’ to their species. Both the undifferentiated
territorial response to hetero- and conspecific song playbacks and the lack of learning filters suggests so.
Mixed singing might thus be a signal directed to the copied species, which discriminates between the two
species songs, as now finally confirmed by the territorial responses of common nightingales to mixed
singing revealed in Chapter 1. Whether mixed singing is adaptive for the males should depend on the
social context. In southern Poland, I personally observed the two species interacting a lot, resulting in
frequent counter-singing and chasing. In such a population, mixed singing could be adaptive as it may
reduce the costs of competition and confer an advantage to the males. Nevertheless, in several cases male
thrush nightingales were found to sing heterospecific songs to an audience of conspecific neighbours only,
and vice-versa. This suggests that on the one hand, mixed singers cannot flexibly switch between
conspecific and heterospecific songs, which makes sense as thrush nightingale does not seem to
discriminate between species-specific songs. On the other hand, this highlights that the mechanisms
determining that a bird repertoire most likely depend on its past experience, and that studies focusing on
song learning and long-term monitoring of individual repertoire change are crucial for this matter.

To answer the question of the maladaptive or adaptive value of mixed singing, we would need to primarily
investigate its costs. Given the importance of a song-specific signal, and even though it may vary a lot
over time as suggested in Chapter 3, replacing part or all of an individual song repertoire by heterospecific
songs should not be without consequences. The results of our study on trills in Chapter 2 suggest that
similar song structures in either species might not be used for the same functions by the other, supporting
the hypothesis of a cost of mixed singing by a loss of signal in conspecific interactions. Nevertheless,
considering that a particular song structure would only play one unique role may underestimate the
subtlety of complex song signalling. While the final trills in Chapter 2 study did not reveal any significant
link to stimulation or strategy of response, it was noted that the longest and fastest trill types were all sung
by bold males. While this supports a correlation between potentially costly trills and male quality, it also
suggests that we might overlook fine structure signalling when only considering a full trill category, or
the relationship with only one parameter of it. For example, a growing number of studies based their
approach on the vocal deviation (Podos 2001), a composite measure of the temporal and frequency
structure of a song. Nonetheless, this approach being highly sensitive to the bandwidth detection, we
preferred to use alternative parameters to study our wild populations.

Aside from male-male interactions, another important aspect of song convergence with a co-occurring and
closely related species is also the risk of hybridization. Indeed, birdsong often serves as an important
breeding barrier between related species. Focusing on the sexual selection, female preference for pure or

13



mixed songs might thus play a particularly important role in the evolution and maintenance of this
phenomenon. In nightingales, the low occurrence of hybrids already suggests the existence of strong pre
and/or post zygotic barriers. Following Haldane’s rule predicting a higher genetical burden for the
heterogametic sex, the sterility of hybrid female offspring constitutes a strong cost for a mixed singing
male fitness (Reifova et al. 2011). Experiments on female preference for songs in controlled environments
have already been successfully achieved in common nightingales (e.g. Bartsch et al. 2016). Nonetheless,
in preliminary experiments using a similar approach in our wild population of thrush nightingales, we did
not manage to control for the female stress and unfamiliarity with the experimental settings. While
maintaining a captive population of thrush nightingale might prove difficult, we advise future studies on
mixed singing adaptiveness not to overlook the importance of female preferences and mate choice.

Another promising approach to understand how mixed singing originally appeared would be to address
thoroughly the process of song learning that leads to the formation of an individual repertoire. The degree
of precision with which thrush nightingale imitate common nightingale songs suggest that songs were
copied directly from their sister species, and not from several generations of other mixed singers. In
contrast, the occurrence of a lower number of songs combining syllables of the two species into “hybrid”
song types (Chapter 1) might originate from two processes: the improvisation of a new recombined song
type by mixed-singing males, or the possible integration of mixed song elements through an imperfect
transmission across a greater number of generations. To understand the factors favouring or constraining
the copy of heterospecific songs, one may thus try to connect the acoustic environment of a young bird
with its vocal performance during the next years. Such an approach, aside from using captive populations,
may also be realized in the field by ringing nestling at one breeding location and see how the birds perform
in the next breeding season, given that male in this species are highly philopatric. However, the access to
nest and nestling is particularly difficult due to the cryptic habit of those species. Unsurprisingly none of
the birds recorded during wintering in Chapter 4 showed mixed song elements, as most thrush nightingale
populations are allopatric to the common nightingale. Nonetheless, the miniaturisation of GPS and
geolocator technologies may allow the tracking of same individuals over long distance, even in small
passerine birds such as thrush nightingale (see e.g. Stach et al. 2012). It should be soon possible, with a
large sampling effort, to collect information on the soundscapes of one particular individual from its
breeding ground to its wintering ones. A comparison of the surrounding songs heard during the potential
practicing after migration with the next-season performance would greatly improve our understanding on
how those complex songs are filtered, refined and then used by thrush nightingales.

