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Chapter 1





 

 
 
1   | General introduction 

 

“Nothing in biology makes sense except in the light of evolution.” 

Theodosius G. Dobzhansky (1964) 

 

Have you ever triggered a vocal interaction with a non-human animal, by barking at a dog 

or miaowing at a cat? I personally have done this many times. I make eye contact with the 

dog, squat down to its level to appear less threatening, and bark, mimicking a signal from its 

own vocal repertoire. In response, the dog locks eyes with me, starts wagging its tail, 

approaches, and barks too. If I continue to bark back, an extended interaction can ensue, 

with the dog and me alternating barks as if engaged in conversation. Although I always 

wondered if my barking was meaningful to the dog, one thing was obvious: my behaviour 

triggered a communicative interaction. 

 

The “interaction engine” hypothesis posits that humans possess a set of specialised 

communicative and cognitive skills to facilitate complex social interactions (Levinson, 

2006). These fundamental skills, which include intentionality, multimodal communication, 

sequence organisation, and turn-taking, enable us to coordinate social action (e.g., 

cooperative behaviours). Yet, social interaction can only take place if all individuals actively 

participate. In the example above, I use multiple signals across different communicative 

modalities—eye contact, body posture, and vocalisation—to approach the dog and clearly 

communicate my intent to communicate. Similarly, the dog uses several modalities, such as 

eye contact, tail wagging, and vocalisation, to signal its desire to engage in social interaction. 

By responding to my initial bark, our interaction begins with a greeting-response pattern, a 

fundamental unit of sequence organisation known as an adjacency pair. If the interaction 

continues, we alternate vocal productions, structuring the interaction by taking turns. In 

doing so, the dog and I coordinate our actions in real time, all the while enjoying a mutually 

rewarding interaction through petting. Observing similar communicative behaviour in 
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another animal therefore suggests that it, too, possesses communicative and cognitive skills 

that facilitate social interaction. 

 

Language is a remarkably powerful tool for social interaction and allows humans to 

communicate about virtually anything. It is often regarded as a hallmark of humanity, and is 

fundamental in shaping our cognition, behaviour, and culture (Fitch, 2010). However, 

language did not evolve in a vacuum. Its evolution is best understood from a bio-cultural 

perspective that acknowledges the importance of the biological structures enabling language 

production and perception, the role of cultural transmission as a result of repeated social 

interactions, and the interplay between them (Arnon et al., 2025). Language emergence thus 

required the convergence of several distinct abilities and cannot be attributed to a single 

factor, such as a specific genetic mutation, neuroanatomical specialisation, behavioural trait, 

or cultural innovation (e.g., Chomsky, 2014; Crow, 2000). Like other complex systems (e.g., 

the visual system), language emerged gradually through the modification and recombination 

of pre-existing biological structures and cognitive mechanisms, as well as the repurposing 

(i.e., exaptation) of others (Fitch, 2011; Gould & Vrba, 1982). Consequently, certain features 

of the language system likely have evolutionary origins that extend beyond humans. 

Adopting a comparative approach to identify features shared between human language and 

the communication systems of other animal species could provide valuable insights into the 

biological and social contexts that shaped their evolution. 

 

A cross-species comparative approach to language evolution 

Since language does not fossilise and its evolution can only be understood through indirect 

evidence (Christiansen & Kirby, 2003; Fitch, 2010; Hauser et al., 2014), studying what other 

animals can and cannot do is essential for understanding how these communication systems 

compare (Fitch, 2005). An essential first step in studying language evolution is to break 

language down into its constituent parts. One of the first to attempt this was Charles Hockett, 

who outlined 13 design features of language (later expanded to 16) in his seminal paper The 

Origin of Speech, including vocal-auditory channel, duality of patterning, traditional 

transmission, and displacement (Hockett, 1960, 1963). Although some features, like the 

vocal-auditory channel, have been reconsidered in light of work on sign languages and 
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multimodal communication (Goldin-Meadow & Brentari, 2017; Holler & Levinson, 2019; 

Pleyer et al., 2025), his work provided a framework for comparing human language to other 

animal communication systems.  

 

Simply put, the comparative method identifies shared and unique features of 

communication systems across species, allowing researchers to study language evolution 

using empirical methods (Fitch, 2005). Specifically, it considers the evolutionary or 

phylogenetic relationships between species to draw inferences (Lorenz, 1974). Homologous 

features, which are shared by species within the same evolutionary group, help infer 

characteristics of extinct common ancestors (e.g., lactation in mammals), whereas analogous 

features, which evolved independently in separate evolutionary groups, support inferences 

about the biological and social contexts driving their evolution (e.g., wings of birds, bats, 

and insects). By comparing communication systems across species, we can reconstruct the 

evolutionary steps that led to language emergence and determine which features are uniquely 

human and which features arose through shared ancestry or convergent evolution. 

 

The evolution of speech 

The evolution of speech offers a valuable lens for understanding language evolution. While 

language itself is a multimodal phenomenon, speech is widely regarded as the primary mode 

of communication in humans (Fitch, 2005). Our capacity for speech depends on a specialised 

set of anatomical, neural, and cognitive traits not found in any other species, including our 

primate relatives. However, fundamental mechanisms of human vocal production are largely 

shared with other animals, including the basic anatomy and physiology of the vocal tract. 

For example, the source–filter theory of sound production (Fant, 1971) and the myoelastic-

aerodynamic theory of phonation (van den Berg, 1958) describe how sound is produced and 

modified in the vocal tract, and their core principles are broadly applicable across 

vertebrates, including mammals and birds (Elemans et al., 2015; Taylor & Reby, 2010). The 

source–filter theory explains how airflow from the lungs passes through a source (i.e., the 

larynx in mammals or the syrinx in birds), making the vocal folds (or membranes, in the 

case of the syrinx) vibrate and generating an acoustic wave that is then shaped by the filter 

(i.e., the oro-nasal cavities of the upper vocal tract) before being released into the 
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environment as a vocalisation (Fant, 1971). The myoelastic-aerodynamic theory suggests 

that vocal fold vibration in the larynx generates sound due to the elastic properties of the 

vocal folds and the aerodynamic principles of airflow (van den Berg, 1958). Notably, 

producing a vocalisation requires precise coordination between the lungs, the larynx or 

syrinx, and the upper vocal tract (Fitch, 2006). For example, in mammals, the lungs generate 

the necessary airflow and pressure to make the vocal folds vibrate. The tension of the vocal 

folds, controlled by the laryngeal muscles, determines their vibration rate and consequently 

the perceived pitch. Finally, by adjusting the movement and shape of vocal tract articulators 

such as the tongue, lips, jaw, and palate, an animal can modify its upper vocal tract to 

selectively amplify or dampen specific frequencies, creating distinct formant patterns that 

help differentiate between vocalisations. In sum, producing vocalisations depends on the 

precise coordination of several elements, underscoring the complexity of vocal production 

and the value of cross-species investigations in identifying which anatomical, neural, and 

cognitive traits are uniquely human and which have deeper evolutionary roots. 

 

The descended larynx: An adaptation for speech? 

One defining anatomical feature of the human vocal tract is our permanently descended 

larynx—a trait not observed in non-human primates. Early on, scientists hypothesised that 

this reconfiguration played a key role in the evolution of speech. Specifically, a descended 

larynx lengthens the vocal tract, potentially expanding the range of possible formant patterns 

we can produce (Lieberman et al., 1969). Consequently, the descended larynx has been 

proposed as a reason for why humans can produce a large repertoire of distinguishable 

vowels and speech sounds. However, recent modelling work in long-tailed macaques 

(Macaca fascicularis) has shown that, even without a descended larynx, their vocal tracts 

are flexible enough to produce a wide range of sounds similar to those of human speech 

(Fitch et al., 2016). This finding demonstrates that a descended larynx alone is not sufficient 

for speech production and further highlights the importance of dynamic vocal tract 

adjustments in producing distinct speech sounds. 

 

Additionally, comparative work has identified several mammals with a permanently 

descended larynx including koalas, deer, and large cats (Fitch & Reby, 2001; Frey et al., 
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2012, 2018; Weissengruber et al., 2002). Given the lack of speech-like vocal flexibility in 

these species, the evolution of a descended larynx was likely driven by other selective 

pressures. One leading explanation is the “size-exaggeration” hypothesis, which proposes 

that laryngeal descent evolved to increase vocal tract length, thereby exaggerating perceived 

body size. Acoustic allometry refers to the relationship between an animal’s body size and 

the acoustic properties of its vocalisations, with larger animals generally producing lower 

formants (Bowling et al., 2017). Since longer vocal tracts produce vocalisations with lower 

formant frequencies, laryngeal descent may have evolved to deviate from this relationship. 

Such an adaptation allows callers to produce disproportionately low formants, simulating a 

larger body size to intimidate rivals and attract mates (Charlton & Reby, 2016). The “size-

exaggeration” hypothesis is further supported by the secondary descent of the larynx 

observed in human males during puberty (Fitch & Giedd, 1999), indicating a clear role in 

reproductive signalling (Pisanski et al., 2016). Although the descended larynx undoubtedly 

contributed to the expansion of our human vocal range, its evolution was likely driven by 

multiple selective pressures, and its importance in the emergence of speech may originally 

have been overstated (e.g., Carstairs-McCarthy, 1999; Fitch, 2000). 

 

Neural control of speech: The “direct connections” hypothesis 

Speech requires fine-grained motor control over the laryngeal muscles controlling the vocal 

folds and the position of vocal tract articulators (i.e., tongue, lips, palate, etc.), which 

together coordinate and shape vocal production. Unlike our primate relatives, humans show 

direct connections between neurons in the motor cortex of the brain and the primary motor 

neurons controlling the muscles of the larynx (Simonyan & Jürgens, 2003), allowing for 

more control over vocalisations. This finding suggests that enhanced voluntary control over 

vocal production was a necessary pre-adaptation to the evolution of speech (Jürgens, 2002; 

Nieder & Mooney, 2019; Simonyan & Horwitz, 2011). Support for the “direct connections” 

hypothesis comes from studies on a rare trait observed in some mammals and birds: vocal 

learning—the ability to modify, learn, and produce vocalisations based on auditory 

experience (Fitch, 2018; Vernes et al., 2021). Specifically, direct connections were observed 

between the brain and the syrinx in vocal learning parrots and songbirds, but were absent in 

non-vocal learning birds (Striedter, 1994; Wild, 1997). The presence of these direct neural 
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connections in humans and other vocal learning animals therefore emphasises the critical 

role of fine motor control in the evolution of complex vocal behaviours such as speech.  

 

Vocal learning: A key ability for speech acquisition 

Vocal learning is critical for human speech acquisition (Janik & Slater, 1997; Jarvis, 2019), 

as it enables humans to learn new vocalisations and develop a rich, open-ended vocabulary 

necessary for effective social interaction. In contrast, although non-human primates have 

vocal tracts capable of producing speech-like sounds (e.g., Fitch et al., 2016), they lack the 

direct neural connections required for fine-grained motor control of the vocal tract 

(Simonyan & Jürgens, 2003). While studies of speech evolution have traditionally focused 

on non-human primates—our closest living relatives—their limited vocal flexibility means 

they offer only partial insights into the mechanisms underlying speech development. In 

contrast, vocal learning has evolved independently in several other groups of mammals and 

birds, including parrots, songbirds, hummingbirds, bats, whales, dolphins, and seals (Tyack, 

2019; Vernes et al., 2021). Vocal learning in these species serves to expand their vocal 

repertoires and facilitate social behaviours like mate attraction, territorial defence, and 

individual and group recognition (Fitch, 2005), highlighting the role of vocal learning in 

regulating social interactions. It also enables animals to modify vocalisations and facilitate 

transmission of acoustic signals in different environments (Ey & Fischer, 2009). 

Comparative work could help determine whether vocal learning evolved through sexual 

selection for complex vocalisations or kin selection for information sharing, with acoustic 

adaptation potentially playing a role under either hypothesis (Nowicki & Searcy, 2014). 

Vocal learning thus plays a fundamental role in the development of advanced vocal 

communication systems and offers an important window through which we can better 

understand the evolution of speech. Specifically, studying vocal learning across a broader 

range of taxa can provide valuable insights into the evolutionary pressures—whether sexual, 

kin, or environmental—that may have shaped cognitive and neural mechanisms involved in 

the emergence of speech. By shifting the focus away from a primate-centric approach, we 

can gain a more comprehensive understanding of which evolutionary pressures and 

cognitive/neural mechanisms drove the development of vocal learning, shedding light on the 

emergence of vocal communication systems in both humans and other species.  
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A framework to study vocal learning 

The first theoretical framework to study vocal learning classified this trait into two distinct 

forms: (i) vocal production learning, where individuals modify or learn new vocalisations, 

and (ii) vocal contextual learning, where individuals learn to use vocalisations in novel 

contexts and associate vocalisations with new meanings or outcomes (Janik & Slater, 1997). 

Despite vocal contextual learning being more widespread across species, studies on the 

evolution of speech have traditionally focused on species capable of vocal production 

learning, such as the imitation abilities of songbirds and cetaceans (i.e., whales and dolphins; 

Janik & Slater, 1997). This focus emerged largely because the ability to modify and learn 

vocalisations based on auditory experience is considered critical to human speech 

acquisition. 

 

A subsequent framework conceptualised vocal production learning as a trait existing 

along a continuum (Petkov & Jarvis, 2012), with species ranging from “vocal non-learners” 

to “high vocal learners”. Under this model, the most basic form of vocal production learning 

involves modifying the amplitude and temporal structure of innate calls, while more 

advanced forms involve spectral modifications, culminating in the ability to imitate acoustic 

signals by actively altering spectro-temporal properties of vocalisations (Arriaga & Jarvis, 

2013). However, the continuum hypothesis assumes a linear evolutionary pathway for vocal 

production learning, which may not fully capture its actual complexity, particularly since 

these different forms may rely on distinct neural pathways (Tyack, 2019). 

 

The latest theoretical developments propose to study vocal learning as a trait consisting 

of multiple dimensions or modules (Vernes et al., 2021; Wirthlin et al., 2019). Specifically, 

one influential framework proposes that vocal learning can be broken down into three 

modules that capture different aspects of how vocalisations are structured, modified, and 

used in communication, namely (1) vocal versatility, (2) vocal production variability, and 

(3) vocal coordination (Wirthlin et al., 2019). These modules can evolve independently 

under different evolutionary pressures, allowing a species to exhibit a high degree of 

complexity in some while being more limited in others. Below is a brief overview of the 

three modules: 
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1. Vocal versatility encompasses both the diversity of vocal sounds a species can 

produce and the degree to which these sounds can be modified through experience. 

This interplay between vocal tract anatomy and the neural circuits controlling vocal 

production is key to understanding how vocal flexibility evolved. For example, 

comparing expected vocalisations based on vocal tract anatomy and body size with 

actual vocal output can help infer the extent of a species’ vocal control. 

 

2. Vocal production variability encompasses how vocal output changes throughout 

development or in response to social and environmental influences, providing 

valuable insights into the role of auditory feedback in shaping vocal development. 

This variability allows for disentangling the relative contributions of biological 

factors (i.e., age, sex, or body size) and social influences on vocal output, thereby 

improving our understanding of vocal learning plasticity across an individual’s 

lifetime. 

 

3. Vocal coordination refers to the ability to time vocalisations during vocal 

exchanges, as seen in species that engage in turn-taking during communication 

(e.g., human conversation). This module emphasises the importance of vocal timing 

in structuring social interactions, offering insights into predictive timing, 

adjustment mechanisms, and how social dynamics influence these processes.  

 

In this thesis, I apply this framework to investigate the connections between vocal flexibility, 

vocal coordination, and the biological and social influences on vocal communication, 

offering a robust approach that provides valuable insights into the mechanisms underlying 

vocal learning. Among species identified as vocal learners, seals—particularly harbour 

seals—could serve as promising comparative models for investigating both vocal learning 

and the evolution of speech. 

 

Why seals can contribute to research on the evolution of speech 

Given their unique combination of vocal and ecological diversity, phylogenetic relevance, 

and anatomical similarities, pinnipeds (seals, sea lions, and walruses) represent an 
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underutilised yet valuable comparative model for exploring the evolution of complex vocal 

communication systems—such as language in humans. Pinnipeds are one of the rare 

mammalian groups which present evidence for vocal learning (Schusterman, 2008). Over 

three-quarters of the 33 extant species use vocalisations to modulate social interactions, 

exhibiting diverse repertoires in both air and underwater environments (Berta et al., 2018; 

Charrier, 2021; Schusterman & van Parijs, 2003). These vocalisations range from broadband 

calls and barks to rhythmic trills and complex underwater sequences, serving adaptive 

functions in various behavioural contexts such as mother–offspring recognition, mate 

attraction, and territorial displays (Charrier, 2020; Hanggi & Schusterman, 1994; Mathevon 

et al., 2017). Notably, their amphibious lifestyle (i.e., spending time both on land and 

underwater) makes them more accessible for controlled experiments compared to cetaceans, 

which are challenging to observe and study in natural settings due to their large size, 

extensive home ranges, and fully aquatic lifestyle. Moreover, as mammals, pinnipeds are 

phylogenetically closer to humans than the well-studied vocal learning songbirds and parrots 

(Ravignani et al., 2016). Last but not least, pinnipeds have a similar vocal tract anatomy to 

humans, producing vocalisations with their larynx positioned at a comparable angle in 

relation to airflow (Schneider, 1962, 1964). Furthermore, their vocal production follows the 

passive mechanisms outlined in the source–filter theory, where sounds generated by the 

larynx are shaped by the upper vocal tract (Taylor & Reby, 2010). Altogether, these 

characteristics make pinnipeds particularly interesting candidates for comparative studies on 

the evolution of speech.  

 

Despite being one of the less vocal pinnipeds, the harbour seal (Phoca vitulina) 

possesses advanced vocal learning capabilities, as demonstrated by the striking case of 

Hoover, who, separated from its mother as a pup and raised in captivity, began imitating 

words and phrases presumably spoken by his human caretaker as an adult (Duengen et al., 

2023; Ralls et al., 1985). To date, Hoover’s case of vocal imitation remains the only well-

documented evidence of vocal production learning in harbour seals, highlighting the 

potential value of further investigating their vocal behaviour. Fortunately, existing research 

on vocal communication in this species provides a solid foundation for exploring their vocal 

learning capabilities in more detail. For example, harbour seal pups are very vocal 

throughout the lactation period, producing individually distinctive mother attraction calls 

(MACs) that help mothers locate their pups after returning from foraging trips at sea (Perry 
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& Renouf, 1988; Renouf, 1984). While mothers can recognise their offspring shortly after 

birth (Renouf, 1985), the spectro-temporal properties of MACs vary with age, sex, and body 

size (Khan et al., 2006; Sauvé et al., 2015), likely as a result of developmental changes in 

the pups’ vocal anatomy. In addition to these maturational changes, harbour seal pups exhibit 

vocal flexibility by adjusting the fundamental frequency of their MACs in response to 

background noise (Torres Borda et al., 2021), demonstrating acoustic adaptation to 

environmental conditions. Furthermore, harbour seal pups adjust the timing of their calls to 

avoid overlap with those of surrounding pups (Anichini et al., 2023; Ravignani, 2019), 

indicating that they can modify their vocalisation patterns to optimise their chances of 

reuniting with their mothers in the noisy and crowded colony environment. After weaning, 

however, these calls disappear entirely from their vocal repertoire, with most vocalisations 

ceasing aside from occasional growls during agonistic interactions (Renouf, 1984). Adult 

males vocalise again during the breeding seasons to defend underwater territories and attract 

mates (Hanggi & Schusterman, 1994; Hayes et al., 2004), with male vocalisations exhibiting 

site-specific variation that contributes to the development of regional vocal dialects 

(Bjørgesæter et al., 2004; van Parijs et al., 2003). This combination of early-life vocal 

activity and evidence of vocal variability, flexibility, and coordination makes the harbour 

seal an ideal candidate model for comparative studies on the evolution of vocal learning and 

speech. 