14



- REFERENCES -

Albrecht T, Opletalova K, Reif J, Janousek V, Pialek L, Cramer ERA, Johnsen A, Reifova R (2019)
Sperm divergence in a passerine contact zone: Indication of reinforcement at the gametic level.
Evolution, 73: 202-213. https://doi.org/10.1111/evo.13677

Baker TM, Wilson DR, Mennill DJ (2012) Vocal signals predict attack during aggressive interactions
in black-capped chickadees. Animal Behaviour 84:965-974.
https://doi.org/10.1016/j.anbehav.2012.07.022

Bartsch C, Hultsch H, Scharff C, Kipper S (2015) What is the whistle all about? A study on whistle
songs, related male characteristics, and female song preferences in common nightingales. Journal of
Ornithology, 157: 49-60. https://doi.org/10.1007/s10336-015-1245-y

Becker J (2007) Nightingales Luscinia megarhynchos, Thrush Nightingales L. luscinia and their
hybrids in the area of Frankfurt (Oder) - further results of long-term investigations using bird ringing.
Vogelwarte, 45: 15-26.

Catchpole CK (1987) Bird song, sexual selection and female choice. Trends in Ecology & Evolution,
2: 94-97. https://doi.org/10.1016/0169-5347(87)90165-0

Catchpole CK, Slater P (2008) Bird song: biological themes and variations. 2nd edn. Cambridge
University Press, New York

Clarke JA, Chatterjee S, Li Z, Riede T, Agnolin F, Goller F, Isasi MP, Martinioni DR, Mussel FJ,
Novas FE (2016) Fossil evidence of the avian vocal organ from the Mesozoic. Nature, 538: 502-505.
https://doi.org/10.1038/nature19852

Collar N (2020) Thrush Nightingale (Luscinia luscinia), version 1.0. In Birds of the World (J. del
Hoyo, A. Elliott, J. Sargatal, D. A. Christie, and E. de Juana, Editors). Cornell Lab of Ornithology,
Ithaca, NY, USA. https://doi.org/10.2173/bow.thrnig1.01

Collar N, Christie DA (2020) Common Nightingale (Luscinia megarhynchos), version 1.0. In Birds
of the World (J. del Hoyo, A. Elliott, J. Sargatal, D. A. Christie, and E. de Juana, Editors). Cornell Lab
of Ornithology, Ithaca, NY, USA. https://doi.org/10.2173/bow.comnig1.01

Cramp S, Perrins CM (1994) The Birds of the Western Palearctic Volume IX. Oxford University
Press, Oxford, New York, 488 p.

Derryberry EP (2009) Ecology shapes birdsong evolution: variation in morphology and habitat
explains variation in white-crowned sparrow song. The American Naturalist, 174: 24-33.
https://doi.org/10.1086/599298

Doupe AJ, Kuhl PK (1999) Birdsong and Human Speech: Common Themes and Mechanisms.
Annual Review of Neuroscience, 22: 567—631. https://doi.org/10.1146/annurev.neuro.22.1.567

15



Flower T (2010) Fork-tailed drongos use deceptive mimicked alarm calls to steal food. Proceedings
of the Royal Society B: Biological Sciences, 278: 1548—1555. https://doi.org/10.1098/rspb.2010.1932

Funghi C, Cardoso GC, Mota PG (2014) Increased syllable rate during aggressive singing in a bird
with complex and fast song. Journal of Avian Biology 46:283-288. https://doi.org/10.1111/jav.00480

Garamszegi LZ, Eens M, Pavlova DZ, Avilés JIM, Mgller AP (2007) A comparative study of the
function of heterospecific vocal mimicry in European passerines. Behavioral Ecology, 18: 1001-1009.
https://doi.org/10.1093/beheco/arm069

Gaunt AS, Nowicki S (1998) Sound Production in Birds: Acoustics and Physiology Revisited. In
Animal Acoustic Communication (pp. 291-321). Springer Berlin Heidelberg.
https://doi.org/10.1007/978-3-642-76220-8 9

Gentner TQ, Fenn KM, Margoliash D, Nusbaum HC (2006) Recursive syntactic pattern learning by
songbirds. Nature, 440: 1204—1207. https://doi.org/10.1038/nature04675

Gil D (1997) Increased response of the short-toed treecreeper Certhia brachydactyla in sympatry to
playback of the song of the common treecreeper C. familiaris. Ethology 103: 632-641.
https://doi.org/10.1111/j.1439-0310.1997.tb00174.x

Goodale E, Kotagama SW (2006) Vocal mimicry by a passerine bird attracts other species involved
in mixed-species flocks. Animal Behaviour, 72: 471-477. https://doi.org/10.1016/j.anbehav.2006.02.004

Goodale E, Podos J (2010) Persistence of song types in Darwin's finches, Geospiza fortis, over four
decades. Biology Letters, 6: 589-592. https://doi.org/10.1098/rsbl.2010.0165

Gorissen L, Gorissen M, Eens M (2006) Heterospecific song matching in two closely related
songbirds (Parus major and P. caeruleus): great tits match blue tits but not vice versa. Behavioral
Ecology and Sociobiology, 60: 260-269. https://doi.org/10.1007/s00265-006-0164-6

Griessmann B, Naguib M (2002) Song sharing in neighboring and non-neighboring thrush
nightingales (Luscinia luscinia) and its implications for communication. Ethology 108:377-387.
https://doi.org/10.1046/5.1439-0310.2002.00781.x

Haavie J, Borge T, Bures S, Garamszegi LZ, Lampe HM, Moreno J, Qvarnstrom A, Torok J, Saetre
GP (2004) Flycatcher song in allopatry and sympatry - convergence, divergence and reinforcement.
Journal of Evolutionary Biology, 17: 227-237. https://doi.org/10.1111/.1420-9101.2003.00682.x

Harbison H, Nelson DA, Hahn TP (1999) Long-term persistence of song dialects in the mountain
white-crowned sparrow. The Condor, 101: 133-148. https://doi.org/10.2307/1370454

Helb HW, Dowsett-Lemaire F, Bergmann HH, Conrads K (1985) Mixed Singing in European
Songbirds - a Review. Zeitschrift Fiir Tierpsychologie, 69: 27—41. https://doi.org/10.1111/j.1439-
0310.1985.tb00754.x

Hindmarsh AM (1986) The Functional Significance of Vocal Mimicry in Song. Behaviour, 99: 87—
100. https://doi.org/10.1163/156853986x00423

16



Holland J, McGregor PK, Rowe CL (1996) Changes in microgeographic song variation of the Corn
Bunting Miliaria calandra. Journal of Avian Biology, 27: 47-55. https://doi.org/10.2307/3676960

Hultsch H, Todt D (1981) Repertoire sharing and song-post distance in nightingales (Luscinia
megarhynchos B.). Behavioral Ecology and Sociobiology. 8: 183—188.
https://doi.org/10.1007/BF00299828

Hultsch H, Todt D (2004) Learning to sing. In: Marler PR, Slabbekoorn H (eds) Nature’s Music: The
Science of Birdsong. Elsevier Academic Press, London, pp 80—106

Ince SA, Slater PJB, Weismann C (1980) Changes with Time in the Songs of a Population of
Chaffinches. The Condor, 82: 285. https://doi.org/10.2307/1367393

Ju C, Geller FC, Mundinger PC, Lahti DC (2019) Four decades of cultural evolution in House Finch
songs. The Auk: Ornithological Advances, 136. https://doi.org/10.1093/auk/uky012

Kelley LA, Coe RL, Madden JR, Healy SD (2008) Vocal mimicry in songbirds. Animal Behaviour,
76: 521-528. https://doi.org/10.1016/j.anbehav.2008.04.012

Kelsey MG (1989) A comparison of the song and territorial behavior of a long-distance migrant, the
marsh warbler Acrocephalus palustris, in Summer and Winter. Ibis, 131: 403-414.
https://doi.org/10.1111/5.1474-919X.1989.tb02788.x

Kipper S, Mundry R, Hultsch H, Todt D (2004) Long-term persistence of song performance rules in
nightingales (Luscinia megarhynchos): a longitudinal field study on repertoire size and composition.
Behaviour, 141: 371-390. https://doi.org/10.1163/156853904322981914

Kipper S, Sellar P, Barlow CR (2016) A comparison of the diurnal song of the common nightingale
(Luscinia megarhynchos) between the non-breeding season in the Gambia, West Africa and the breeding
season in Europe. Journal of Ornithology 157: 1-9. https://doi.org /10.1007/s10336-016-1364-0

Kovats D, Végvari Z, Varga Z (2013) Morphological patterns of a nightingale population in a contact
zone of luscinia megarhynchos and L. Luscinia. Acta Zoologica Academiae Scientiarum Hungaricae,
59:157-170.