 

Research objectives and thesis outline 

While harbour seals have been identified as vocal learners, research on vocal communication 

in harbour seals has largely focussed on describing their vocal repertoire, developmental 

changes, and geographic variation. However, experimental studies directly assessing their 

vocal variability, flexibility, and coordination remain scarce, with many conclusions drawn 

indirectly. Notably, since Hoover’s case of vocal imitation from the 1980s (Ralls et al., 

1985), only a few studies have explored harbour seals’ ability to modify vocalisations in 

response to environmental factors (Torres Borda et al., 2021) or their ability to adjust call 

timing in social contexts (Anichini et al., 2023; Ravignani, 2019). A more comprehensive 

understanding of these aspects provides a crucial foundation for future cross-species 



General introduction 

 23 

Ch
ap

te
r 1

 
 

comparisons aimed at uncovering the evolutionary mechanisms underlying vocal learning 

and its role in the emergence of speech.   

 

This thesis contributes to that foundation by applying a recent modular vocal learning 

framework (Wirthlin et al., 2019) to develop a more comprehensive understanding of 

harbour seals’ vocal capabilities and their role in social interactions. It investigates key vocal 

learning components from the framework’s modules, including vocal coordination during 

social interactions (Chapter 2 and 3), vocal flexibility and control (Chapter 4), and the effect 

of social factors on vocal production during development (Chapter 5). To study these 

components, this thesis integrates a combination of non-invasive experimental 

methodologies, including post-mortem anatomical studies, as well as acoustic recordings 

and behavioural playback experiments. Since harbour seals are highly vocal in their first 

weeks of life, with vocal activity declining after weaning, this thesis focusses exclusively on 

pups. Below is an overview of the thesis chapters. 

 

Chapter 2 begins this thesis by demonstrating how the comparative method—drawing 

from multiple animal groups and disciplines—can offer broader insights into communicative 

behaviours. This chapter is a literature review that explores the role of call timing and rhythm 

in interactions between dyads (i.e., a group of two individuals) across various 

communicative modalities, behavioural contexts, and animal groups, including mammals, 

birds, anurans, and insects. The review includes a table of definitions for terms related to 

rhythm in dyadic interactions and distinguishes between rhythmic and non-rhythmic 

interactions, based on whether individuals adjust the timing of their signals to facilitate 

communication. The findings are evaluated in light of the four fundamental ethological 

questions: function, phylogeny, development, and mechanism (Tinbergen, 1963). The 

review highlights that rhythmic signalling behaviours are widespread in the animal kingdom 

and play an important role in regulating social interactions. However, it also underscores the 

need for further research on the role of signal timing development and the mechanisms that 

regulate it. Additionally, while the scientific literature has largely focused on interactive 

signalling in the acoustic and visual modalities, more work is needed on tactile and 

multimodal signals. Ultimately, adopting a comparative approach provides a powerful 

framework for understanding the evolution of communicative behaviours, bridging gaps in 
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the literature and highlighting critical areas for future investigation that will advance the 

study of animal communication and language evolution. 

 

Chapter 3 investigates turn-taking behaviour in vocal interactions between harbour seal 

pups. Turn-taking refers to the rapid exchange of communicative turns during social 

interactions, characterised by minimal silent gaps and minimal overlap between turns (Sacks 

et al., 1974). In human conversation, the average gap is around 200 ms (Stivers et al., 2009), 

suggesting that turn-taking relies on predictive timing mechanisms and mutual timing 

adjustments to facilitate communication. Similar turn-taking behaviour has also been 

observed in various non-human animals, where it serves to strengthen group cohesion, 

maintain social bonds, and facilitate cooperation (Badihi et al., 2024; Demartsev et al., 2018; 

Pika et al., 2018). Previous studies on harbour seal pups have shown that call sequences 

exhibit temporal organisation reminiscent of interactive communication and that pups adopt 

an antisynchronous calling strategy to avoid acoustic overlap (Anichini et al., 2023; 

Ravignani, 2019; Ravignani, Kello, et al., 2019). However, these studies did not apply the 

standard methodology used in conventional turn-taking research to determine whether 

harbour seal pups exhibit turn-taking behaviour. This chapter addresses this gap by applying 

response latency analyses from human behavioural research to assess whether vocal 

interactions exhibit the core characteristics of turn-taking, namely minimal gaps between 

turns, avoidance of overlap, and mutual timing adjustment. Minimal gaps between turns and 

avoidance of overlap are reflected in short, positive response latencies, while mutual 

adjustment is reflected in a negative lag-1 autocorrelation derived from time series analyses 

(see Pouw & Holler, 2022). Additionally, this chapter analysed results from a playback 

experiment, in which previously recorded harbour seal pup calls were played back to pups, 

to test how they would adjust their call timing when exposed to variations in rhythm, tempo, 

call duration, and sex of the caller. Results indicate that harbour seal pups show all the core 

characteristics of turn-taking behaviour and that they adapt their call timing to the tempo of 

the interaction and the duration of conspecific signals, demonstrating flexible vocal 

coordination during social interactions.  

 

Chapter 4 describes vocal tract anatomy in harbour seals and examines its role in 

shaping their vocal flexibility. A key focus of this chapter is on acoustic allometry, which 

describes how body size is reflected in the acoustic properties of vocalisations (Bowling et 
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al., 2017). Typically, larger animals produce lower-frequency sounds, but deviations from 

this pattern point to mechanisms that allow an animal to sound smaller or larger than it 

actually is. The chapter first examines whether harbour seal vocalisations strictly follow 

expected acoustic allometry. Reanalysing data from Torres Borda and colleagues (2021), it 

shows that seals of different sizes can produce similar fundamental frequency values under 

varying noise levels, suggesting that behavioural adaptations to environmental factors can 

override body size constraints on vocal production, allowing them to deviate from acoustic 

allometry. Using post-mortem anatomical examinations, this chapter investigates whether 

this vocal flexibility arises from morphological adaptations to their vocal tract or from 

enhanced vocal control, inferred from whether the size of vocal tract structures (vocal folds, 

upper vocal tract, and trachea) scales proportionally with body size. Findings indicate that 

body size predicts vocal tract dimensions, though some variation occurs due to age and sex. 

However, since harbour seals do not exhibit unique morphological adaptations to their vocal 

tract allowing them to deviate from acoustic allometry, these results suggest that enhanced 

neural control over vocal structures—a necessary trait for vocal production learning—may 

be the key mechanism offering them a larger degree of vocal flexibility. Additionally, this 

chapter provides detailed anatomical illustrations that highlight the major structures of the 

harbour seal vocal tract and depict key components of the source–filter theory of vocal 

production. 

  

Chapter 5 examines the effect of the social environment on the acoustic structure of 

harbour seal pup vocalisations. In human conversation, the Communication Accommodation 

Theory describes how individuals adjust their speech styles during social interactions, either 

converging to express social closeness or diverging to signal distance from their 

conversation partner (Giles & Baker, 2008). Similarly, vocal convergence has been observed 

in various non-human animal species as a means to strengthen social bonds (Baciadonna et 

al., 2022; Fischer et al., 2020; Prat et al., 2017). This chapter investigates whether harbour 

seal pups accommodate their vocalisations by converging towards the calls of individuals 

they frequently interact with. Specifically, it disentangles the maturational effects related to 

body size, age, and sex from learned vocal modifications. After recording pup vocalisations 

daily over several weeks, Bayesian models helped determine how acoustic parameters 

changed throughout development. Acoustic distances were then computed between pairs of 

seals, while controlling for differences in body size, age, and sex. The results indicate that 
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the vocalisations of pups housed together are more similar than those of pups housed 

separately, while still remaining distinct enough for individual recognition. These findings 

suggest that harbour seals exhibit vocal convergence during social interactions, showing that 

social influences shape vocal development in this species and highlighting intriguing 

parallels with humans and other species. 

 

Chapter 6 concludes this thesis with a summary and discussion of the main findings in 

the context of language evolution. This chapter highlights how work on vocal learning 

capacities in harbour seals can inform studies on human language evolution. Specifically, it 

discusses the connection between vocal flexibility and neural control of the vocal apparatus, 

as well as the role of social interactions in shaping (vocal) communication. Moreover, the 

chapter explores key methodological contributions and considerations, including our 

growing understanding of vocal learning, the benefits and challenges of the comparative 

method, and study limitations when working with captive non-human animals. It also 

emphasises the power of playback experiments in studying animal behaviour. Finally, this 

chapter highlights several directions for future research in harbour seals, which may offer 

additional insights into how language evolved. Notably, future studies could explore the role 

of sociality in driving communicative complexity, how non-vocal and multimodal signals 

facilitate social interactions, the extent of vocal flexibility and how it changes during 

development, and the neural circuits underlying vocal control.



 

 

 

 
 
 
 
 
 
 
 

Chapter 2





 

 

 
 
2   | Rhythm in dyadic interactions 

 

 

Abstract 

This review paper discusses rhythmic interactions and distinguishes them from non-
rhythmic interactions. We report on communicative behaviours in social and sexual contexts, 
as found in dyads of humans, non-human primates, non-primate mammals, birds, anurans 
and insects. We discuss observed instances of rhythm in dyadic interactions, identify 
knowledge gaps and propose suggestions for future research. We find that most studies on 
rhythmicity in interactive signals mainly focus on one modality (acoustic or visual) and we 
suggest more work should be performed on multimodal signals. Although the social 
functions of interactive rhythms have been fairly well described, developmental research on 
rhythms used to regulate social interactions is still lacking. Future work should also focus 
on identifying the exact timing mechanisms involved. Rhythmic signalling behaviours are 
widespread and critical in regulating social interactions across taxa, but many questions 
remain unexplored. A multidisciplinary, comparative cross-species approach may help 
provide answers. 

 

 

 

 
 
 
 
 
 
 
 
Adapted from: de Reus, K., Soma, M., Anichini, M., Gamba, M., de Heer Kloots, M., Lense, M., Bruno, J. H., 
Trainor, L., & Ravignani, A. (2021). Rhythm in dyadic interactions. Philosophical Transactions of the Royal Society 
B: Biological Sciences, 376(1835), 20200337. https://doi.org/10.1098/rstb.2020.0337  
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Introduction 

Animals rely on effective signal transfer for communication with conspecifics. The sender 

must produce a clear signal that can be readily detected by the receiver (Dusenbery, 1992). 

A variety of sensory systems evolved to accommodate the production and reception of 

signals, and over time, these systems were fine-tuned by selective evolutionary pressures 

leading to remarkable species-specific adaptations (e.g., three-ossicle middle ear in 

mammals adapted for acoustic transmission of high-frequency signals; Tucker, 2017). 

Signals can be produced in several modalities, including acoustic, visual, chemical, tactile, 

etc.; each modality has its own (psycho)physical limitations that impose constraints on 

communication. For example, acoustic signals are effective for long-range information 

transfer but are affected by signal attenuation and degradation, especially at higher 

frequencies (Wiley & Richards, 1978). In the visual modality (e.g., signed languages), 

receivers are required to be in close contact with the signaller to accurately discriminate the 

signals because obstacles can block them. Regardless of the modality in which signalling 

occurs, interactive signalling will henceforth refer to a communicative exchange during 

which signals are transferred, back and forth, over a short time scale. 

 

Timing is key in interactive signalling behaviour (Anichini et al., 2020; Ravignani et 

al., 2014; Ravignani, Verga, et al., 2019). Individuals take turns in human conversation and 

entrain to the rhythms of other players while making music (Keller et al., 2014; Nguyen et 

al., 2021). Individually timed behaviour in groups can lead to impressive collective 

phenomena such as synchronous movements to musical rhythms at concerts (Trehub, 

Becker, et al., 2015), cricket choruses (Greenfield, 1994a) and the bioluminescent flashing 

of fireflies (Buck, 1988). Unfortunately, natural interactions involving many agents are often 

difficult to study under controlled conditions. Hence, for practical reasons, most studies on 

interactive rhythms minimise the number of individuals by focusing on dyadic interactions. 

Some species can achieve a high degree of temporal coordination, and even synchronisation, 

during conspecific interactions (Backwell et al., 1998; Grafe, 1999; Greenfield, 1994a; Hall, 

2009). Therefore, we ask: how does rhythm shape dyadic interactions and how do dyadic 

interactions shape rhythm? 
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Here, we review stable interactions in dyads across species, modalities and contexts. 

This review covers humans and non-human animals—namely insects, anurans, birds, non-

human primates and non-primate mammals—interacting mainly in the acoustic and visual 

modalities, and in social and sexual contexts. We (i) begin by proposing widely applicable 

definitions for relevant concepts (Table 2.1); (ii) highlight rhythmic dyadic interactions in 

each group; and (iii) discuss the existing behaviours in the light of Tinbergen’s four questions 

while proposing suggestions for future research. 

 

Table 2.1. Definitions of terms relating to dyadic interactions. 

Term Definition 

Signals 

“Traits that (1) change another organism’s behaviour while 
benefitting the sender, that (2) are evolved for this function, and that 
(3) have their effects through the evolved response of the receiver” 
(Stegmann, 2005, p. 1011) 

Rhythm “Pattern of time intervals between the onset of events” (van den 
Bosch der Nederlanden et al., 2019, p. 165) 

Rhythmic 
interaction 

An interaction where two conspecifics adjust their timing behaviour 
to each other to create temporal regularities that facilitate the 
interaction 

Entrainment 
“Spatiotemporal coordination resulting from rhythmic 
responsiveness to a perceived rhythmic signal” (Phillips-Silver et 
al., 2010, p. 5) 

Duets 

“Joint […] displays where two [partners] coordinate their [signals] 
with a degree of temporal precision” (Farabaugh, 1982); 
traditionally, duets occur in the acoustic modality, but we believe 
the use of the term should be extended to all other communicative 
modalities 

Synchrony “Precise coincidence of events in time” (Ravignani, 2017, p. 158) 
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Turn-taking 

“Orderly exchange of purely communicative signals or behaviours 
(e.g. peek-a-boo games in humans) between individuals 
characterised by principles for the coordination of turn transfer, 
which result in observable temporal regularities” (Pika et al., 2018, 
p. 2); we subscribe to the idea that turn-taking is mostly rhythmic in 
its temporal dimension (Ravignani, Verga, et al., 2019) 

Alternation 
“Where the regularly repeating signals of two […] individuals are 
broadcast such that they do not occur at the same time” (Greenfield, 
2005, p. 4) 

Antiphony “When […] two animals transmit sounds among themselves in 
response to preceding signals” (Yoshida & Okanoya, 2005, p. 155) 

 

We first need to distinguish between what constitutes a rhythmic versus a non-rhythmic 

interaction. A rhythmic interaction is one where two conspecifics adjust their individual 

timing to each other to create temporal regularities that facilitate the interaction. The 

rhythmic structure that emerges can be measured and quantified along sequential and 

temporal dimensions (Ravignani & Norton, 2017). For instance, in piano duets and dyadic 

finger tapping experiments, a statistical association, either synchronous and/or 

asynchronous, can be established between the temporal intervals of the two players (Goebl 

& Palmer, 2009; Loehr & Palmer, 2011). Based on the concepts described in Table 2.1, any 

interaction that requires timing adjustment between two conspecifics, such as dyadic 

synchrony and turn-taking, is considered rhythmic in this paper. A non-rhythmic interaction 

is one where there is no timing adjustment between the members of the dyad. Despite this, 

individual rhythms can still play an important role in regulating the interaction. For example, 

male northern elephant seals (Mirounga angustirostris) can recognise the rhythmic structure 

of their rivals’ vocalisations; depending on the individual’s status within the colony, males 

will either ignore or move away from the vocalizing male (Mathevon et al., 2017). In the 

absence of a temporal relationship between the signals of two conspecifics, both alternation 

and antiphony are considered non-rhythmic. In the supplementary materials, readers can find 

examples of both interactions for all animal clades discussed in this review (Table S2.1) and 

a discussion on non-rhythmic interactions. 
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Humans 

Humans are a highly social species and perform many types of duets; here, we focus on two: 

speech and music. In the rhythmic domain, speech generally involves turn-taking, whereas 

music is typically performed in synchrony, although people can chant speech together and 

call-and-response is used in music. Such behaviours involve complex social interactions and 

serve to communicate information, express emotion and socially bond (Feldman, 2007; 

Juslin & Sloboda, 2013). These acoustic behaviours are performed with others in complex 

behavioural patterns involving cues including gesture, touch, body sway and dance, but also 

facial expressions and gaze direction (Chang et al., 2019; Chauvigné et al., 2019; Goldin-

Meadow, 1999; Holler et al., 2014). 

 

Infancy and childhood 

Human infants cannot survive without carers for a considerable period, and their early 

development and learning are done in a social context, often primarily with the mother 

(Feldman, 2007). Within this social context, movement behaviours (Tronick & Cohn, 1989), 

vocal behaviours (Beebe et al., 1988), gaze (Leong et al., 2017), autonomic functioning 

(Leclère et al., 2014) and hormone expression (Feldman, 2017) are coordinated in time 

between infants and their carers. This early temporal coordination may enable infants to (i) 

regulate physiological and behavioural processes for survival (Feldman, 2017), (ii) develop 

self-regulation (Feldman et al., 1999), (iii) differentiate the emergence of their self from 

others (Feldman, 2007), (iv) begin building social and empathetic relations with others 

(Trainor & Cirelli, 2015), and (v) learn speech and music through continual reciprocal 

adjustments (Lytle & Kuhl, 2017). 

 

Carers provide rhythmic input to their infants in the forms of singing, patting and 

rocking, which helps infants to regulate their states (Trehub, Ghazban, et al., 2015). The 

periodicities found in rhythms of infant-directed singing provide a context for bidirectional 

entrainment between infants and carers, which can be seen in the coordination of autonomic 

and brain responses between mothers and infants (Cirelli et al., 2020; Leong et al., 2017; 

Patel, 2010). Synchronous movement to music during infancy also has important social 
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consequences. Fourteen-month-old infants who are bounced in synchrony to music with an 

experimenter are much more likely to subsequently help that experimenter compared to 

infants who are bounced out of sync (Cirelli et al., 2018; Trainor & Cirelli, 2015), suggesting 

that the origins of empathy and friendship may be found in coordinated rhythmic behaviours.  

 

While the bidirectionality of interactions begins in infancy, carers initially have a 

broader role in structuring and scaffolding the interaction (Harrist & Waugh, 2002; Maccoby, 

1994). As children develop their advancing language, social and cognitive skills support and 

expand their active participation in complex, rhythmic verbal and non-verbal interactions 

(Harrist & Waugh, 2002). In the verbal domain, children become increasingly proficient at 

dialogue and conversation (Casillas & Frank, 2017; Harrist & Waugh, 2002). Active turn-

taking during conversation, which reflects partners’ attunement to each other, is associated 

with children’s language and social skill development (Stanton-Chapman & Snell, 2011; 

Tomasello & Farrar, 1986). Children who experience more appropriate turn-taking styles 

during conversations with their parents are more liked by their peers (Black & Logan, 1995), 

and also exhibit more appropriate turn-taking with their peers even when the peers are novel 

acquaintances (Black & Hazen, 1990). In the non-verbal domain, unfamiliar child peers who 

actively engage in coordinated rhythmic movement activities together show greater 

cooperation (Kirschner & Tomasello, 2010) and perceive that they are closer and more 

similar to each other, potentially due to increased intentional communication (Rabinowitch 

& Knafo-Noam, 2015). 