Kroodsma DE, Byers BE (1991) The Function(s) of Bird Song. American Zoologist, 31: 318—-328.
https://doi.org/10.1093/icb/31.2.318

Kunc HP, Amrhein V, Naguib M (2006) Vocal interactions in nightingales, Luscinia megarhynchos:
more aggressive males have higher pairing success. Animal Behaviour, 72: 25-30.
https://doi.org/10.1016/j.anbehav.2005.08.014

Kverek P, Storchova R, Reif J, Nachman MW (2008) Occurrence of a hybrid between the Common
Nightingale (Luscinia megarhynchos) and the Thrush Nightingale (Luscinia luscinia) in the Czech
Republic confirmed by genetic analysis. Sylvia, 44: 17-26. https://doi.org/10.1007/s10336-011-0700-7

Kovats D, Végvari Z, Varga Z (2013) Morphological patterns of a nightingale population in a contact
zone of luscinia megarhynchos and L. Luscinia. Acta Zoologica Academiae Scientiarum Hungaricae,
59: 157-170.

17



Lachlan RF, Slater PJB (1999) The maintenance of vocal learning by gene—culture interaction: the
cultural trap hypothesis. Proceedings of the Royal Society of London. Series B: Biological Sciences,
266: 701-706. https://doi.org/10.1098/rspb.1999.0692

Larsen ON, Goller F (2002) Direct observation of syringeal muscle function in songbirds and a
parrot. Journal of Experimental Biology, 205: 25-35.

Linhart P, Jaska P, Petruskova T, Petrusek A, Fuchs R (2013) Being angry, singing fast? Signalling
of aggressive motivation by syllable rate in a songbird with slow song. Behavioural Processes, 100:
139—145. https://doi.org/10.1016/j.beproc.2013.06.012

Marova IM, Antipov VA, Ivanitskii VV (2015) Anomalous weather events and horizontal transfer of
the thrush nightingale (Luscinia luscinia) vocal models. Dokl Biol Sci 463:186—189.
https://doi.org/10.1134/s001249661504002x

Pearson DJ (1984) The nightingale, sprosser and irania in Kenya. Scopus, 8: 18-23.

Odom KJ, Hall ML, Riebel K, Omland KE, Langmore NE (2014) Female song is widespread and
ancestral in songbirds. Nature Communications, 5.https://doi. org/10.1038/ncomms4379

Petruskova T, Kinstova A, Pisvejcova I, Mula Laguna J, Cortezon A, Brinke T, Petrusek A (2014)
Variation in trill characteristics in tree pipit songs: different trills for different use? Ethology 120:586—
597.

Podos J (1997) A performance constraint on the evolution of trilled vocalizations in a songbird family
(Passeriformes: Emberizidae). Evolution 51: 537-551. https://doi.org/10.2307/2411126

Podos J (2001) Correlated evolution of morphology and vocal signal structure in Darwin’s finches.
Nature 409:185—188. https://doi.org/10.1038/35051570.

Qvarnstrom A, Haavie J, Saether SA, Eriksson D, Part T (2006) Song similarity predicts
hybridization in flycatchers. Journal of Evolutionary Biology, 19: 1202—1209.
https://doi.org/10.1111/j.1420-9101.2006.01140.x

Reif J, Jiran M, Reifova R, Vokurkova J, Dolata PT, Petrusek A, Petruskova T (2015) Interspecific
territoriality in two songbird species: potential role of song convergence in male aggressive interactions.
Animal Behaviour, 104: 131-136. https://doi.org/10.1016/j.anbehav.2015.03.016

Reifovéa R, Kverek P, Reif J (2011) The first record of a female hybrid between the Common
Nightingale (Luscinia megarhynchos) and the Thrush Nightingale (Luscinia luscinia) in nature. Journal
of Ornithology, 152: 1063—1068. https://doi.org/10.1007/s10336-011-0700-7