 

Adulthood 

In adults, entrainment during dyadic conversation is observed through temporal adaptations 

within each individual’s speech pattern that occur over multiple timescales (Abney et al., 

2014). The precise timing involved in conversational entrainment suggests the presence of 

underlying rhythmic processes that allow for accurate timing predictions (Wilson & Wilson, 

2005). During a conversation, dyads converge their individual speech rhythms as measured 

via speech rate, prosody and respiratory movement (Buder et al., 2010; McFarland, 2001; 

Schultz et al., 2016), as well as turn-taking timing (e.g. by minimising silent gaps and 

avoiding overlap; O’Dell et al., 2012; Stivers et al., 2009; Wilson & Wilson, 2005). The 

degree of entrainment in conversation is impacted by the interaction context (e.g., friendly 
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versus unfriendly; Abney et al., 2014). Rhythms are crucial in these interactions as their 

temporal regularity enables prediction and sampling of environmental stimuli (Haegens & 

Zion Golumbic, 2018). 

 

Coordination in both musical and conversational duets relies on visual and auditory cues 

(Bishop & Goebl, 2015; Moran et al., 2015) but, in contrast with speech which largely 

involves turn-taking, musical interactions typically involve synchrony. While the two 

interacting musicians may sing or play different pitches, their outputs must fit together both 

rhythmically and harmonically to create a single meaningful joint performance. The high 

real-time temporal demands of duet music-making require continual adjustments, 

anticipation and prediction (if an individual reacts to rather than anticipates their partner’s 

output, they will be late and not in sync with them; Keller et al., 2014). The continual 

adaptation of two people tapping together can be seen in “lag-1 correlations”, whereby on a 

given tap, the individual who is slightly ahead will slow down on their next tap and the 

individual who is slightly behind will speed up on their next tap (Repp & Su, 2013). Studies 

of string quartets also show mutual adjustments of timing, with some quartets being more 

leader-driven and others more egalitarian (Gilboa & Tal-Shmotkin, 2012; Timmers et al., 

2014; Wing et al., 2014). However, asynchronies increase when one musician in a duet is 

replaced with a recording (Demos et al., 2017) and when tempo preferences of two musicians 

are divergent (Zamm et al., 2016), highlighting the importance of bidirectional coordination. 

Musicians convey their upcoming intentions through body sway, similar to how people use 

hand gestures when they speak. Findings from string quartets show that the body sway of 

one musician predicts the upcoming body sway of another musician (Chang et al., 2017). In 

short, the better the overall communication is among group members, the higher the quality 

of their performance is rated (Chang et al., 2019). Music affords an ideal context in which 

people can synchronise their movements, and when a person experiences even a short period 

of synchronisation with another person, it has social consequences, leading to increased 

liking, cooperation and trust (Hove & Risen, 2009; Wiltermuth & Heath, 2009). These social 

consequences may explain why music-making in groups is universal across human societies 

and is likely an evolutionary adaptation (Savage et al., 2020). 
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Non-human primates 

Dyadic interactions among primates are essential to determine hierarchies within stable 

groups (Cheney et al., 2016), and establish alliances and partnerships (Silk et al., 2003). In 

several monkey and ape species, where vocal communication follows precise temporal and 

social rules, strong social bonds shape interactive signalling patterns (Lemasson et al., 2011; 

Lemasson & Hausberger, 2004). For instance, bonobos respond preferentially to 

conspecifics with whom they have close bonds, and take turns to avoid overlap when 

vocalizing with those (Levréro et al., 2019). Unfortunately, rhythmic features have generally 

been understudied in primate communication, with few exceptions. 

 

Primates may form long-lasting, socially monogamous pairs with opposite-sex 

conspecifics. Tarsiidae, Callicebinae, Hylobatidae and Indriidae include the main species of 

pair-living primates producing duets (Geissmann, 2000; Torti et al., 2017). These pair-living 

primates face the need to defend a reduced home range (Bonadonna et al., 2017) and males 

within these pairs struggle to protect mating exclusivity (Bonadonna et al., 2019). In both 

gibbons and indris, duets serve to inform neighbouring groups about the occupation of a 

territory and to defend it during group encounters (Gamba et al., 2016). In indris, duetting 

mediates group cohesiveness (see Figure 2.1c; Torti et al., 2013), while in gibbons, it can 

inform about the presence of particular predators (Clarke et al., 2006). Duetting in siamang 

pairs (Hylobates syndactylus) is associated with a rhythmic swinging from branch to branch, 

which helps maintain entrained vocal displays between males and females (Badraun et al., 

1998). Depending on the species, simultaneous singing or avoiding song overlap advertises 

the strength of a bond and may predict both behavioural coordination and grooming rates 

(Geissmann & Orgeldinger, 2000). 
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Figure 2.1. Rhythm and social interactions in indris. (a) A spectrogram of a vocal interaction 
between two males from the same family group that compete for food; the adult male emits 
a low-pitched grunt (Maretti et al., 2010) followed by a kiss and a wheeze from the younger 
male (Valente et al., 2019). (c) A spectrogram of part of an unusual solo song by a male indri. 
(e) A spectrogram of part of a duet by a pair of indris (cohesion song). After dispersing within 
a territory, they emit a particular song type to regroup in a particular location (Torti et al., 
2013). Red shading denotes the fundamental frequency of the female’s calls, and blue 
shading denotes the fundamental frequency of the male’s units. (b), (d), and (f) are sketches 
of the animals represented in the adjacent spectrograms. 
 

Non-primate mammals 

Rhythmic interactions in other mammalian species allow individuals to identify conspecifics 

and maintain affiliations with other group members. We summarise findings of interactive 

exchanges in animal groups inhabiting different physical and socio-ecological environments 

including cetaceans, pinnipeds, bats, rodents, elephants, antelopes and meerkats. 

 

Cetacean vocal interactions span alternation and synchrony. Bottlenose dolphins 

exchange signature whistles for individual recognition and group cohesion (M. C. Caldwell 

& Caldwell, 1968; Lilly & Miller, 1961). These exchanges are closely coordinated in time 
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such that acoustic overlap is minimal (silent gaps < 1 s; Nakahara & Miyazaki, 2011). Male 

bottlenose dolphins also engage in coordinated cooperative interactions when coercing 

females by synchronising their threat vocalisations and matching tempos (Moore et al., 

2020).  

 

In pinnipeds, mother–pup recognition is a common dyadic interaction, where mothers 

and pups use vocal cues to identify and localise each other in the breeding colony, though 

species differ in whether mother, pup or both individuals vocalize (Charrier, 2020; Insley et 

al., 2003). Harbour seals may also adjust their call timing and call asynchronously relative 

to conspecific vocalisations (Ravignani, 2019). Within a breeding colony, this turn-taking 

strategy may avoid acoustic overlap and make individual pup calls more conspicuous. 

 

Several bat species engage in antiphonal exchanges of stereotyped calls, also for 

mother–pup recognition (Balcombe & McCracken, 1992; de Fanis & Jones, 1996; Esser & 

Schmidt, 1989). Moreover, adult white-winged vampire bats (Diaemus youngi) respond to 

contact calls in a duet-like fashion by temporally coordinating their reply (silent gaps < 500 

ms), potentially to monitor the spatial positions of conspecifics (Carter et al., 2009). 

 

Few studies reported on rhythmicity in rodent dyadic communication. In Alston’s 

singing mice (Scotinomys teguina), depending on the social context, males adjust their signal 

timing to sing in turns and avoid acoustic overlap (silent gaps around 500 ms; Okobi et al., 

2019). Naked mole-rats (Heterocephalus glaber) produce soft chirps antiphonally between 

two or more individuals to identify their social status and maintain affiliations (silent 

gaps < 400 ms; Yosida & Okanoya, 2009). Middle East blind mole-rats (Spalax ehrenbergi) 

communicate using vibratory signals by engaging in alternating head-drumming duets 

(silent gaps < 2 s; Rado et al., 1987). 

 

Data on interactive temporal coordination in dyads are limited for the remaining 

mammal species. Female African elephants (Loxodonta africana) use antiphonal rumbling 

sequences between group members to maintain social distance (Leighty et al., 2008). An 

African antelope, the klipspringer (Oreotragus oreotragus), engages in alarm call duetting 

and calls are produced in alternation, with female calls closely following those of males 

(Tilson & Norton, 1981). Finally, meerkats (Suricata suricatta) avoid overlapping 
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conspecifics in low-conflict group sunning calls by vocalizing in turns (Demartsev et al., 

2018). Here, group turn-taking is an outcome of dyadic interactions between group members 

and mechanistically relies on two alternating processes: call inhibition and call excitation. 

 

Birds 

Duets, which require a certain degree of temporal coordination (Figure 2.1e), are also 

widespread across birds, especially in mating contexts. Vocal or dance duets occur in 18–

20% of all avian species (J. A. Tobias et al., 2016), which accounts for mostly song-duetting 

species among songbirds and dance-duetting species among non-songbirds (but see 

Malacarne et al., 1991; Soma & Garamszegi, 2015). Avian duets are generally performed by 

paired partners or prospective mates, and serve different functions including mate-guarding, 

joint resource defence and/or mutual courtship (Hall, 2004; Langmore, 1998). 

 

Some barbet species (Capitonidae; Short & Horne, 1983) and the magpielark (Grallina 

cyanoleuca; Ręk & Magrath, 2016) perform multimodal duets, where the two birds 

simultaneously coordinate vocalisations and body movements. For singing, species-specific 

duet rules are well documented and show interspecific variation, even among closely related 

species. For example, in Thryothorus wrens, some species produce perfect antiphonal duets 

without overlap, while others sing in synchrony (Mann et al., 2009). In avian song duetting, 

each of the sexes often produces a particular phrase at the precise onset or offset of its 

partner’s singing, making it a perfectly timed collective display (Brumm & Slater, 2007). By 

contrast, rhythmicity in dance duets is still relatively unexplored. For example, in the red-

crowned crane (Grus japonensis), males and females exhibit sequences of multiple dance 

elements for their joint display (Takeda et al., 2019), but it is not known whether the paired 

cranes precisely time and synchronise their dancing with each other. 

 

The degree to which two individuals coordinate their signalling during a duet varies 

even among dyads of the same species. Although temporal coordination can greatly 

influence reproductive fitness as better-coordinated signals are more effective for securing 

mates or reproductive resources (Ręk, 2018), not every pair will be able to achieve the same 

degree of coordination. In fact, high-level coordination can only be achieved by pairs with 
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longer partnerships (Hall & Magrath, 2007). Indeed, newly established pairs of canebrake 

wrens (Cantorchilus zeledoni) improve the coordination of their duets over time, suggesting 

that learning enables fine duetting (Rivera-Cáceres et al., 2016). 

 

Multimodal signal coordination in dyadic interactions is not restricted to species known 

for their duetting. The zebra finch has been intensively studied and disproportionately so 

relative to other songbirds, but lacks duetting as only males sing (Griffith & Buchanan, 

2010). Despite this, mated pairs display tight temporal coordination in both visual and 

auditory modalities. Zebra finches form strong dyads with a lifelong mate (Hall & Magrath, 

2007) where coordinated behaviours serve as an honest signal of the pair’s coalition quality. 

Indeed, the strength of the bond in zebra finch pairs predicts the degree of coordination of 

movements (Prior et al., 2020) and call exchanges (D’Amelio et al., 2017), which 

mechanistically rely on predictive timing (Benichov et al., 2016). Pairs use such vocal 

exchanges to maintain a joint behavioural state (Perez et al., 2015) and coordinate shared 

parenting duties (Boucaud et al., 2017). 

 

Anurans 

Dyadic interactions in anurans occur in mating contexts, where the same-sex duets serve to 

compete for access to mates and opposite-sex duets serve to attract potential mates (Grafe, 

2005). Anurans show a precedence effect, where calls of leading individuals are preferred 

when two identical calls are presented in close succession (Greenfield, 2005), but exceptions 

exist (Bosch & Márquez, 2001). Moreover, calls that alternate in precise phase relationships 

are preferred by females of some species (e.g., the midwife toad Alytes obstetricans; Bosch 

& Márquez, 2001). Precise patterns of signal timing largely influence mate choice and are 

thus under strong sexual selection in anurans (Grafe, 2005). Males typically form large 

groups and produce loud alternating advertisement calls to attract females for mating (Wells 

& Schwartz, 2006). Instances of non-random call timing in males were studied in larger 

groups, but also in dyads (Wells, 1977). In duetting male pairs of the Neotropical toad 

(Rhinella ocellata), males call in alternation and avoid overlap with each other (J. P. 

Caldwell & Shepard, 2007). Moreover, the call delay of the responding male varies 

depending on the call duration of the male that initiated the interaction. This alternation 
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pattern shows a high degree of temporal coordination within bouts. Call timing adjustment 

between two males of the European tree frog (Hyla arborea) can result in near-perfect 

antiphonal calling with the mean relative phase angles distributed around 180° (Klump & 

Gerhardt, 1992). The onset of vocalisations can even be adjusted based on the distance 

separating individuals, as evidenced in bullfrogs (Rana catesbeiana; Boatright-Horowitz et 

al., 2000). 

 

Bullfrog males call more frequently following calls of distant neighbours than of those 

nearby; nearby neighbours may inhibit the vocal response of the focal individual. In sum, 

males try to avoid signal overlap in an effort to increase their conspicuousness by paying 

selective attention to their close neighbours and vary their call timing accordingly (Klump 

& Gerhardt, 1992). However, precise alternation of vocalisations is not always the norm. A 

few species signal using overlapped calls. For example, males of the American toad (Bufo 

americanus) signal in synchrony or near-perfect synchrony (Grafe, 1999). This timing 

strategy may help reduce predation risk (Tuttle & Ryan, 1982) and/or increase the chorus’ 

audibility in order to attract more females to the breeding area (Wells, 1977). Even though 

they are rarely described, duets between males and females do occur at the beginning of 

courtship. In the South African clawed frog (Xenopus laevis), receptive females produce a 

vocalisation named “call rapping”, which is composed of a rapid series of loud clicks, in 

response to the male’s advertising call (M. L. Tobias et al., 1998). The female call spurs the 

male to move towards the sound source and produce an intense bout of calling within 1–2 s 

of the female’s signal. A possible explanation for the evolution of female courtship 

vocalisations in anurans could be found by looking at similarities in terms of breeding 

biology (M. L. Tobias et al., 1998). 

 

Insects 

Observations of non-random timing suggest that insects can adjust the onset of their signals. 

Temporal relationships of interactive signals are described for the acoustic modality in bush-

crickets, grasshoppers, mosquitoes and flies, for the vibratory modality in planthoppers, 

leafhoppers, stoneflies, stink bugs and lacewings, and for the bioluminescent modality in 

fireflies (Bailey, 2003; Greenfield, 1994a). Generally, males initiate insect duets and females 
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respond with a fixed latency relative to the male signal (Bailey, 2003). The temporal pattern 

of the duet and the time window of the female reply are species-specific (Zimmermann et 

al., 1989), hence allowing species recognition (Bailey, 2003). The duration and complexity 

of the male signal affects the reply latency of the female (Bailey & Hammond, 2003). The 

longer and more complex the male signal is, the more time is needed to process the 

information encoded in the call and assess the male’s quality. However, the latency of the 

reply may also depend on the female’s readiness to mate (Bailey & Hammond, 2003). 

 

In the leafhopper Aphrodes makarovi, sexual communication and mate recognition are 

mediated via species-specific and sex-specific vibrational signals. During duetting, the 

female’s response overlaps with the last portion of the male’s signal (Kuhelj et al., 2015). 

Males can only evaluate the non-overlapped part of the female call, and consequently adjust 

their signal period length to the duration of the female’s reply to obtain a longer non-

overlapped segment of the female’s call (Kuhelj et al., 2016). While competing for access to 

females in the presence of rivals, male broad-winged bush katydids (Scudderia pistillata) 

produce an acoustic tick that mimics the female’s tick signal and response timing (Villarreal 

& Gilbert, 2014). This indicates to the female when the call has concluded and also 

confounds eavesdropping males by making it difficult for them to accurately move towards 

the true female’s sound source (Bailey & Hammond, 2003). Not only does this reduce the 

risk of competing males interrupting the established duet, but it also increases the 

coordination of the duet itself. 

 

Some insects perform multimodal duets. For temporal coordination to occur in duets of 

the fruit fly Drosophila virilis, females need to detect the male’s sound cues and be in close 

physical proximity (LaRue et al., 2015). During courtship, males tap the female’s abdomen 

and lick the genitalia in a precisely timed manner to coordinate the duet. Females may choose 

to mate only with males that provide multiple timing cues during the duet. In the katydid 

Onomarchus uninotatus, male and female signals alternate in a clear phase relationship. 

Males produce a low-pitched call, which receives a female vibrational signal in response 

(Rajaraman et al., 2015; see Figure S2.1). This unique multimodal duet may have evolved 

in response to predation; silent flying females were predated at a higher rate than calling 

males. With females using vibrational signals, the roles are now reversed: males must search 



Rhythm in dyadic interactions 

 43 

Ch
ap

te
r 2

 
 

for females by moving towards the vibration source and face increased risk of predation by 

bats. 

 

The same-sex dyadic interactions in insects occur in highly competitive environments, 

hence the resulting temporal patterns are an outcome of competition between signalling 

males. In species where females prefer to mate with males leading the call sequence, males 

alternate calls to avoid losing their leader role (Greenfield, 1994a, 2005). In tarbush 

grasshoppers (Ligurotettix planum), males engage in acoustic “fights” to defend or conquer 

a mating territory. The male that cannot match the signalling rate and length of the signal of 

its opponent gives up the fight (Greenfield & Minckley, 1993). The aggressive calls emitted 

by competing males thus represent an honest signal of male fitness. 

 

Ultimate cause of dyadic interactions: function and phylogeny 

Dyads can consist of mates, siblings, parent and offspring, or any two individuals from the 

same group. Dyadic interactions serve a variety of functions including social bonding, 

sharing emotion, establishing hierarchies and partnerships, mate-guarding, courtship, joint 

resource defence, etc. (Cheney et al., 2016; Feldman, 2007; Hall, 2004, 2009; Juslin & 

Sloboda, 2013; Langmore, 1998; Lytle & Kuhl, 2017; Silk et al., 2003). Studying dyads 

means that experiments possibly neglect relevant group dynamics, especially in highly social 

species. However, it also enables researchers to study semi-natural behavioural interactions 

under more controlled experimental conditions. 

 

In this review, we identified two settings in which dyadic behavioural interactions can 

occur: social and sexual. Helping behaviour, learning behaviour and parent–offspring 

recognition were classified as occurring in social settings. Dyadic interactions in sexual 

settings mostly pertain to opposite-sex conspecifics that are potential mates or already form 

an established pair, but they can also involve same-sex conspecifics during intrasexual 

competition occurring during mate search and attraction (Bosch & Márquez, 2001). 