Riebel K, Odom KJ, Langmore NE, Hall ML (2019) New insights from female bird song: towards an
integrated approach to studying male and female communication roles. Biology Letters, 15.
https://doi.org/10.1098/rsbl.2019.0059

Riede T, Goller F (2014) Morphological basis for the evolution of acoustic diversity in oscine
songbirds. Proceedings of the Royal Society B: Biological Sciences, 281: 20132306.
http://dx.doi.org/10.1098/rspb.2013.2306

18



Searcy WA, Beecher MD (2009) Song as an aggressive signal in songbirds. Animal Behaviour,
78:1281-1292. https://doi.org/10.1016/j.anbehav.2009.08.011

Schmidt R, Kunc HP, Amrhein V, Naguib M (2008) Aggressive responses to broadband trills are
related to subsequent pairing success in nightingales. Behavioral Ecology, 19: 635-641.
https://doi.org/10.1093/beheco/arn021

Slater PJB (1986) The cultural transmission of bird song. Trends in Ecology & Evolution, 1: 94-97.
https://doi.org/10.1016/0169-5347(86)90032-7

Sorensen MC, Jenni-Eiermann S, Spottiswoode CN (2016) Why do migratory birds sing on their
tropical wintering grounds? The American Naturalist 187: E65—E76. https://doi.org/10.1086/684681

Sorjonen J (1977) Seasonal and diel patterns in the song of the Thrush Nightingale Luscinia luscinia
in SE Finland. Ornis Fennica 54: 101-107.

Sorjonen J (1983) Transmission of the two most characteristic phrases of the song of the thrush
nightingale Luscinia luscinia in different environmental conditions. Ornis Scand 14:278-288.

Sorjonen J (1986) Mixed singing and interspecific territoriality - consequences of secondary contact
of two ecologically and morphologically similar nightingale species in Europe. Ornis Scandinavica, 17:
53-67. https://doi.org/10.2307/3676753

Sorjonen J (1987) Temporal and Spatial Differences in Traditions and Repertoires in the Song of the
Thrush Nightingale (Luscinia Luscinia). Behaviour 102:196-211.
https://doi.org/10.1163/156853986x00126

Sottas C, Reif J, Kreisinger J, Schmiedova L, Sam K, Osiejuk TS, Reifova R (2020) Tracing the early
steps of competition-driven eco-morphological divergence in two sister species of passerines.
Evolutionary Ecology, 34: 501-524. https://doi.org/10.1007/s10682-020-10050-4

Sottas C, Reif J, Kuczynski L, Reifova R (2018) Interspecific competition promotes habitat and
morphological divergence in a secondary contact zone between two hybridizing songbirds. Journal of
Evolutionary Biology, 31: 914-923. https://doi.org/10.1111/jeb.13275

Sprau P, Schmidt R, Roth T, Amrhein V, Naguib M (2010) Effects of rapid broadband trills on
responses to song overlapping in nightingales. Ethology 116: 300-308. https://doi.org/10.1111/;.1439-
0310.2010.01743.x

Stach R, Jakobsson S, Kullberg C, Fransson, T (2012) Geolocators reveal three consecutive wintering
areas in the thrush nightingale. Animal Migration, 1: 1-7. https://doi.org/10.2478/ami-2012-0001

Storchova R, Reif J, Nachman MW (2010) Female heterogamety and speciation: reduced
introgression of the Z chromosome between two species of nightingales. Evolution, 64: 456—471. .
https://doi.org/10.1111/5.1558-5646.2009.00841.x

Suthers R, Goller F, Pytte C (1999) The neuromuscular control of birdsong. Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences, 354: 927-939.
https://doi.org/10.1098/rstb.1999.0444

19



Suthers RA, Zollinger SA (2004) Producing song: the vocal apparatus. Annals of the New York
Academy of Sciences, 1016: 109—129. https://doi.org/10.1196/annals.1298.041

Ten Cate C (2014) On the phonetic and syntactic processing abilities of birds: From songs to speech
and artificial grammars. Current Opinion in Neurobiology, 28: 157—-164.
https://doi.org/10.1016/j.conb.2014.07.019

Vehrencamp SL, Yantachka J, Hall ML, de Kort SR (2012) Trill performance components vary with
age, season, and motivation in the banded wren. Behavioral Ecology and Sociobiology, 67: 409—419.
https://doi.org/10.1007/s00265-012-1461-x