Rhythmic behaviours have been reported for both contexts in mammals and birds, but in 

anurans and insects, they have only been reported for sexual settings. 
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Animals produce many different types of rhythms; hence, they could entrain to 

conspecific rhythms in ways that can be difficult to observe. For instance, individual rhythms 

do not need to occur in the same modality to interact rhythmically (i.e., coordination of an 

infant’s brain responses to its mother’s singing (Cirelli et al., 2020). Moreover, the dynamics 

of the interaction can be both unidirectional and bidirectional (Chang et al., 2019; Gilboa & 

Tal-Shmotkin, 2012; Timmers et al., 2014; Wing et al., 2014). In music, bidirectional 

interaction improves coordination, while unidirectional interactions create larger 

asynchronies (Demos et al., 2017). Does this finding in humans carry over to interactions in 

other species? One could test whether the degree of coordination is affected by 

unidirectionality in songbird species in which one of the sexes does not sing (e.g. the Java 

sparrow or zebra finch). It seems that several species overcome such asynchrony by 

signalling in more than one modality to achieve higher levels of temporal coordination. 

 

Even though multimodal signals are widespread across numerous taxa (Badraun et al., 

1998; Bishop & Goebl, 2015; LaRue et al., 2015; Ręk & Magrath, 2016; Short & Horne, 

1983), their modalities are often studied separately (Halfwerk et al., 2019). Rhythmic 

interactive signalling has been reported mainly for the acoustic and visual modalities (Table 

2.2). However, birds can communicate using vibratory signals (Ota et al., 2015), but avian 

rhythmic interactions in the tactile modality have not been described. Similarly, anurans have 

visual signals (Grafe & Wanger, 2007), but rhythmicity in this modality has not been 

described during conspecific interactions. Future work on interactive rhythms should 

investigate the unexplored modalities in these animal groups. In addition, analysing 

rhythmic patterns of multimodal signals during interactive communication will provide 

more insight into the functions of signal timing. 
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Table 2.2. Summary table of rhythmic interactive signalling in dyads across taxa. Although 
many signalling modalities have been proposed, the distinctions between them are often 
murky, hence, in the spirit of simplicity and to avoid confusion, we only include the main 
ones: auditory (A), visual (V) and tactile (T). Bioluminescent signals enhance visual 
perception (Jeng, 2019) and are grouped under the visual modality. Vibratory signals are 
substrate-borne signals that are perceived using mechanoreceptors (Tuthill & Wilson, 2016), 
similar to touch, hence they are considered part of the tactile modality. Cases where no 
empirical evidence was found are represented by a long dash (—). 
 

Composition of 
dyad 

Interaction 
context 

Taxonomic group 

Mammals Birds Anurans Insects 

Kin 

Parent–
offspring Social A, V A, V — — 

Social 
group 

member 
Social A, V A, V — — 

Non-
kin 

Social 
group 

member 
Social A, V A, V — — 

Male-
female Sexual A, V A, V A A, V, T 

Male-male Sexual A, V A, V A A, V, T 

 

Proximate causes of dyadic interactions: ontogeny and mechanisms 

A wide repertoire of signals is needed to become an active, grown-up participant in dyadic 

interactions and precise timing of signals requires extensive practice. The social environment 

during development plays a crucial role in shaping adult signals. Human children benefit 

from structured bidirectional interactions scaffolded by their carers (Harrist & Waugh, 2002; 
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Maccoby, 1994). Similarly, young birds learn to participate in adult interactions. Male zebra 

finches learn their courtship song from their father, but can also receive feedback from other 

individuals within their social environment (Carouso-Peck et al., 2020). It has even been 

argued that learning of species-specific rhythms starts before birth, with possible long-term 

effects on vocal and social development (Lampen et al., 2019). The social context 

experienced during development modulates male signal features and female mate 

preferences in insects, which will constrain the interaction (Desjonquères et al., 2019). 

Future work on dyadic interactions should accurately describe the social environment in 

which animals have been raised, as it may influence both rhythm perception and production. 

Moreover, longitudinal studies should aim to follow developing individuals to investigate 

the effect of development on rhythmic interactions. 

 

Coordinated signal exchanges in dyadic interactions show reply latencies ranging from 

the order of milliseconds to seconds (Carter et al., 2009; Nakahara & Miyazaki, 2011; Okobi 

et al., 2019). The precise temporal coordination of behaviours must be regulated by the 

presence of underlying rhythmic processes, and many timing mechanisms proposed in the 

literature are based on the concept of coupled oscillators (Wilson & Wilson, 2005). Human 

behaviours such as conversational entrainment (Abney et al., 2014) or the synchronous 

playing of music (Keller et al., 2014) rely on mechanisms that allow us to make accurate 

timing predictions about the onset of upcoming signals. Pinnipeds and birds also show some 

affinity with predictive timing. Similar to conversational turn-taking, seal pups may adapt 

the timing of their calls (Ravignani, 2019), and some songbirds attempt to simultaneously 

synchronise their vocalisations and body movements (D’Amelio et al., 2017; Prior et al., 

2020; Short & Horne, 1983). Insects are also capable of synchronous displays in larger 

groups, but the neural processes that regulate signal timing are different from those of 

mammals and birds. Instead of being able to predict the exact onsets of events, signalling in 

anurans and insects is reactive (Greenfield, 1994b). Similar observable and interactive 

behaviours can thus be produced using different mechanisms, but we do not know whether 

these mechanisms are learned and whether they change across modalities. 
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Conclusion 

Rhythmic behaviours are widespread among animal clades and are crucial in regulating 

social interactions in dyads and larger groups. Unfortunately, in the temporal domain of 

animal communication, many species remain unexplored and several questions remain 

unanswered. Within species and across contexts, which features of signal timing are stable, 

and which are constrained, and to what degree? How are timing mechanisms learned, and 

do they change from one modality to the next? Lines of investigation that integrate 

ecological and neuroethological perspectives have begun to resituate rhythmic behaviours 

within animal communication systems (see Hoffmann et al., 2019), but they have not been 

described in this paper. Such a multidisciplinary approach would allow researchers to design 

species-specific experiments to infer how rhythm functions during interactive signalling 

(Henry et al., 2021). We thus strongly encourage future studies on interactive rhythmic 

behaviours in the hope of ultimately developing an integrative cross-species framework 

(Anichini et al., 2020). The comparative method could then provide crucial insights into the 

evolution and adaptive functions of interactive rhythmic behaviour across taxa (Ravignani 

et al., 2014; Ravignani, Verga, et al., 2019). 
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Supplementary materials 

Table S2.1. Examples of rhythmic and non-rhythmic interactions. All non-rhythmic 
interactions in the table include a rhythmic component. The non-rhythmic interactions 
described function to maintain affiliations, court prospective mates, and compete with 
conspecifics. It is possible that if these behaviours are performed in a different context, the 
receiver will adjust its own rhythm to that of the producer and the interaction then becomes 
rhythmic. The rhythmic interactions described function for social bonding, increase 
individual conspicuousness and mate acquisition. 

Clade Non-rhythmic interaction Rhythmic interaction 

Humans Waving to someone and 
receiving a smile in return 

Neural rhythms of infants entraining to 
the rhythms of an experimenter 

bouncing in synchrony with a beat 
(Trainor & Cirelli, 2015) 

Non-human 
primates 

Chest-beating displays in 
gorillas (Schaller, 1963) 

Siamang pairs swinging from branch 
to branch to maintain entrained vocal 
displays during duets (Badraun et al., 

1998) 

Non-
primate 

mammals 

Pulsed calls of northern 
elephant seal for broadcasting 
social status to nearby males 

(Mathevon et al., 2017) 

Harbour seal pups calling 
asynchronously relative to calls of 
conspecific neighbours (Ravignani, 

2019) 

Birds 

Female palm cockatoos 
observing drumming sequences 

of males performed during 
courtship (Heinsohn et al., 

2017) 

Pairs of the magpie lark 
simultaneously coordinating 

vocalisations and body movements 
(Ręk & Magrath, 2016) 

Anurans 

Male frog foot-flagging during 
agonistic interactions with 
intruders (Grafe & Wanger, 

2007) 

Males of the American toad calling in 
synchrony (Grafe, 1999) 

Insects 

Female katydids, N. spiza, 
orient towards males that 

produce the leading signal in 
the calling sequence 

(Greenfield et al., 1997) 

Males of the leafhopper, A. makarovi, 
adjusting the period length of their 
signals to match the duration of the 

female’s reply during duets (Kuhelj et 
al., 2016) 
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Non-rhythmic interactions 

A non-rhythmic dyadic interaction is one where there is no coordination between the 

individual rhythms of the two interacting agents. For instance, male indris competing for 

food vocalise during agonistic interactions with no rhythmic pattern emerging from the 

signalling (see Figure 2.1a). However, individual rhythms still play an important role in 

regulating social interactions. For example, some whale species alternate rhythmically 

structured calls, matching the type and structure of the call they respond to. Such call 

sequences can function either as individual signatures, as evidenced in beluga whale 

(Delphinapterus leucas) burst-pulse sounds (Morisaka et al., 2013), or group-identifying 

calls, as evidenced in killer whales (Orcinus orca; Miller et al., 2004) and sperm whale 

(Physeter macrocephalus) click sequences (Schulz et al., 2008). Sperm whale mothers and 

calves also exchange a different repertoire of click patterns, potentially used for individual 

identification (Schulz et al., 2011). In the lesser spear‐nosed bat (Phyllostomus discolor), 

pups continuously adapt the frequency-time structure of their isolation calls during 

development to match that of their mothers (Esser & Schmidt, 1989). This acoustic matching 

may also play a role in mother–pup recognition. Findings in harbour seal pups (Phoca 

vitulina) also show that the rhythmic structure of mother attraction calls resembles the 

temporal structure of vocalisations in other species known to communicate interactively 

(Ravignani, Kello, et al., 2019). Although signal timing varies across species, this highlights 

that individual rhythms are essential in regulating non-rhythmic interactions by helping to 

identify individuals and groups, inform about the caller’s social status, and probably more. 
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Figure S2.1. Alternating phase relationships found in a multimodal duet of Onomarchus 
uninotatus. Adapted with permission from The Journal of Experimental Biology (Rajaraman 
et al., 2015). 
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3   | Vocal turn-taking in harbour seal pups 

 

 

Abstract 

Turn-taking is a fundamental feature of social communication requiring prediction and 
adjustment. It enables coordinated social interactions that are characterised by short silent 
gaps and minimal overlap between turns. This study investigates the presence of turn-taking 
behaviour in the vocal interactions of harbour seal (Phoca vitulina) pups. Consistent with 
findings from other species, including humans, we found that their vocal interactions are 
tightly timed, with short response latencies (median = 287.0 ms) and systematic avoidance 
of overlap, indicating temporal coordination that may facilitate social interactions. 
Moreover, a negative lag-1 autocorrelation between response latencies, where shorter 
silences are followed by longer silences and vice versa, suggests that pups actively adjust 
their call timing based on feedback from the preceding turn. Our playback experiment further 
revealed that pups adapt their call timing to the tempo of the interaction and duration of 
conspecific signals, underscoring the role of social dynamics in shaping turn-taking 
behaviour. Collectively, these findings confirm vocal turn-taking in harbour seal pups and 
contribute to the growing body of comparative research on this behaviour, highlighting its 
importance in social interaction and shedding light on the evolutionary connections between 
human language and animal communication. 

 
 
 
 
 
 
 
 
 
 
Adapted from: de Reus, K., Leonetti, S., Salazar-Casals, A., Keller, P. E., de Boer, B., Holler, J., & Ravignani, A. 
(2025). Vocal turn-taking in harbour seal pups. [Manuscript in preparation].  
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Introduction 

The “interaction engine” hypothesis suggests that interpersonal coordination during human 

communication relies on a specialised set of social cognitive skills (Levinson, 2006). A key 

skill is turn-taking: the ability to regulate the temporal structure of social interactions using 

a variety of cues (e.g., Holler et al., 2018; Keitel & Daum, 2015). Turn-taking enhances the 

flow of conversation, establishes shared attention, and facilitates coordination. In particular, 

it allows a rapid exchange of communicative turns, with minimal gaps and overlap (Sacks 

et al., 1974). Across 10 studied languages, the average silent gap between a question and its 

response is around 200 ms (Stivers et al., 2009). Remarkably, this rapid exchange is possible 

despite response latencies for word production averaging around 600 ms (Indefrey & Levelt, 

2004), suggesting that turn-taking relies on predictive mechanisms. Such mechanisms 

enable speakers to plan their next turn while listening to their conversation partner (Corps et 

al., 2018) and anticipate when to begin speaking based on the integration of signals from 

several modalities (de Ruiter et al., 2006; Kendrick et al., 2023). Infants begin developing 

turn-taking skills around 3 months of age, with caregivers synchronising smiles, 

vocalisations, and facial expressions with infant cues to foster communication and bonding 

(Bateson, 1975; Hilbrink et al., 2015). Turn-taking thus supports effective communication, 

strengthens social bonds, and facilitates human development, underscoring its central role 

in coordinating social interaction.  

 
The study of turn-taking has recently expanded beyond humans to encompass a wide 

range of non-human animals, including mammals, birds, amphibians, and insects (Abreu & 

Pika, 2022; de Reus et al., 2021; Demartsev et al., 2018; Pika et al., 2018; Takahashi et al., 

2013, 2016). Turn-taking studies in non-human animals enable researchers to adopt a 

comparative, cross-species approach, providing valuable insights into the communication 

modalities, social contexts, and cognitive mechanisms that are shared across species. Turn-

taking occurs across diverse communication modalities, such as vocalisations, gestures, and 

bodily signals (Pika et al., 2018). It also plays a role in various behavioural contexts, such 

as courtship (Hall, 2004), mate attraction (Buck & Buck, 1978), territorial defence 

(Greenfield & Roizen, 1993), as well as cooperative contexts like social bonding (Demartsev 

et al., 2018) and group coordination (Leighty et al., 2008), highlighting its significance in 

social interactions. For example, gestural turn-taking in chimpanzees seems to facilitate 
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cooperation and social bonding (Badihi et al., 2024). Notably, gestural latencies vary across 

chimpanzee communities and align with the 200 ms gaps observed in humans (see Stivers 

et al., 2009), reflecting remarkable similarities with language. Adopting a comparative 

approach to turn-taking can thus potentially shed light on the evolutionary origins of social 

interaction, language, and communication more broadly (e.g., Levinson, 2016; Levinson & 

Holler, 2014). However, research on turn-taking in mammals remains predominantly 

focussed on primates (Abreu & Pika, 2022; Fröhlich et al., 2016; Takahashi et al., 2013). 

Future studies on non-primate mammals are therefore essential for a more comprehensive 

understanding of turn-taking behaviour. 

 

Pinnipeds (seals, sea lions, and walruses) are promising candidates for comparative 

research on turn-taking in social interactions, particularly due to their ability to produce and 

perceive temporally structured vocalisations and vocal sequences (Ravignani et al., 2016). 

Their sensitivity to auditory temporal patterns likely evolved to optimise communication in 

marine environments, where temporal features are transmitted more effectively than spectral 

ones (Kershenbaum et al., 2016; Mulsow & Reichmuth, 2007). This sensitivity facilitates 

long-distance communication (Turnbull & Terhune, 1993) and improves signal detection in 

noisy environments (Moors & Terhune, 2004; Terhune & Ronald, 1986). Pinniped 

vocalisations, such as barks and growls, are characterised by temporal variation in the 

millisecond-to-second range (Ravignani et al., 2016). This temporal structuring plays a key 

role in regulating social interactions across various contexts. For example, northern elephant 

seal (Mirounga angustirostris) males recognise rhythmic features in each other’s 

vocalisations and adjust their behaviour based on the perceived social rank of the caller 

(Mathevon et al., 2017). Male southern elephant seals (Mirounga leonina) display consistent 

individual variability in their aggressive vocalisations, with stereotyped temporal 

regularities in syllable composition that likely facilitate individual recognition (Sanvito & 

Galimberti, 2000). Moreover, Californian sea lions (Zalophus californianus) adjust the 

rhythm and number of barks in a sequence based on the social context, influencing the 

behaviour of neighbouring individuals (Schusterman, 1977). Similarly, the bark rates of 

Cape fur seal (Arctocephalus pusillus) males during territorial defence and mating signal 

their arousal state, influence the vigilance of nearby subadult males, and potentially reduce 

conflict (M. Martin et al., 2021). In mother–offspring interactions of the same species, vocal 

sequences exhibit asynchronous temporal patterns, possibly enhancing individual 
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recognition and improving the chances of successful reunion in large, noisy colonies 

(Osiecka et al., 2022). Pinnipeds’ rhythmic abilities also extend beyond vocal 

communication. For instance, a California sea lion famously synchronised its head 

movements to musical beats (Cook et al., 2013), demonstrating a capacity for predictive 

timing previously thought to be unique to humans and certain bird species, like sulphur-

crested cockatoos (Patel et al., 2009a). Taken together, these studies highlight pinnipeds’ 

sensitivity to rhythmic patterns and their capacity to flexibly alter the temporal structure of 

their vocalisations, underscoring their potential as promising comparative models for 

studying the evolution and mechanisms of turn-taking. 

 
The harbour seal (Phoca vitulina), a phocid species, provides a valuable model for 

studying turn-taking and its role in social interactions, particularly during the lactation period 

when pups are highly vocal. During this time, pups emit mother attraction calls (henceforth, 

calls) with distinct individual vocal signatures, enabling mothers to recognise their pups 

shortly after birth (Perry & Renouf, 1988; Renouf, 1984). Pup call sequences exhibit 

temporal organisation that evolves throughout puppyhood and display features that may 

indicate interactive communication (Ravignani, Kello, et al., 2019). For example, one study 

used circular statistics to show that harbour seal pups time their calls asynchronously during 

vocal interactions, with response phase angles clustering around 90 degrees (Ravignani, 

2019). This finding indicates that the pups' responses typically occur about one-quarter of 

the way through the interval between calls, suggesting a delayed response that may reflect 

coordinated communication, such as turn-taking. This delayed response was later confirmed 

in a second study, which demonstrated that response phase angle distributions varied 

depending on social context (Anichini et al., 2023). Specifically, phase angles clustered 

around 90 degrees during social interactions, whereas they were more variable when pups 

vocalized alone. Pups thus seem to strategically adjust the timing of their calls during 

interactions to avoid overlap. This behaviour would be particularly beneficial in noisy 

colony environments, as it could increase the likelihood of successful reunions with their 

mothers. The adaptation and anticipation model of sensorimotor synchronisation (ADAM; 

van der Steen & Keller, 2013), which was originally developed to test reactive error 

correction and predictive processes in human interpersonal coordination, was applied to 

harbour seals to explore the temporal dynamics of their vocal interactions (Anichini et al., 
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2023). Results indicated that harbour seal pups adjusted their call timing in a complementary 

manner during real-time interaction in pairs, with one pup adapting its timing to synchronise 

calling rates, while the other adjusted its timing to emphasise the distinction in calling rates. 

This complementarity in temporal adaptation leads to gaps in call timing that might reflect 

turn-taking dynamics. Notably, in a playback experiment, temporal adaptation estimates 

indicated that these dynamics quickly disappear when a pup interacts with a non-responsive 

partner (i.e., the recording). Moreover, estimates of temporal anticipation showed that pups 

initially predict the timing of playback calls, but this dissipates over time, possibly due to 

habituation, highlighting the role of social contingency in vocal interactions. 

 

Vocal interactions in harbour seal pups do not follow a strict A-B-A-B-A-B calling 

pattern or perfect alternation. In many calling bouts, a pup could call several times before 

the other pup responds, suggesting a more flexible pattern of alternation. While previous 

studies suggest this pattern may still indicate turn-taking behaviour, their statistical methods 

cannot conclusively confirm this. Specifically, the studies rely on the inter-onset interval 

(i.e., the time difference between the onsets of successive calls) to calculate phase angles. In 

the circular statistics approach used, a phase angle of 90 degrees indicates that the timing of 

the response call is systematically desynchronised with the onset of the previous call. 