Vokurkova J, Petruskova T, Reifova R, Kozman A, Motkovsky L, Kipper S, Weiss M, Reif J, Dolata
PT, Petrusek A (2013) The causes and evolutionary consequences of mixed singing in two hybridizing
songbird species (Luscinia spp.). PLoS ONE 8:e60172. https://doi.org/10.1371/journal.pone.0060172

20



- OUTLINE OF PUBLICATIONS & MANUSCRIPTS -

This thesis consists in four chapters, focusing on different aspects of the singing behaviour in two species
of nightingales. It is subsequently divided in two complementary parts, as follows: the first part
investigates the function of song in territorial conflicts, using a combined acoustic and behavioural
approach. In the second part, I explored the song variability in the thrush nightingale, at different levels
of song syntax. All the chapters included in this thesis were first-authored (among which one first
authorship is shared). Two are published in international peer-reviewed journals, one is under review and

a last one will be submitted soon after the defence.

Chapter 1 reflects the early focus of this project, with an aim to explore the phenomenon of mixed singing,
and its potential role in interspecies communication. Taking advantage of an already studied population
of thrush and common nightingale living in sympatry, we tested the territorial reaction of male common
nightingales to simulated intrusions of another male singing conspecific songs, heterospecific songs or
mixed songs (i.e. containing both heterospecific and conspecific songs copied by a thrush nightingale).
The results of this study revealed that the tested males showed a similarly low level of physical response
between the two heterospecific intrusion treatments, suggesting no misleading effect of mixed singing in
interspecies recognition. As a contrast, we observed an intermediate level of counter-singing response to
mixed songs, in between the lower heterospecific and higher conspecific degree of song response. This
suggests that the maintenance of mixed singing may be linked to a role in improving the communication
in territorial conflicts between two closely related species, mediating the cost of their interference

competition.

Chapter 2 comes from the realization that to understand deeper the potentially functional signalling
between those species, we first have to know more about their function within their own species. While
common nightingale was a prolific model species in studies on song development in captivity and those
discovering the role of its song structures and strategies in the wild, its cousin, the thrush nightingale,
received less attention. A good candidate structure to base our study on would be trills, as it is already
known to play a role in territorial responses in its sister species. The study presented in this chapter thus
focused on the potential contrast in trill used in songs of tested males before and after being provoked by
the simulation of another male’s intrusion through a playback experiment. While all birds reacted to our
stimulation, no difference was reflected in neither the frequency of trill use nor a change in the trill rate.

These results suggest an alternative role for trills structure and parameters that we tested, such as signalling
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a male quality over its immediate aggressive motivation. Additionally, it also highlights the complexity
of considering song communication between two species with potentially different signalling for the same

type of song structure.

Chapter 3 was the result of an international collaboration with the Natural museum of Helsinki, that
allowed us to address the matter of the maintenance of song diversity and structure over a long period of
time. We compare old historical recordings of thrush nightingales with new ones from my last field season,
recorded 33 years later and the same locality in Eastern Finland. Due to the expected difference in
complexity and learning constraints between various syntactical levels, we estimated each bird’s repertoire
at both the song type and syllable type levels. The results confirmed our predictions for an important
change of repertoire over time, but also revealed a complete turn-over of song type repertoire over three
decades, despite the tolerance of our approach for some degrees of dissimilarities. Nevertheless, around
40% of the syllable types from the old population was still used by the males recorded in 2019 showing
that, to some extent, song structures can be selected to last over many generations. The question if those
changes are shaped by female preferences, the acoustic constraint of the habitat or are a more indirect

consequence of population dynamics will need further exploration.

Last but not least, Chapter 4 investigates the rather overlooked phenomenon of migratory birds singing
out of the breeding seasons. Taking advantage of multiple international collaborations, the study presented
in this chapter compared the song of thrush nightingales from a wintering location in Tanzania with two
unrelated breeding populations, from Poland and Russia. Following the first observations from the field
and enlightened by several insights from song development studies in captive populations, we predicted a
stronger song plasticity in the wintering population compared to the breeding ones, in both consistency in
three categories of syllables and element versatility. Both approaches confirmed our hypothesis, with birds
singing both more variable syllables and seemingly changing their elements more often than the
structurally regular songs recorded in the breeding populations. These results are supporting the
hypothesis of a role for winter-singing in song improvement, with a potentially delayed functional value

during the next breeding season.
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