However, a 90 degrees angle does not rule out the possibility of overlap, where the response 

could begin before the first call ends, which is a key characteristic of turn-taking that this 

methodology cannot address. A methodology based on the response latency (i.e., the time 

difference between the offset of one call and the onset of the next) could more reliably 

determine whether these vocal interactions are characterised by minimal silent gaps between 

turns and avoidance of overlap (Sacks et al., 1974). 

This study uses standard response latency analyses from conventional turn-taking 

research to determine whether harbour seal pups engage in turn-taking behaviour, focusing 

on three key characteristics: minimal gaps between turns, avoidance of overlap, and 

adjustment. Harbour seal pup calls are primarily described in the context of parent–offspring 

recognition. In this context, pups might adjust their call timing to ensure that the individually 

identifiable features in their calls are clearly transmitted and recognised by their mothers 

within the acoustically crowded colony environment, thereby increasing the likelihood of 

successful parent–offspring reunions (Anichini et al., 2023). However, the function of 
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minimal gaps is less obvious in this context. In human conversation, minimal gaps are 

thought to enhance communicative efficiency (Levinson, 2016). If similar timing patterns 

are observed in seal pups, they may indicate a role in facilitating social interaction between 

neighbouring pups. Moreover, in human communication, rhythm and tempo shape the flow 

of conversation and affect the conversational style, even with subtle timing differences 

(Stivers et al., 2009). A playback experiment will thus investigate whether call timing in 

harbour seal pups is similarly influenced by factors such as rhythm, tempo, and call duration, 

as well as the type of interaction (e.g., 1- or 2-way communication). The final characteristic, 

timing adjustment, is reflected in a negative lag-1 autocorrelation of the response latencies, 

obtained using time series analyses. This type of autocorrelation would indicate mutual 

coordination of call timing between pups during vocal interactions, similar to what has 

previously been observed in human telephone conversations (e.g., Pouw & Holler, 2022). 

Specifically, it would indicate that the timing of the current turn is adjusted based on 

feedback from the previous turn; a relationship that can be confirmed with linear models. 

Together, findings of minimal gaps between turns, overlap avoidance, and adjustment could 

provide evidence for turn-taking in harbour seals and contribute to our evolutionary 

understanding of the role of turn-taking in regulating social interactions and communication 

across species. 

 

Materials and methods 

Study overview and subjects 

This playback experiment took place at Sealcentre Pieterburen, a pinniped rehabilitation 

facility in the Netherlands, during the summers of 2021 (June 16–⁠August 4) and 2022 (June 

27–⁠July 20). Harbour seal pups are born in summer, and are often admitted for rehabilitation 

because of being orphaned, sick, injured, entangled, or disturbed by humans (Salazar-Casals 

et al., 2022). This temporary captivity allows researchers to study their behaviours under 

controlled conditions before the seals are released back into the wild. Over two summers, 37 

harbour seal pups (Table S3.1) participated in this experiment, including 5 that were housed 

alone and 17 in pairs, with some animals tested twice. One pup housed alone was excluded 

from the statistical analysis due to a lack of responses. All animals in this study were under 
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1 month old upon arrival, with most aged 3–10 days old. Age was estimated by veterinarians 

based on the condition of the umbilical cord or umbilicus (Dierauf et al., 1986).  

 

Experimental set-up 

Animals were housed individually or with a partner in units equipped with a swimming pool 

and a resting plateau. Playback stimuli were broadcast via a Yamaha HS7 loudspeaker (flat 

frequency response: 43 Hz to 30 kHz; Yamaha Corporation, Hamamatsu, Japan), connected 

to an iPhone 5C (Apple Inc., Cupertino, CA) using an XLR/TRS cable. The sound pressure 

level (SPL) was set at 87 dB to simulate a harbour seal pup calling from a 2-meter distance 

(Ravignani, 2019; Sauvé et al., 2015). At the start of each data collection season, SPL was 

measured using a Voltcraft 322 Datalog Sound Level Meter (automatic range detection: 30–

130 dB, decibel weighting filter C, 125 ms evaluation window; Conrad Electronic, Hirschau, 

Germany). Response vocalisations and playback calls were recorded using a Sennheiser 

ME-66 unidirectional microphone (frequency response: 40 Hz to 20 kHz; Sennheiser 

electronic GmbH & Co. KG, Wedemark, Germany), fitted with an MZW-66 foam 

windshield to protect against water and wind. The microphone was connected to a Zoom H6 

digital recorder (48 kHz sampling frequency, 24-bit quantisation) that saved audio as 

uncompressed WAV files (Zoom Corporation, Tokyo, Japan). Video footage was captured 

using a Canon LEGRIA HF-G30 camera (1080 p resolution, 50 fps; Canon Inc., Tokyo, 

Japan), with recordings saved in MP4 format. Since the researcher was not present during 

the experimental sessions, one seal was marked with a temporary orange dye to ensure 

accurate attribution of response vocalisations to individuals. Seals were not allowed to swim 

during the experiment to maximise the number of recorded responses and prevent 

interference with the experimental set-up. In 2022, we made a minor adjustment to the set-

up, replacing the XLR/TRS cable with a much longer one to start the experiment from 

outside the quarantined area. Our set-up is illustrated in Figure 3.1. 
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Figure 3.1. Experimental set-up shown for animals housed individually (left) or with a 
partner (right). 
 

Playback stimuli 

Each experimental session began with an initial period of silence lasting 45, 90 or 120 

minutes, followed by a 45-minute audio playback and a variable period of silence, depending 

on when caretakers arrived for the next feeding (Figure 3.1). It quickly became apparent that 

the pups were more vocal towards the end of each session, likely due to hunger. 

Consequently, the initial silence duration was gradually increased, and the playback was 

delayed throughout the experiment to maximise the number of responses recorded during 

this period. During both silent periods, seals behaved spontaneously, undistracted by 

experimental stimuli or the presence of caretakers in the housing units. The playback period 

consisted of 16 randomly ordered experimental trials, with 10 seconds of silence between 

them. Each trial was one of 16 unique combinations of four experimental variables: (1) 

tempo (fast = 2 s, slow = 4 s), corresponding to the average inter-onset-interval (IOI) of the 

trial, (2) rhythmicity (isochronous, random), which defined the regularity of the intervals, 
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(3) duration1 (normal » 0.65 s, long » 1.0 s) of the playback call, and (4) sex (female, male) 

of the pup whose call was played. Isochronous trials had regular IOIs based on tempo, while 

random trials had variable IOIs sampled from a normal distribution with the same mean IOI 

and a standard deviation equal to 20% of the IOI (Patel et al., 2009b). Each trial consisted 

of 51 calls, interspersed with variable silence, totalling 50 IOIs. A 15-second sound fragment 

was played 10 seconds before and after the playback period to measure room reverberation 

(see “The reverberation fragment” in the supplementary materials). 

 

Experimental procedure 

Each subject underwent one playback session per day for five consecutive days. Sessions 

were conducted between feeding times, either from 11 am to 3 pm or from 3 pm to 7 pm, 

allowing two locations to be tested daily. The experiment was set-up immediately after 

feeding and taken down before the next feeding, with each session lasting about 3–⁠4 hours. 

Every location was consistently tested during the same time slot, ensuring that sessions were 

separated by approximately 24h. Seals housed alone interacted only with the playback (1-

way interaction), while those housed together interacted both with the playback (1-way 

interaction) and with each other (2-way interaction). 

 

Data processing and variable extraction 

Video recordings were annotated in BORIS v7.10.7 by two independent annotators to 

ascertain which individual was calling (Friard & Gamba, 2016). Using a custom-written 

Python script, the video annotations were then synchronised with the audio and exported to 

Praat TextGrids, prior to annotating the audio. Audio recordings were annotated in the 

acoustic software Praat v6.1.42 (http://www.praat.org/; Boersma & Weenink, 2021). The 

audio annotations for every seal were set manually, whereas playback annotations were set 

automatically using a second custom-written Python script. Calls from seals produced when 

caretakers or researchers were present inside of the quarantine were not annotated. Although 

 
1 Durations were based on an analysis of over 6000 calls recorded in summer 2017 (de Reus, 2017), with calls 

selected from one male and one female. 
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the video annotations were checked for reliability between the two annotators, the audio 

annotations were conducted only by a single annotator due to time constraints. Data were 

then imported into Python using the TextGridTools package (Buschmeier & Włodarczak, 

2013). The onset and offset of each call were extracted and the data was sorted in 

chronological order based on the call onsets.  

 

Calling activity in harbour seal pups is bursty and vocal productions tend to occur in 

bouts (Ravignani, Kello, et al., 2019). The inter-onset-interval (IOI)—the difference between 

the onsets of two adjacent calls—was computed to help identify calling bouts (Figure 3.2). 

Bouts are vocal sequences of at least three calls, with each call separated from adjacent calls 

by an IOI less than or equal to a specified threshold. Individual bout thresholds were obtained 

for every seal by computing their median IOI, across all recorded dates and interaction 

contexts. The median IOI was then multiplied by 1,5 to obtain the bout threshold for each 

seal, as done by Anichini and colleagues (2023), with a maximum threshold of 10 seconds 

to account for possible memory constraints. If seals were housed together with a partner, the 

bout threshold for that pair was calculated as the average of the individual thresholds of both 

seals. This approach ensured that the call timing of both individuals was represented in the 

bout definition during interactive contexts. Calls were then grouped in bouts based on the 

obtained thresholds (Table S3.2). Note that 1-way interaction bouts that extended across two 

playback trials were split, ensuring that each resulting call sequence was correctly assigned 

to a specific trial. Only bouts with at least 3 turns, or alternations, between callers were 

selected for the analysis.  

 

For every bout, we computed the response latencies—the time difference between the 

onset of a call and the offset of the previous call—whenever there was an alternation between 

callers (Figure 3.2). In conventional turn-taking research, meaning-based analyses would be 

performed to understand if the response from caller B is contingent on caller A’s most recent 

call or an earlier one. However, since meaning-based analyses have never been done in 

harbour seals and any analysis would have to be treated with extreme caution to avoid 

anthropomorphism, response latencies were always derived from alternating calls that were 

closest to each other in time. Response latencies could be negative, indicating overlap, or 

positive, indicating no overlap.  
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Figure 3.2. Schematic diagram of an interactive bout between callers A and B, illustrating 
all relevant measures. This calling bout represents a 2-way interaction if caller A is a seal, or 
a 1-way interaction if caller A is the loudspeaker. Calls are represented by acoustic wave 
icons. The measures shown include the onset and offset of a call, the inter-onset interval (i.e., 
the time difference between the onsets of two adjacent calls), and the response latencies 
between turns. Response latencies can be either negative (i.e., onset of the response occurs 
before the offset of the previous call) or positive (i.e., onset of the response occurs after the 
offset of the previous call).  
 

Linear modelling of seal response latencies 

Using the lmer function (lmerTest R package v3.1.3; Kuznetsova et al., 2017), two different 

generalised linear-mixed effects models (GLMMs) were fitted to test which variables 

affected response latencies. The first model tested for the fixed effect of interaction type (1-

way vs. 2-way) and included two random intercepts, one for each unique caller and bout. 

The second model tested for the effect of playback variables from the 1-way interaction, 

namely the tempo, rhythm, call duration, and caller sex of the playback trial, and also 

included two random intercepts, one for each unique caller and bout. Note that, for the 1-

way interaction in both models, only response latencies from seals were included and the 

“response latencies” from the playback calls were ignored. Before fitting each model, the 

most suitable transformation for approximating a normal distribution to the response 

variable (i.e., response latency) was applied using the bestNormalize function 

(bestNormalize R package v1.9.1; Peterson, 2021). All response latencies were normalised 

using the orderNorm transformation, a rank-based normalisation method that converts data 

into ranks and then adjusts them to match a normal distribution (Peterson & Cavanaugh, 
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2020). Once the full models were fitted, backwards model selection was performed based 

on the Akaike Information Criterion (AIC) using the step function (lmerTest R package 

v3.1.3; Kuznetsova et al., 2017) to find which combination of fixed and random effects 

offered the best model fit. The best possible model was then fitted using the retained 

variables and their effects were reported. The normality assumption was visually assessed 

using QQ plots, and the assumption for equal residual variances was visually assessed using 

a fitted vs. observed scatterplot. 

 

Autocorrelations of response latencies 

For every unique bout, the lag-1, lag-2, and lag-3 autocorrelations were computed from the 

observed response latencies in both types of interactions. Lag-1 autocorrelation refers to the 

correlation between consecutive response latencies, lag-2 to the correlation between 

latencies two turns apart, and lag-3 to the correlation latencies three turns apart. Note that 

the response latencies of both seal and playback were used for the 1-way interaction. The 

autocorrelations were performed twice, once on the real, non-altered data, and again on 

shuffled data, to test the importance of the original data structure, as done in Pouw & Holler 

(2022). Pairwise comparisons of the lagged autocorrelation distributions were then 

performed using the Wilcoxon rank sum test. Moreover, a GLMM was built to regress the 

lag-1 response latencies onto the lag-0 response latencies, with a random intercept for each 

unique bout, to complement the results from the pairwise comparisons. Similar to the 

approach used for the previous GLMMs and prior to fitting the model, the response variable 

was transformed to approximate a normal distribution using the proposed transformation 

from the bestNormalize function (bestNormalize R package v1.9.1; Peterson, 2021). The 

model assumptions for normality and homogeneity of variances were visually assessed using 

a QQ plot and fitted vs. observed scatterplot, respectively.  

 

Results 

Although 36 pups were originally included in the statistical analysis, only those with 

sufficient call data were included in the bout analysis. The final dataset comprised 30 pups, 
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which produced a total of 481 bouts, including 294 during 1-way interactions and 187 during 

2-way interactions. Most bouts consisted of 3–6 turns, although one bout included as many 

as 33 turns. The overall median response latency of seals (collapsed across both interaction 

types) was 87.2 ms (Figure 3.2), with response latencies ranging from -1200 ms to 6000 ms. 

A GLMM, including random intercepts for each unique caller and bout, was conducted to 

examine the effect of interaction type on normalised response latencies. Response latencies 

were significantly longer in 2-way (median = 287.0 ms) compared to 1-way interactions 

(median = -54.3 ms), t(194.04) = 6.84, p < .001. Full model results, including parameter 

estimates, can be found in Table S3.3, and diagnostic plots for model assumptions are shown 

in Figure S3.1. 

 

 

 

Figure 3.2. Density distribution of response latencies from seals relative to their interaction 
partner. The data are split by interaction type, showing results for both 1-way interactions 
(N = 997) and 2-way interactions (N = 991). The black density line represents the 
distribution of the overall response latencies. The black horizontal line at the bottom of the 
plot shows the range of the overall response latencies (-1200–6000 ms). The overall median 
(87.2 ms) is marked by the square and the mean (434.2 ms) is marked by the circle. Negative 
response latencies indicate turns whose onset began before the offset of the previous turn, 
thus representing partial overlap. 
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Effect of playback variables on seal response latencies 

Figure 3.3 shows the density plots of the seal response latencies in the 1-way interactions 

for each playback variable. Wilcoxon rank sum tests revealed that the 1-way seal response 

latencies were significantly different for tempo (U = 144645, p < .001), call duration 

(U = 154929, p < .001), and sex (U = 136489, p < .05), but not for rhythm (U = 115731, 

p = .06). A second GLMM was conducted to examine the effect of playback variables on 

normalised response latencies, with random intercepts included for each unique caller and 

bout. Based on the step function using AIC, the best-fitting model included playback tempo 

and call duration as fixed effects, with a random intercept for caller ID only. Results showed 

that response latencies were significantly shorter in trials with faster playback tempo 

(t(966.14) = -6.34, p < .001) and longer call duration (t(952.21) = -8.23, p < .001). Reduced 

model results are presented in Table S3.4, and diagnostic plots (Figure S3.2) confirmed that 

the assumptions of normality and homogeneity of variance were met. 

 

 

Figure 3.3. Density plots of the seal response latencies in the 1-way interaction, shown by 
playback variable. The horizontal lines at the bottom of each plot shows the range of latency 
values for each condition, with the median marked by the square and the mean marked by 
the circle. 
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Autocorrelation analysis 

Figure 3.4 shows the distributions of lagged autocorrelations computed from each unique 

bout at lags 1, 2, and 3, for both the original and shuffled series of response latencies. While 

the average lag-1 autocorrelation was negative for both series, the real series exhibited a 

much larger negative average compared to the shuffled series, for both 1-way and 2-way 

interactions. A Wilcoxon rank sum test revealed that the lag-1 autocorrelation was 

significantly more negative in the real series than in the shuffled series for both 1-way 

(U = 29493, p < .001) and 2-way (U = 13864, p < .001) interactions. Additionally, for both 

interaction types, the lag-1 autocorrelation of the real series was significantly more negative 

than the lag-2 (1-way: U = 14681, p < .001; 2-way: U = 4872, p < .001) and lag-3 (1-way: 

U = 13964, p < .001; 2-way: U =  3879, p < .001) autocorrelations.  

A GLMM was used to examine the relationship between lag-1 response latencies and 

lag-0 latencies. The model included a random intercept for each bout. The analysis revealed 

a significant negative relationship between current and previous response latencies, 

t(2383) = -17.87, p < .001). Model results are presented in Table S3.5, and assumptions of 

normality and homogeneity of variance were confirmed using diagnostic plots (Figure S3.3).  
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Figure 3.4. Distributions of lagged autocorrelation values for response latencies between 
turns, shown separately for 1-way (blue) and 2-way (orange) interactions. The left panel 
displays autocorrelation values based on the original order of response latencies, while the 
right panel shows values computed from a shuffled order. 
 

Discussion 

Our study demonstrates that vocal interactions in harbour seal pups exhibit the key turn-

taking characteristics of minimal gaps between turns, avoidance of overlap, and adjustment. 

Turns during vocal interactions are separated by short, positive silent intervals, with an 

overall median response latency of 87.2 ms across interaction types. Median response 

latencies were significantly longer in 2-way interactions (287.0 ms) compared to 1-way 

interactions (-54.3 ms), which may reflect differences in how latencies were computed 

between the two interaction types (i.e., ignoring the “response latencies” of the playback in 

1-way interactions), as well as differences in call timing predictability or attention. 

Moreover, the playback experiment indicated that tempo and call duration significantly 

affect response latencies between turn transitions, suggesting that vocal interaction dynamics 
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influence vocal coordination. Specifically, shorter response latencies were observed at faster 

tempi, whereby a faster tempo may facilitate quicker vocal exchanges by reducing the time 

between calls. Similarly, shorter response latencies were observed for longer call durations, 

suggesting that having more time to prepare a response may contribute to shorter gaps 

between turns. Finally, in the real, non-shuffled data, response latencies between turns 

exhibited a significant negative lag-1 autocorrelation, where shorter turn transitions are 

followed by longer turn transitions and vice versa, suggesting that seal pups use a counter-

adjustment mechanism to efficiently time their calls during vocal interactions. Together, 

these findings provide evidence that harbour seal pups engage in turn-taking behaviour and 

contribute to a growing body of comparative research on this topic. 

 

The significantly longer median response latencies in 2-way interactions (287.0 ms) 

compared to 1-way interactions (-54.3 ms) may stem from how the latencies were computed. 

Specifically, in 1-way interactions, we excluded the latencies of the playback “responding” 

to the seal. Consistent with the 90-degree anti-synchrony scenario (Anichini et al., 2023; 

Ravignani, 2019), calls were likely clustered in pairs, with a short call latency within pairs 

and a long latency between pairs. Therefore, if the playback predominantly initiated a seal 

response, the response latencies in 1-way interactions would naturally be shorter than in 2-

way interactions, where the longer latencies between pairs were not excluded. However, this 

explanation alone may not be sufficient. Interactions with a live partner are more dynamic 

and require real-time coordination, which may contribute to longer response latencies due 

to increased attentional demands and the unpredictability of partner signals. Regardless, 

longer response latencies are associated with a marked reduction in call overlap between 

turns. Harbour seal pups may actively avoid call overlap to facilitate maternal recognition 

of their vocal signatures amidst the noisy colony environment (Anichini et al., 2023). 

Interestingly, pups show response latencies close to the 200 ms observed in humans (Stivers 

et al., 2009). While human speech involves pre-planned utterances and predictive cognitive 

processes (Corps et al., 2018; de Ruiter et al., 2006), it remains unknown if seal vocal 

responses reflect similar predictive mechanisms. For instance, short response latencies could 

also arise through simpler, reactive mechanisms (Greenfield, 1994b). Analysing turn-taking 

using response latencies alone is therefore not sufficient to make inferences about the 

underlying timing mechanisms. Future studies incorporating phase-based analyses—using 

an anchor other than the inter-onset-interval, such as the response latency—may offer a more 
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informative approach. Finally, since minimal gaps between turns have been proposed to 

enhance communicative efficiency in human social interactions (Levinson, 2016), vocal 

turn-taking in harbour seal pups may support a similar social function. In 1-way interactions, 

response latencies between turns are shorter and there is regular overlap. While overlap is 

not uncommon in human face-to-face interactions (Sacks et al., 1974), turn-taking violations 

(i.e., overlapping turns) in this study may reflect a lack of attention caused by lower 

engagement with the repetitive nature of playback stimuli, particularly during isochronous 

trials. Indeed, previous work using ADAM reported lower temporal adaptation during 

playback experiments compared to conspecific interactions, which was attributed to 

habituation to the playback stimuli (Anichini et al., 2023). In sum, this study found evidence 

of minimal gaps and avoidance of overlap between turns in vocal interactions of harbour 

seal pups, which is suggestive of turn-taking behaviour.  

 

While 1-way interactions may not fully represent naturalistic turn-taking dynamics, 

playback experiments can help investigate different interaction dynamics, allowing 

researchers to systematically test how animals adjust call timing under controlled and 

ecologically valid conditions (Henry et al., 2021). In our playback experiment, response 

latencies were significantly shorter during trials with faster tempo and longer call durations. 

Previous work also found that faster playback tempi are associated with shorter response 

latencies and suggested a form of timing adjustment, which keeps phase constant, ensuring 

avoidance of call overlap irrespective of tempo (Ravignani, 2019). Notably, tempo plays an 

important role in human turn-taking, where cultural differences in interactional pace 

influence perceptions of delayed responses across languages (Stivers et al., 2009). However, 

it remains unknown whether the same is true across different harbour seal populations. The 

shorter response latencies observed for longer call durations may indicate that the additional 

time pups have to anticipate the end of their partner’s call contributes to shorter gaps between 

turn transitions. The increased preparation time may thus allow for more synchronised 

responses. Interestingly, while seals are sensitive to temporal features such as tempo and call 

duration, they do not appear to rely on rhythm to adjust their call timing. Moreover, findings 

show that harbour seal pups display individual-specific variation in their turn-taking 

behaviour, with caller identity significantly predicting response latencies. Including caller 

identity in the model rendered sex a non-significant predictor, indicating that individual 
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differences outweigh sex-based effects on response timing. This individual variability in 

turn-taking has similarly been observed in marmosets, where individual calling rates 

influenced how quickly they responded to conspecific calls (Grijseels et al., 2024). Harbour 

seal pups’ sensitivity to the interactions’ temporal characteristics such as tempo and call 

duration suggests they favour relative timing adjustments, relying on cues from the 

immediately preceding turn. 

 

This study revealed a serial dependence (i.e., negative lag-1 autocorrelation) in the real, 

non-shuffled response latencies of harbour seal pups, providing evidence of mutual timing 

adjustments during vocal interactions. Importantly, this dependence was specifically 

reflected in lag-1 autocorrelation and not in higher-order lags, such as lag-2 and lag-3, 

suggesting that the timing of a turn is primarily adjusted based on feedback from the 

immediately preceding turn. Additionally, the fact that lag-1 autocorrelations were similar 

for both 1-way and 2-way interactions indicates that mutual adjustment may not be a 

necessary condition for turn-taking, with one individual adjusting to the other, but not 

necessarily vice versa. While the lack of mutual adjustment in 1-way interactions observed 

here may be explained by the absence of a social partner, timing asymmetries during social 

interactions could also reflect developmental differences in timing abilities. For instance, in 

infant-caregiver interactions, mutual adjustment may develop over time, with the caregiver’s 

adjustments being more pronounced at first than the infant’s (e.g., Gratier et al., 2015). 

Moreover, non-mutual coordination may reflect leader-follower dynamics, which have been 

observed in competitive contexts, such as mate attraction (Grafe, 1996; Greenfield & 

Roizen, 1993). In contrast, mutual adjustment in humans enables coordinated turn transitions 

that facilitate cooperative behaviours, like telephone conversations (Pouw & Holler, 2022), 

where turn-taking can be interpreted using the coupled oscillators framework. For example, 

the coupled oscillator model suggests that individuals operate as a coupled system, where a 

speaker’s rhythmic cycles, like syllable rate, entrain a listener’s endogenous oscillators, 

allowing the listener to accurately predict when to start its turn (Wilson & Wilson, 2005). 

Oscillatory dynamics are also evident in other human activities involving temporal 

synchronisation, such as interpersonal synchronisation in music and dance and finger 

tapping experiments (Hadley et al., 2015; Repp, 2005; Wing et al., 2014; Zamm et al., 2023). 

Importantly, oscillator frameworks could also be used to model non-periodic patterns (E. E. 

Harding et al., 2025), such as the irregular alternation observed in harbour seal vocal 
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interactions. In human conversation, coupled oscillators typically align in an anti-phase 

relationship to facilitate communication. Similar antisynchronous timing has previously 

been reported in harbour seal vocal interactions (Anichini et al., 2023; Ravignani, 2019), 

supporting the idea that oscillatory mechanisms may underlie these interactions. Future 

studies should therefore test whether turn-taking patterns across species can be interpreted 

using dynamical systems models, offering a more integrative approach to uncover the 

potentially shared mechanisms driving this behaviour. While mutual adjustment in humans 

is typical of cooperative behaviours, cross-species comparisons of turn-taking dynamics 

could shed light on whether this is indeed more commonly observed in cooperative species.  

 

Taken together, our results suggest that harbour seal pups take turns during vocal 

interactions and avoid overlapping calls with their immediate neighbours, corroborating 

previous findings in this species (Anichini et al., 2023; Ravignani, 2019). The remarkably 

short latency observed in 2-way interactions (287 ms) comes close to the average response 

duration of around 200 ms observed in humans (Stivers et al., 2009), chimpanzees (Badihi 

et al., 2024; Fröhlich et al., 2016), bonobos (Fröhlich et al., 2016; Rossano, 2013), and 

meerkats (Demartsev et al., 2018), suggesting that minimal gaps between turns may support 

fine-grained vocal coordination across these mammals. Moreover, harbour seal pups display 

a range of response latencies between -1200 ms and 6000 ms, which falls between the 

narrower range of human responses (-500 ms to 1500 ms; Stivers et al., 2009) and the 

broader range seen in chimpanzee gestural communication (-1600 ms to 8640 ms; Badihi et 

al., 2024). These variations may reflect modality-specific constraints (vocal vs. gestural), as 

well as differences in behavioural contexts and species-specific biology. While this study 

focused on turn-taking in the vocal modality, animals, including humans, frequently use 

multiple modalities such as gesture and facial expressions to communicate (Higham & 

Hebets, 2013), with the quasi-rhythmic structure of these signals facilitating turn-taking and 

helping to avoid call overlap (Pouw et al., 2021). Future work integrating both vocal and 

non-vocal modalities could offer a more comprehensive understanding of how multimodal 

signals are used to facilitate temporal coordination (e.g., Kendrick et al., 2023; ter Bekke et 

al., 2024). 
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In conclusion, this study finds that vocal interactions between harbour seal pups are 

characterised by minimal gaps between turns, avoidance of overlap, and adjustment. 

Specifically, vocal interactions exhibit short silent gaps between turns, with pups seemingly 

using a counter-adjustment mechanism to avoid overlap. Collectively, these findings suggest 

that harbour seals coordinate vocal interactions by taking turns, possibly to facilitate 

behaviours such as parent–offspring recognition and social bonding. They further contribute 

to the growing body of comparative research on turn-taking, offering valuable evolutionary 

insights into the potentially shared mechanisms underlying this behaviour. Additionally, our 

playback experiment highlights the role of temporal features, such as tempo and call 

duration, in shaping social interaction dynamics. Finally, this study advocates for an 

integrative approach to turn-taking that incorporates vocal and non-vocal signals. 

 

 

 

 

  



Vocal turn-taking in harbour seal pups 

 

 76 

Acknowledgements  

We are grateful to Sander van Weerelt for his contribution to the video annotations that 

helped us attribute vocalisations to each seal. We also thank all the members and volunteers 

of Sealcentre Pieterburen for their continued support in this research.  

 

Author contributions  

Conceptualisation: K.d.R.; Methodology: K.d.R.; Software: K.d.R.; Validation: K.d.R., S.L., 

A.S.-C., A.R.; Formal analysis: K.d.R.; Investigation: K.d.R, S.L., A.S.-C.; Resources: A.S.-

C.; A.R.; Data curation: K.d.R., S.L.; Writing - original draft: K.d.R.; Writing - review & 

editing: K.d.R., S.L., A.S.-C., P.E.K., B.d.B., J.H., A.R.; Visualisation: K.d.R.; Supervision: 

B.d.B., J.H., A.R.; Project administration: K.d.R.; Funding acquisition: B.d.B., A.R. 

 

 

 

  



Vocal turn-taking in harbour seal pups 

 77 

Ch
ap

te
r 3

 
 

Supplementary materials 

Table S3.1. Detailed overview of which animals were tested and when. Adjacent animals 
whose lines are coloured the same were housed together during the experiment. Note that 
Oscar and Jenny were housed together with others during the first testing but were housed 
alone during the second testing. 
 

Name Sex Age at 
arrival 

Dates 1st 
testing 

Dates 2nd 
testing 

Number of 
sessions 

Summer of 2021 (from June 16th to August 4th) 

Tiana F 7 16/06  1 
Pongo M 3 16/06  1 

Aladdin M 7 18–⁠22/06 08–⁠09/07 7 
Abu M 7 18–⁠22/06 08–⁠09/07 7 

Jasmine F 7 18–⁠22/06  5 
Kida F 7 18–⁠22/06  5 

Simba M 7 23–⁠27/06  5 
Flynn M 7 23–⁠27/06  5 

Magica F 7 23–⁠27/06 08–⁠12/07 10 
Phocahontas F 3 23–⁠27/06 08–⁠12/07 10 

Jane F 7 28/06–⁠02/07 13–⁠19/07 10 
Tarzan M 7 28/06–⁠02/07 13–⁠19/07 10 
Oscar F 6 28/06–⁠02/07 13–⁠19/07 10 

Naveen M 7 28/06–⁠02/07  5 
Eric M 7 03–⁠07/07 20–⁠24/07 10 
Ariel F 7 03–⁠07/07 20–⁠24/07 10 
Goofy M 7 03–⁠07/07 21–⁠25/07 10 

Dagobert M 7 03–⁠07/07 21–⁠25/07 10 
Gaston M 7 26–⁠30/07  5 

Sjef M 7 26–⁠30/07  5 
Mowgli M 10 26–⁠30/07  5 
Stitch F 10 31/07–⁠04/08  5 
Lilo F 30 31/07–⁠04/08  5 

Summer of 2022 (from June 27th to July 20th) 

Ana F 7 27/06–⁠01/07  5 
Arjen M 7 27/06–⁠01/07  5 

Renato M 7 27/06–⁠01/07  5 
Sander M 7 27/06–⁠01/07  5 
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Jenny F 7 02–⁠03/07 09–⁠13/07 7 
Richard M 7 02–⁠03/07  2 
Margriet F 7 02–⁠06/07  5 
Andras M 7 02–⁠06/07  5 

Isa F 7 04–⁠08/07  5 
Vincent M 7 04–⁠08/07  5 
Guus M 7 07–⁠11/07  5 
Hans M 7 07–⁠11/07  5 

Rutger M 7 12–⁠16/07  5 
Brad M 7 20/07  1 

 
Table S3.2. Overview of all the bout thresholds for each individual and pair. When seals 
were housed together with a partner, the bout threshold for that pair is equal to the mean 
value of the pair’s respective individual thresholds. Adjacent animals whose lines are 
coloured the same were housed together during the experiment. 
 

Individual Partner Housing Individual threshold Final threshold 

Pongo Tiana Together 3.219 3.219 

Aladdin Abu Together 4.973 5.275 

Abu Aladdin Together 5.576 5.275 

Jasmine Kida Together 5.374 6.013 

Kida Jasmine Together 6.652 6.013 

Flynn Simba Together 10.000 10.000 

Simba Flynn Together 10.000 10.000 

Phocahontas Magica Together 3.831 3.963 

Magica Phocahontas Together 4.096 3.963 

Oscar Naveen Together 8.397 9.199 

Naveen Oscar Together 10.000 9.199 

Tarzan Jane Together 3.859 3.690 

Jane Tarzan Together 3.522 3.690 

Goofy Dagobert Together 4.392 4.345 



Vocal turn-taking in harbour seal pups 

 79 

Ch
ap

te
r 3

 
 

Individual Partner Housing Individual threshold Final threshold 

Dagobert Goofy Together 4.299 4.345 

Ariel Eric Together 3.904 3.861 

Eric Ariel Together 3.817 3.861 

Sjef Gaston Together 4.961 5.239 

Gaston Sjef Together 5.518 5.239 

Stitch Lilo Together 10.000 8.255 

Lilo Stitch Together 6.510 8.255 

Ana Arjen Together 6.362 7.741 

Arjen Ana Together 9.121 7.741 

Renato Sander Together 4.445 4.627 

Sander Renato Together 4.809 4.627 

Jenny Richard Together 4.098 7.049 

Richard Jenny Together 10.000 7.049 

Andras Margriet Together 3.094 3.672 

Margriet Andras Together 4.249 3.672 

Vincent Isa Together 3.105 5.443 

Isa Vincent Together 7.782 5.443 

Guus Hans Together 7.836 8.407 

Hans Guus Together 8.978 8.407 

Oscar  Alone 7.905 7.905 

Mowgli  Alone 6.926 6.926 

Jenny  Alone 2.457 2.457 

Rutger  Alone 10.000 10.000 

Brad  Alone 10.000 10.000 
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Table S3.3. GLMM results for the effect of interaction type on normalised response 
latencies. Note that this model only included the response latencies of seals relative to their 
interaction partner (i.e., playback latencies were ignored in the 1-way interaction). 

 
Variable Estimate SE 95% CI P-value 

(Intercept) -0.133 0.055 [-0.241, -0.020] 0.023 

Interaction 0.449 0.066 [0.321, 0.578] < .001 

 
 

Table S3.4. GLMM results for the effect of playback tempo and call duration on 
normalised response latencies for the 1-way interactions. Note that this model only 
included the response latencies of seals relative to the playback (i.e., playback latencies 
were ignored). 

 
Variable Estimate SE 95% CI P-value 

(Intercept) 0.518 0.081 [0.360, 0.685] < .001 

Tempo -0.390 0.062 [-0.510, -0.269] < .001 

Call duration -0.514 0.062 [-0.636, -0.390] < .001 

 
 

Table S3.5. GLMM results for the effect of lag-1 response latencies on the normalised lag-
0 response latencies.  

 
Variable Estimate SE 95% CI P-value 

(Intercept) 0.138 0.029 [0.081, 0.197] < .001 

Lag-1 -0.00034 0.00002 [-0.00038, -0.00030] < .001 
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The reverberation fragment 

This 15-seconds sound fragment was composed of three different elements that together can 

help measure the reverberation in the room: a sine wave at 440 Hz (similar to the 

fundamental frequency of harbour seal pup calls; de Reus, 2017), white noise following the 

inverse repeated sequence technique (Stan et al., 2002) and a logarithmic sine sweep going 

from 50 Hz up to 10 kHz. It was twice during each session, 10 s before and after the playback 

period. 

 

 

 
 
Figure S3.1. Diagnostic plots for assumptions of the interaction model. The left panel shows 
the QQ plot assessing residual normality, and the right panel shows the residual scatterplot 
evaluating homogeneity of variance. 
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Figure S3.2. Diagnostic plots for assumptions of the playback model. The left panel shows 
the QQ plot assessing residual normality, and the right panel shows the residual scatterplot 
evaluating homogeneity of variance. 
 
 

 

Figure S3.3. Diagnostic plots for assumptions of the autocorrelation model. The left panel 
shows the QQ plot assessing residual normality, and the right panel shows the residual 
scatterplot assessing the homogeneity of variance. 
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4   | Vocal tract allometry in a mammalian vocal learner 

 

 

Abstract 

Acoustic allometry occurs when features of animal vocalisations can be predicted from body 
size measurements. Despite this being considered the norm, allometry sometimes breaks, 
resulting in species sounding smaller or larger than expected for their size. A recent 
hypothesis suggests that allometry-breaking mammals cluster into two groups: those with 
anatomical adaptations to their vocal tracts and those capable of learning new sounds (vocal 
production learners). Here, we tested which mechanism is used to escape from acoustic 
allometry by probing vocal tract allometry in a proven mammalian vocal learner, the harbour 
seal (Phoca vitulina). We tested whether vocal tract structures and body size scale 
allometrically in 68 young individuals. We found that both body length and body mass 
accurately predict vocal tract length and one tracheal dimension. Independently, body length 
predicts vocal fold length while body mass predicts a second tracheal dimension. All vocal 
tract measures are larger in weaners than in pups and some structures are sexually dimorphic 
within age classes. We conclude that harbour seals do comply with anatomical allometric 
constraints. However, allometry between body size and vocal fold length seems to emerge 
after puppyhood, suggesting that ontogeny may modulate the anatomy–learning distinction 
previously hypothesised as clear cut. We suggest that seals, and perhaps other species 
producing signals that deviate from those expected from their vocal tract dimensions, may 
break allometry without morphological adaptations. In seals, and potentially other vocal 
learning mammals, advanced neural control over vocal organs may be the main mechanism 
for breaking acoustic allometry. 
 
 
 
 
 
 

Adapted from: de Reus, K., Carlson, D., Lowry, A., Gross, S., Garcia, M., Rubio-Garcia, A., Salazar-Casals, A., 
& Ravignani, A. (2022). Vocal tract allometry in a mammalian vocal learner. Journal of Experimental Biology, 
225(8), jeb243766. https://doi.org/10.1242/jeb.243766  
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Introduction 

In many species, acoustic signals help mediate social interactions such as competition for 

mates and territory, and parent–offspring recognition (Bradbury & Vehrencamp, 2011; K. 

Martin et al., 2017). Signals can encode information about the caller’s biology which can be 

readily deciphered by the receiver, including age (Charlton et al., 2009; Reby & McComb, 

2003), sex (Charlton et al., 2009; Vignal & Kelley, 2006), body size (Charlton et al., 2009, 

2011; Fitch, 1997; Garcia et al., 2016), hormone levels (Koren & Geffen, 2009) and physical 

condition (Koren & Geffen, 2009; Wyman et al., 2008). 

 

In particular, body size often shapes mammalian sounds by constraining the geometry 

of the vocal tract (Fitch, 2000; Reby & McComb, 2003). Acoustic cues relating to the body 

size of the caller can inform the receiver about the caller’s competitive ability and 

reproductive success (Kuester et al., 1995; Pfefferle & Fischer, 2006; Poole, 1999; Reby & 

McComb, 2003). For example, in primates and carnivores, there is an inverse relationship 

between body size and call frequency parameters, where larger animals produce calls with 

lower frequencies, i.e., have a “deeper” voice (Bowling et al., 2017). This relationship 

between acoustical call features and body size, where one accurately reflects the other, is 

known as “acoustic allometry” (Fitch, 1997; Taylor & Reby, 2010). Here, signalling is 

considered honest when the acoustic parameters of observed vocalisations accurately reflect 

an individual’s body size (Fitch & Hauser, 2003; Zahavi, 1977). Deviations from allometry 

can generate dishonest signals, with animals sounding unexpectedly small or large for their 

body size (Garcia & Ravignani, 2020). Dishonest signals may be produced when an animal 

(1) shows a lack of allometric scaling between its vocal tract and its body size, or (2) shows 

enhanced control over its vocal organs, which allows it to learn new vocalisations or modify 

existing vocalisations—an ability known as “vocal learning” (Janik & Slater, 1997; 

Lattenkamp & Vernes, 2018). Recent work indeed showed that, given a cross-species 

regression between sounds produced and body size, outlier species seem to cluster either 

well below the regression line (those with anatomical adaptations) or markedly above it (the 

vocal learners). This led to a “morphology versus learning hypothesis” (Garcia & Ravignani, 

2020; Ravignani & Garcia, 2022): dishonest signals in mammals may arise either from 

anatomical adaptations or from vocal learning capacities. This prediction has the potential 

to identify new vocal learners or species with unexpected vocal tract morphology. Vocal 
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learners should therefore be able to violate acoustic allometry while possessing a vocal tract 

that scales allometrically with the rest of their body. For the first time, we tested this 

prediction, asking whether vocal tract allometry is present in a vocal learning species that is 

known to violate acoustic allometry. 

 

Harbour seals (Phoca vitulina) are vocal learners that escape acoustic allometry by 

producing sounds with different frequencies to those expected from their body size, allowing 

them to transmit dishonest body size information. Indeed, they stand out as outliers in cross-

species allometric regressions between body mass and frequency parameters (Ravignani & 

Garcia, 2022; Figure 4.1). Moreover, previous studies have shown that harbour seals can 

actively modulate the call frequencies they produce based on auditory experience. In one 

special case, a human-raised harbour seal, named Hoover, was found to be capable of 

mimicking human speech sounds (Ralls et al., 1985). In a more recent study on harbour seal 

pups, young animals were found to be capable of lowering their fundamental frequency (f0) 

in the presence of background noise (Torres Borda et al., 2021). Do the environmental noise 

conditions in which vocalisations are produced have a stronger influence on f0 values than 

body size? To address this, we complemented acoustic data from Torres Borda and 

colleagues (2021) with body mass information and reanalysed it to show that acoustic 

allometric relationships do indeed break down in this species as a result of the large vocal 

plasticity observed within individuals (see Figure 4.2 and detailed explanations in the 

supplementary materials). These re-analyses indicate that, also within species, individual 

harbour seals may sound bigger or smaller than predicted by body size. Seals can therefore 

escape the constraints of acoustic allometry, both across and within species. 

 

Harbour seals are particularly vocal during the first few weeks following birth (Perry & 

Renouf, 1988). Pups produce individually distinctive mother attraction calls (Renouf, 1984), 

which vary with age, sex and body length (Khan et al., 2006; Sauvé et al., 2015). After 

weaning, however, these calls disappear entirely from their vocal repertoire, with most 

vocalisations ceasing aside from occasional clicks and growls (Renouf, 1984). During 

adulthood, female harbour seals remain almost entirely vocally inactive (van Parijs & 

Kovacs, 2002), but males start vocalising again, producing underwater calls during the 

mating season (Hanggi & Schusterman, 1994). The large variation in vocal repertoire 

observed across individuals, sexes and age classes makes harbour seals ideal candidates to 
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test the morphology versus learning hypothesis, i.e., whether a vocal learning mammal does 

indeed escape acoustic allometry via learning instead of via anatomical adaptations. 

 

 
 

Figure 4.1. Phylogenetic generalised least squares regressions between frequency 
parameters and body mass across 164 mammalian species. Left, frequency range; right, 
maximum frequency. All variables are log-transformed and the figure is adapted from 
Ravignani and Garcia (2022). The dotted lines represent a threshold at 2.5 standard 
deviations from the main regression lines used to define outliers. Non-outlier species (which 
show acoustic allometry between frequency parameters and body mass) are represented by 
small circles, and outlier species (which escape acoustic allometry) are represented by large 
circles. The two red data points, representing harbour seals, are both outliers. 
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Figure 4.2. Lack of acoustic allometry relationships in harbour seals. (a) Correlations 
between median fundamental frequency (f0) for each noise condition (silence, low and high) 
and body mass. The respective correlation coefficients (τ) and associated P-values for each 
correlation are reported above the regression line. At first sight, the characteristic inverse 
relationship between f0 and body size may seem present, but there is some overlap in the 
range of f0 values (whiskers on the right side of the plot) produced by individuals of differing 
body size between noise conditions. Non-significant p-values suggest that, at least in this 
sample, there is a lack of acoustic allometry. In addition, allometry may break if calls are 
produced in different noise conditions. In other words, do the environmental conditions in 
which vocalisations are produced strongly affect the f0 values, as much as or even more than 
body mass? (b–⁠d) Density distributions produced by computing 10,000 different 
combinations of randomly selected median f0 values (1 of the 3 median frequency values per 
seal) to assess whether allometric relationships hold across noise conditions. The coloured 
vertical lines in these plots represent the respective median values for each of the noise 
conditions. The median value of the distribution is represented by black circle on the density 
curve. (b) Density distribution of the Kendall rank correlation coefficients. The median value 
lies around -0.18, pointing to a weak negative correlation. (c) Density distribution of the 
correlation p-values associated with the correlations from B. The median p-value is 0.38, 
which means that in most of the simulated cases we would not reject the null hypothesis (i.e. 
the correlation is not significantly different from 0). In fact, in only 2.2% of cases (217 out 
of 10,000) is the correlation significant; this is indicated by the red vertical line. In other 
words, in 10,000 simulated samples of 8 seals, we generally found no acoustic allometry. (d) 
Density distribution of the simulated linear regression coefficients (β), where the median 
value is -10.8 Hz. Given a 5.1 kg difference in body mass between the smallest and the 



Vocal tract allometry in a mammalian vocal learner 

 

 90 

largest seal, we would expect, on average, a frequency shift of 55.08 Hz. For every 
individual, we calculated the difference of the median f0 values between the silent and high 
noise condition; the median range across all individuals was 73.6 Hz. This suggests that the 
differences caused by individual variability in f0 in response to noise conditions are larger 
than the f0 differences expected from body mass differences alone. Seals of differing body 
sizes (e.g., 7 versus 12 kg) could thus potentially produce the same f0 value. This would 
mean that, in harbour seal pups, vocal plasticity can outweigh and mask acoustic allometric 
relationships. 
 
 

Most mammalian vocalisations are described using the source–filter theory of vocal 

production. Within this framework, vocal signals are initially produced by a source and are 

then filtered by the vocal tract before being emitted into the environment (Fant, 1971). In 

mammals, the source of sound production consists of the vocal folds in the larynx, and the 

filter is composed of the cavities making up the upper vocal tract (Fant, 1971; Figure 4.3). 

The vocal folds are shelves of tissue lying across the airway that attach ventrally and laterally 

to the thyroid cartilage and dorsally to the arytenoid cartilage (Figure 4.4a). When 

vocalising, the air expelled from the lungs rushes between the vocal folds, causing them to 

vibrate and produce sound (Elemans et al., 2015). The sound then continues to propagate 

along the upper vocal tract and is modified by its geometry (i.e., filtered) before being 

emitted as vocalisation. The source–filter framework highlights which vocal tract structures 

determine specific features present in acoustic signals. The rate of vibration of the vocal 

folds determines the f0 and the cavities of the vocal tract determine formant frequencies 

(Taylor & Reby, 2010). Measurements of these vocal tract structures can thus be used to 

estimate specific acoustic features of vocalisations. 
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Figure 4.3. Illustration of the source–filter theory of sound production using the vocal 
anatomy of the harbour seal. 

 

Bioacoustics studies often investigate allometric relationships between acoustic signal 

features and body size, without consideration of the underlying allometric scaling between 

body size and vocal anatomy. Most mammals show allometry between body size and upper 

vocal tract length because the upper vocal tract is constrained by bony structures (Fitch, 

1997, 2000; Fitch & Giedd, 1999; Garcia et al., 2016; Plotsky et al., 2013). However, 

allometry between body size and the size of the vocal folds is less common: the larynx is 

surrounded by cartilaginous structures and is thus less constrained, suggesting that vocal 

fold length can be decoupled from overall body size, as found in non-human primates (Fitch, 

1997; Fitch & Hauser, 1995; Garcia et al., 2017). In mammals, formants, the acoustic proxy 

of vocal tract length, are thus often a stronger body size predictor than f0, the acoustic proxy 

of vocal fold length (Fitch, 1997; Garcia et al., 2016). 
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Within the larger framework of the hypothesis above, this study tested for allometric 

relationships between body size and vocal anatomy measurements in young harbour seals 

and how these relationships vary with sex and age. Preliminary work found that harbour seal 

body length correlates with upper vocal tract length and tracheal diameter, but not with vocal 

fold length (Ravignani et al., 2017). Here, we aimed to expand on these findings by using a 

larger sample size (353% increase), adding refined anatomical measurements, and 

comparing different age classes (to test for developmental effects). Based on previous 

literature, we expected to find allometry between body size and vocal tract structures that 

are surrounded—and hence constrained—by bony structures, such as vocal tract length. 

However, based on harbour seal vocal learning abilities (Janik & Slater, 1997; Ralls et al., 

1985; Torres Borda et al., 2021), we expected their vocal flexibility to offer favourable 

grounds to find deviations from body size allometry for vocal tract components surrounded 

by cartilage, such as the trachea and vocal fold length. 

 

Materials and methods 

Sample collection 

Larynges were collected during necropsies on 68 young harbour seals, Phoca vitulina 

Linnaeus 1758 (34 males, 34 females). Fifty-two samples came from seals that stranded on 

the Dutch coastline, the rest from animals found on the German coastline (Schleswig-

Holstein). Forty-two animals died in captivity at Sealcentre Pieterburen, Pieterburen, The 

Netherlands, either naturally during rehabilitation despite intensive care or by means of 

euthanasia because of the presence of severe clinical signs without any indication of 

recovery. Euthanasia was performed by trained veterinarians, after sedation, with 

pentobarbital sodium (100 mg kg-1) using the method described in Greer and colleagues 

(2001). The other 26 animals died in the wild, either naturally or were mercy killed by trained 

hunters because they showed severe signs of illness (Table S4.1). No animals were 

euthanised or mercy killed for the purpose of this study. 

 

At the time of death, the seals studied were aged between 9 days and 12 months (median 

6 months). The age of new-born individuals was estimated in number of days by expert seal 
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veterinarians based on the condition of the umbilical cord or the umbilicus. Older individuals 

with a closed umbilicus were assigned June as their birth month, which is consistent with 

the majority of harbour seal births in the Wadden Sea (Osinga et al., 2012; Reijnders et al., 

2010). Animals aged 1 month or younger were classified as pups, while those between 1 and 

12 months of age were classified as weaners, making age a binary variable. Of the 68 

individuals included in this study, 14 (8 males, 6 females) were classified as pups and 54 (26 

males, 28 females) were classified as weaners. A Fisher’s exact test showed no significant 

association between age and sex (χ2 = 0.765, p > .05), suggesting our sample was balanced 

between sexes and ages. 

 

Sample treatment and measurements 

Post-mortem examinations were performed by veterinarians who all trained at Sealcentre 

Pieterburen and thereby used the same necropsy protocol (Pugliares et al., 2007). Dutch seals 

were examined at Sealcentre Pieterburen and German seals were necropsied at the Institute 

for Terrestrial and Aquatic Wildlife Research (ITAW), Büsum, Germany. Necropsies were 

performed on either cooled or defrosted carcasses. Body mass, body length and axillary girth 

were all measured prior to the start of the necropsy. Body length was measured from the tip 

of the nose to the end of the tail in a non-curvilinear fashion, while the animal was in supine 

position, and axillary girth was measured as the body circumference directly caudal to the 

front flippers. The vocal apparatus including the upper vocal tract, the larynx and part of the 

trachea was then removed and immediately frozen at -20°C. All samples were in a similar 

condition (i.e., none presented signs of decomposition), comparable to pinniped vocal tracts 

in Schneider (1962) and Ravignani and colleagues (2017). 
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Figure 4.4. Vocal anatomy of the harbour seal. (a) The main anatomical structures 
composing the vocal tract. (b) The measurements shown on a digital rendering. (c) The 
measurements shown on a picture of a hemi-larynx from a harbour seal pup. In C, the black 
square outlined on the piece of white paper serves as a reference and is exactly 1 cm2. The 
vocal tract measurements taken include (1) vocal tract length (VTL), (2) vocal fold length 
(VFL), (3) vocal fold thickness (VFT), (4) subglottic-tracheal dorsoventral distance 1 
(STDV1) and (5) subglottic-tracheal dorsoventral distance 2 (STDV2). 
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Prior to measurement, samples were thawed in a refrigerator at 8°C and each larynx was 

cut medially to produce two hemi-vocal tracts. The measurements taken on these hemi-vocal 

tracts (Figures 4.4b and 4.4c) include vocal tract length (VTL), vocal fold length (VFL), 

vocal fold thickness (VFT), and tracheal measurements in the form of subglottic-tracheal 

dorsoventral distance (STDV; called subglottic-tracheal anterior–posterior distance, STAP, 

in Roers et al., 2009) using a calliper to an accuracy of ± 0.01 mm. Although the vocal tract 

can be divided into lower (below larynx) and upper (above larynx) sections, formants (the 

resonant frequencies, which often encode information about body size) are only determined 

by the upper vocal tract (Lester & LaGasse, 2008). VTL will henceforth refer to the length 

of the upper vocal tract. VTL was measured as the linear distance from the caudal end of the 

epiglottis to the rostral end of the tongue muscle while the tongue was kept straight. VFL 

was measured as the distance from the ventral attachment of the vocal fold on the thyroid 

cartilage to the dorsal attachment of the vocal fold on the arytenoid cartilage. VFT was 

measured as the distance between the anterior and posterior sides of the vocal folds. The first 

STDV was measured as the distance between the cricothyroid ligament and the caudal end 

of the arytenoid. The second STDV was measured as the diameter of the first tracheal ring. 

All measurements were performed independently by two raters (K.d.R. and A.R.), different 

from the veterinarians who performed the dissections. For both raters, VTL, VFL and VFT 

were measured 4 times, twice for each hemi-vocal tract, and STDVs were taken twice, once 

for each hemi-larynx, because the start and end measuring points were composed of cartilage 

(as opposed to soft tissue) and, hence, we assumed that the inter-rater reliability for STDVs 

would be higher than for other measurements. 

 

Statistical analysis 

Statistical analyses were performed in RStudio v1.1.463 (R v4.0.4). First, for both raters, the 

medians for VTL, VFL and VFT were computed from all values reported for every right and 

left hemi-larynx. Second, using the medians from the first step, the median values for all 

measurements including STDV1 and STDV2 were computed for each larynx. This provided, 

for each larynx and rater, five measurements: VTL, VFL, VFT, STDV1 and STDV2. The 

inter-rater reliability for VTL, VFL, VFT, STDV1 and STDV2 was evaluated using 

Pearson’s correlations. Finally, the overall median values between raters were computed for 
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all measurements. Using these new values, Spearman’s correlations between body size and 

vocal anatomy measurements were then calculated (Table 4.1). For each measurement, 

normality was assessed using the Shapiro–Wilk test and homogeneity of variance was 

assessed using an F-test. If both assumptions were met, a two-tailed independent samples t-

test was computed to check for age and sex differences. When variables were not normally 

distributed, but samples had equal variance, a Mann–Whitney U-test was performed to 

assess group differences instead. 

 

Predictive modelling was done using generalised linear models (GLMs) with the stats 

R package (http://www.R-project.org/). A series of models were produced for all anatomical 

measurements with high inter-rater reliability (r > 0.70; Salkind, 2010, p. 627). For every 

response variable, the full model included the fixed effects body length, body mass, girth, 

sex, age and the interaction effects of sex with all body size predictors, age with all body 

size predictors and the interaction of age and sex. The reduced model was then obtained 

through stepwise regression based on Akaike information criterion (AIC) values. An analysis 

of variance (ANOVA) test was performed to ensure that the reduced model was not 

performing significantly worse than the full one. Variance inflation factor (VIF) scores were 

calculated for all predictors included in the reduced models using the car R package (Fox & 

Weisberg, 2018). Multicollinearity was considered problematic for subsequent model 

selection if VIF scores were greater than 5 (Akinwande et al., 2015). For all selected models, 

deviance explained was calculated from the model output (1 - residual deviance/null 

deviance) and expressed as a percentage. Plots displaying the predicted effects of every 

predictor retained in the final models were produced to assess their relationship with the 

response variable. Diagnostic residual plots were used to verify the model assumptions. 

Independence of residuals was tested using a Durbin–Watson test (Fox & Weisberg, 2018). 

Normality of residuals was assessed visually by plotting model fit against the observed data. 

Homoscedasticity (i.e., constant variance) of residuals was also assessed visually using 

quantile–quantile plots. Finally, influential data points were assessed by calculating Cook’s 

distance. 
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Results 

Inter-rater reliability for VTL, VFL, VFT and both STDVs was evaluated using Pearson 

correlations. VTL (r = 0.94), VFL (r = 0.88), STDV1 (r = 0.97) and STDV2 (r = 0.93) 

showed high inter-rater reliability. VFT (r = 0.59) showed lower inter-rater reliability and 

was consequently excluded from further analysis. All correlations were significant at 

p < .001.  

 

All Spearman correlations between body size and vocal anatomy measurements showed 

positive relationships and significance at the 0.05 level (Table 4.1). There were high 

correlations between body mass and body length (rs = 0.70), and between body mass and 

girth (rs = 0.86). Other notable correlations included those between VTL and VFL 

(rs = 0.72), VTL and STDV1 (rs = 0.70), VFL and STDV1 (rs = 0.82), and VFL and STDV2 

(rs = 0.76). Spearman correlations for pups and weaners can be found in Table S4.2.  

 

Table 4.1. Pairwise Spearman correlations of anatomical measurements. VTL, vocal tract 
length; VFL, vocal fold length; VFT, vocal fold thickness; STDV, subglottic-tracheal 
dorsoventral distance. Note, all correlations were significant at p < .05 after correcting for 
multiple comparisons using the Holm–Bonferroni method. 

Variable 
Body 
length 
(cm) 

Body 
mass 
(kg) 

Girth 
(cm) 

VTL 
(mm) 

VFL 
(mm) 

VFT 
(mm) 

STDV1 
(mm) 

Body mass (kg) 0.70       

Girth (cm) 0.53 0.86      

VTL (mm) 0.62 0.69 0.63     

VFL (mm) 0.73 0.79 0.65 0.72    

VFT (mm) 0.44 0.67 0.68 0.52 0.60   

STDV1 (mm) 0.63 0.78 0.65 0.70 0.82 0.69  

STDV2 (mm) 0.58 0.72 0.62 0.67 0.76 0.60 0.81 
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All anatomical measurements were non-normally distributed but showed equal 

variances across age and sex groups. A Mann–Whitney U-test was used to test for group 

differences as only the assumption for homogeneity of variance was satisfied. All anatomical 

measurements were significantly larger in weaners than in pups (p < .001; Table 4.2 and 

Figure 4.5). No significant sex differences were found when considering pups and weaners 

together (p > .05). When considering pups alone, both the normality and homoscedasticity 

assumptions were met. A two-tailed independent samples t-test found significant sex 

differences for VTL (t = -3.42, p < .05; Figure 4.6a). Male pups (mean ± s.d. VTL 

86.0 ± 2.9 mm) had a larger mean VTL than females (79.8 ± 3.7 mm). When considering 

weaners alone, variables showed non-normal distribution, but equal variances. A series of 

Mann–Whitney U-tests found that only STDV1 was significantly different across sexes 

(U = 218, p < .05; Figure 4.6b). Weaned males (25.1 ± 1.5 mm) had a wider mean STDV1 

compared with weaned females (24.2 ± 1.2 mm). 

 

Table 4.2. Mean (± s.d.) anatomical measurements. 

Variable All Pups Weaners 

Body length (cm) 88.07 ± 8.03 79.86 ± 4.79 90.19 ± 7.32 

Body mass (kg) 14.53 ± 3.92 9.81 ± 1.46 15.75 ± 3.39 

Girth (cm) 57.55 ± 9.62 46.54 ± 5.66 60.41 ± 8.30 

VTL (mm) 91.43 ± 6.77 83.36 ± 4.48 93.53 ± 5.60 

VFL (mm) 10.92 ± 1.16 9.26 ± 0.90 11.35 ± 0.77 

VFL (mm) 5.15 ± 0.61 4.50 ± 0.43 5.35 ± 0.51 

STDV1 (mm) 23.97 ± 1.95 21.35 ± 1.37 24.65 ± 1.43 

STDV1 (mm) 17.43 ± 1.82 15.17 ± 1.04 18.02 ± 1.49 
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Figure 4.5. Boxplots illustrating the significant differences in anatomical measurements 
between pups and weaners. (a) VTL, (b) VFL, (c) STDV1 and (d) STDV2. Boxplots show 
median, upper and lower quartiles and 1.5 × the interquartile range. The level of significance 
is denoted by asterisks (*** p = .001). 
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Figure 4.6. Boxplots illustrating the significant differences in anatomical measurements 
according to sex. (a) VTL in pups. (b) STDV1 in weaners. The level of significance is 
denoted by asterisks (* p = .05 and ** p = .01). 

 

A reduced GLM, obtained by stepwise regression based on AIC values, was produced 

for every vocal tract measurement with high inter-rater reliability, including VTL, VFL, 

STDV1 and STDV2. All VIF scores were lower than 5 suggesting that multicollinearity was 

not problematic in the selected models. All model assumptions were satisfied. Moreover, 

ANOVA testing indicated that the reduced models did not perform significantly worse than 

the full models (p > .90). GLM results showed that most vocal tract dimensions were best 

explained by body length, body mass, age and sex (Table 4.3). Girth was not retained as a 

predictor term in any of the selected models. For each model, the predictor estimates with 

their confidence intervals can be found in Table S4.3 and plots of the predicted effects can 

be found in Figures S4.1–S4.3. Significant interaction effects are shown in Figure 4.7. 
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Table 4.3. Selected models for each vocal tract structure. Models included the predictors 
body length (BL), body mass (BM), age class (A) and sex (S). Predictor terms joined by an 
asterisk denote an interaction effect. Significant predictor terms are shown as underlined. 
 

Measurement Selected model Deviance explained (%) 

VTL BL + BM + A + S + BL*S 59.30 

VFL BL + BM + A + S + A*BM + A*S 74.89 

STDV1 BL + BM + A + S 69.99 

STDV2 BL + BM + A + S 58.38 

 

 

 
 

Figure 4.7. Predicted effects of the body length and sex interaction for VTL (top) and the 
body mass and age interaction for VFL (bottom). The shading around each line of best fit 
indicates the 95% confidence interval. 
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Discussion 

This study reports on the allometric relationships between body size and vocal tract 

dimensions in harbour seals. It shows that body length accurately predicts VTL, VFL and 

STDV1, and body mass predicts VTL and both tracheal measurements (STDV1 and 2). We 

also find age and sex to be important predictors for the size of vocal tract structures. This is 

evidenced by significant differences in measurements between age classes and significant 

sexual differences within age classes. 

 

Previous work showed that upper vocal tract (i.e., filter) dimensions in mammals are 

predicted by body size measurements (Fitch, 1997, 2000; Fitch & Giedd, 1999; Garcia et al., 

2016; Plotsky et al., 2013; Ravignani et al., 2017) and our results provide additional evidence 

to support such allometry. Although most studies have used body length as a proxy for body 

size, we found that body mass can also be used to predict VTL in harbour seals. In the first 

years of life, harbour seals show a linear growth rate for both body length (Hauksson, 2006) 

and mass (Markussen et al., 1989), suggesting that VTL may develop in a similar fashion 

during this period. Acoustic proxies for the filter could thus provide a good estimation of a 

harbour seal’s size. In mammals, formant frequencies and formant spacing can be predicted 

from VTL and vice versa (see Reby & McComb, 2003). Other acoustic proxies include 

energy quartiles, the frequency of amplitude peaks, and the ratios between these amplitudes 

(Sauvé et al., 2015). These parameters also encode individual signatures, suggesting that 

acoustic individuality may partially be an allometric by-product (Ravignani et al., 2017). 

Harbour seals have the vocal tract predispositions to produce vocalisations that accurately 

reflect body size whilst also sharing individual-specific information, suggesting that learning 

does not need to be invoked to explain individuality. 

 

Across mammals, source-related features such as f0 can sometimes predict body size 

despite showing weaker allometric scaling than filter-related features (Charlton et al., 2011; 

Charlton & Reby, 2016; Pfefferle et al., 2007; Reby & McComb, 2003); it was unclear 

whether this holds for harbour seals (Bowling et al., 2017; Ravignani et al., 2017). Our 

findings indicate that VFL, which may be used to determine f0, can be predicted by body 

size in harbour seals. Moreover, Sauvé and colleagues (2015) reported a decrease in f0 with 

an increase in body length of harbour seal pups. Taken together, this suggests that a harbour 
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seal’s f0 can be predicted from vocal anatomy. Previous evidence against allometric scaling 

for VFL could be explained by low statistical power or lack of testing for age effects on 

vocal tract measurements (Ravignani et al., 2017). It is indeed notable that age is included 

in both interactions that were retained in the selected VFL model. Our results, including both 

pups and weaners, show that allometric scaling between body size and VFL only emerges 

after weaning, suggesting that VFL may not be constrained in harbour seal pups (Figure 4.7, 

bottom). This begs the following question: how would escaping acoustic allometry for 

source-related features be beneficial for pups? Broadcasting honest body size information 

may be detrimental to harbour seal pups as they are significantly more likely to be displaced 

by larger conspecifics during agonistic interactions (Neumann, 1999). However, pups may 

be able to benefit from lowering the f0 (Torres Borda et al., 2021) of their calls to create an 

impression of size exaggeration. However, pups may also benefit from increasing the f0 of 

their calls to convey distress to the mother (Briefer, 2012). Future playback studies could 

and should contrast these hypotheses.  

 

Several phocid species use the trachea for sound production (Bryden & Felts, 1974), but 

this could be a by-product of adaptive modifications to the respiratory tract required for 

diving (Kooyman & Andersen, 1969; Tyack & Miller, 2002). Our results support the 

correlation between tracheal diameter and body length found by Ravignani and colleagues 

(2017), but also provide evidence that tracheal dimensions can be predicted by body mass. 

Previous literature found that the trachea may potentially convey body size information if 

its size influences acoustic call features (Ravignani et al., 2017). In humans, a wider tracheal 

diameter partially predicts turbulence (i.e., unsteady air movements) for large airflows (van 

den Berg et al., 1957). Applying the same logic to other mammals, larger seals would have 

wider tracheal dimensions, which, in turn, would make vocalisations noisier. This could 

explain, for instance, why the harmonics-to-noise ratio decreases as harbour seals get older 

(de Reus, 2017). Future work on sound production in this species could test this prediction 

using sound–anatomy correlations and excised larynx set-ups. Moreover, playback 

experiments could test whether adding noise to vocalisations alters interactive behaviour to 

determine whether the harmonics-to-noise ratio may encode body size information. 

Understanding whether and how the trachea is involved in sound production will thus require 

further research. 
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As expected, all anatomical measurements were larger for weaners than they were for 

pups. In the study by Ravignani and colleagues (2017), animals up to 108 days old were 

classified as pups. However, in the wild, the lactation period for harbour seals ranges from 

23 to 42 days, after which the pups are weaned (Renouf, 1991). Hence, for the sake of 

simplicity, we considered animals up to 1 month old to be pups and animals older than 1 

month to be weaners. Through this categorical classification, we were able to identify how 

allometric trends develop over the harbour seal’s early life. At the time of data collection, 

we had very few larynges from subadults and adults, leading us to not include these data 

points in our analysis to avoid potential problems caused by small sample size. Future 

research including larynges from subadults and adults will further extend our knowledge of 

how vocal allometry develops in harbour seals. There were no sexual differences when 

considering the sample size as a whole, but significant sexual differences existed within age 

classes.2 These differences might be attributed to differing levels of steroid hormones acting 

on the laryngeal structures in males and females (Aufdemorte et al., 1983; Sauvé et al., 

2015). In some mammals, sex hormones affect the structural development of the larynx and 

the viscoelastic properties of the vocal fold tissue (Beckford et al., 1985; Fitch & Giedd, 

1999). At puberty, in these animals, the male larynx descends in the vocal tract causing an 

elongation of the upper vocal tract, allowing males to convey an exaggerated impression of 

size (Fitch & Giedd, 1999; Fitch & Reby, 2001). In harbour seal pups of similar body size, 

males have larger VTLs than females, suggesting that laryngeal descent in males possibly 

occurs early in life. Once weaned, however, females show a clear increase in VTL, whereas 

it remains relatively constant in males (Figure 4.7, top), suggesting that VTL differences 

across sexes may become less pronounced over time. In mammalian males, sex hormone 

action also causes a rapid increase in cartilage size, leading to an enlarged larynx and an 

increase in the vibrating portion of the vocal folds (Fitch & Hauser, 2003). This could explain 

why, in weaners, STDV1 is larger in males than in females. Nevertheless, these findings are 

somewhat surprising as young harbour seals normally show little sexual dimorphism (Le 

Boeuf, 1991). In particular, there is a lack of evidence for sexual differences regarding birth 

mass and growth rates among harbour seal pups (Bowen et al., 1994). In our sample, there 

were no significant body size differences between sexes (p > .05); however, male pups were 

 
2 While no significant sex differences were observed when all individuals were considered together, sex differences 
emerged when individuals were analysed within their respective age classes. Specifically, male pups had 
significantly longer vocal tracts than female pups, and weaned males had a wider STDV1 than weaned females. 
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slightly larger than female pups in body length (males 81.6 ± 4.4 cm, females 

77.5 ± 4.5 cm), which could partially explain the VTL differences observed in this age class. 

Male (9.8 ± 1.58 kg) and female (9.8 ± 1.6 kg) pups did not differ in body mass, but it is 

important to note that the sampled animals were sick and/or in poor condition; hence, body 

mass values are not representative of healthy individuals and should be interpreted with 

caution. In short, based on these observed differences in vocal anatomy across sexes, 

formants are expected to differ in pups and harmonics-to-noise ratio is expected to differ in 

weaners. The anatomical structures that determine these acoustic features both show strong 

allometric scaling; hence, these parameters may provide distinct body size cues across age 

classes, potentially facilitating the discrimination of male and female conspecific calls. 

Future research should investigate how sex hormones affect the elastic properties of harbour 

seal laryngeal tissues. Hormone levels can be measured by taking blood samples from 

healthy male and female seals at different developmental stages, and results can be combined 

with magnetic resonance imaging (MRI) mapping of laryngeal tissue elasticity. 

 

The high inter-rater reliability observed for VTL, VFL and both STDVs demonstrates 

that these quantities can be measured and replicated easily, making them reliable landmarks 

for vocal tract measurements. However, tissue properties such as the viscoelasticity of 

certain vocal tract structures, like the vocal folds, are significant obstacles to getting accurate 

measurements. Indeed, raters struggled to produce precise data for VFT. Future research in 

the field of pinniped vocal anatomy would benefit from improved measuring techniques 

using 2D pictures, radiography, MRI and computed tomography scans as this would enable 

more accurate measurements for structures that are difficult to handle. Finally, future similar 

studies should include measurements of another vocal tract structure: the corniculate 

cartilage. Although widely absent in terrestrial carnivores, harbour seals have rather large 

corniculate cartilages that help close the trachea together with the epiglottis (Adams et al., 

2020). These cartilages are located close to the vocal folds and are possibly innervated by 

the same nerves and controlled by the same muscles. It may be possible that these cartilages 

play a role in sound production by, for example, lowering the f0 by adding weight to the 

vocal folds. Taken together, these suggestions will provide a more precise and detailed 

picture of the harbour seal’s vocal anatomy. 
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Observed species-specific vocalisations are determined by both a species’ vocal 

anatomy and their capacity for vocal learning (Garcia & Ravignani, 2020; Ravignani & 

Garcia, 2022). The vocal anatomy generates vocal predispositions by imposing 

biomechanical constraints, whereas neural processes determine the degree of control species 

have over their vocal organs (Garcia & Manser, 2020). Particularly, vocal learners, such as 

the harbour seal, are capable of actively modulating sounds, suggesting that they are less 

constrained by anatomy and have a refined capacity for vocal motor control. Unfortunately, 

the relative contribution of the two sound production mechanisms is unclear. In this study, 

we tested a hypothesis trying to segregate anatomical versus learning mechanisms (Garcia 

& Ravignani, 2020; Ravignani & Garcia, 2022). As shown here, by testing for allometric 

relationships between body size and vocal tract structures, one can start to disentangle the 

respective contributions of vocal anatomy and vocal motor control in shaping acoustic 

signals. We found that harbour seals are mechanistically constrained by their vocal anatomy, 

and have large vocal flexibility (Ralls et al., 1985; Torres Borda et al., 2021), which may 

result in the production of dishonest signals, thus pointing towards extensive volitional 

control over their vocalisations. In brief, we provide support for the morphology versus 

learning hypothesis, showing however that this relationship may be mediated by ontogeny. 

 

In summary, we provide evidence of allometry between body size and vocal tract 

measurements in harbour seals. Body length is a strong predictor for VTL, VFL and STDV1, 

and body mass is a strong predictor for VTL and both tracheal measurements (STDVs). Age 

and sex are also important in predicting the dimensions of these anatomical structures. Taken 

together, the combined findings demonstrate that harbour seal vocal tracts do indeed scale 

with body size, although allometry between VTL and body size may only emerge after 

weaning. One could now make inferences about the vocal predispositions of harbour seals 

(e.g., f0, formants), based on either their body size or the size of their vocal tract. However, 

to accurately predict f0, further studies are needed in harbour seals to determine the range of 

stress they apply to their vocal folds while vocalising and to infer the tissue density of their 

vocal folds (Titze et al., 1989). Once such predictions are made, comparing them with data 

obtained from observed natural vocalisations would shed light on the range of vocal 

flexibility resulting from their extensive vocal motor control. Although formant spacing 

could be predicted from vocal tract length (Titze, 1994), it is still difficult to consistently 
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extract formants from harbour seal vocalisations, meaning that predictions cannot currently 

be compared with observed vocalisations. Finally, a critical next step to directly relate 

acoustic features to sound production structures is to connect harbour seal vocal anatomy 

measurements to the vocalisations they produce while alive. Integrating such results with 

investigations of call function will eventually inform on which vocal structures are 

responsible for generating the individual- and species-specific information encoded in 

harbour seal vocalisations. 
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Supplementary materials 

Acoustic analyses 

We ran several acoustic analyses to show that seals can escape acoustic allometry. The 

acoustic data used to perform these analyses comes from the study published by Torres 

Borda and colleagues (2021), during which they observed fundamental frequency changes 

in harbour seal pups under different noise conditions (silence, low and high noise). The 

acoustic data was complemented with previously unpublished body mass measurements of 

the animals in their study. The harbour seal pups were weighed on their day of arrival at 

Sealcentre Pieterburen, a pinniped rehabilitation centre in the Netherlands, where the 

animals were also audio recorded. Eight harbour seals participated in the noise playback 

experiment and the fundamental frequency (f0) was extracted from the vocalisations they 

produced during the testing period (all details in Torres Borda et al., 2021). 

 

Grouping the observations by seal ID and noise condition, we computed the median f0 

for each of the 24 groups. We then regressed median f0 on body size (using body mass as a 

proxy for body size) for each of the noise conditions (Figure 4.2a). Visually, an inverse 

relationship between body size and call frequency seems to hold in all three noise conditions, 

but none of the correlations (τsilence = -0.18, τlow =  0.25, τhigh = -0.40) are significant (p < .05). 

This apparent inconsistency may be explained by a large degree of overlap in the range of f0 

values produced by individuals of differing body size between noise conditions. For 

instance, an animal of 12.4 kg under silence can produce a similar f0 value as an animal of 

7.3 kg under high noise (see Figure 4.2a), suggesting that acoustic allometry may not hold 

across noise conditions. Could it be that the environmental noise conditions in which 

vocalisations are produced more strongly affect the f0 values than body size? If 

hypothetically we were to record calls of harbour seal pups on different days and irrespective 

of environmental noise conditions, the inverse relationship between f0 and body size may 

disappear (i.e., acoustic allometry would break) if the individuals can, thanks to their large 

vocal plasticity, adjust their f0 depending on the noise conditions. 

 

To assess if allometric relationships do indeed break down across noise conditions, we 

computed 10,000 different combinations of randomly selected median f0 values (1 of the 3 
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median frequency values per seal) and matched each value to the corresponding body mass 

value. We then performed 10,000 Kendall rank correlations, each among the 8 resulting pairs 

of f0 and body mass values. Figure 4.2b shows the kernel density distribution of the resulting 

correlation coefficients and their associated p-values (Figure 4.2c). We find that the median 

correlation coefficient is -0.18, suggesting a weak negative correlation. The median p-value 

is 0.38, indicating that—in more than half of the cases—we cannot reject the null hypothesis 

which states that the correlations are generally not significantly different from 0. In only 

2.2% of cases (217 out of 10,000) is the correlation significant. We should take care when 

interpreting the correlation p-values as the power of the test statistic is low given the small 

sample size (n = 8), resulting in a higher probability of committing type II errors. Moreover, 

the body mass values correspond to the measurements taken on the day of the animal’s 

arrival at the Sealcentre; they are not representative of the actual body mass values on the 

days of testing. Using the same set of random combinations of f0 values, we also plotted the 

density distribution for the linear regression coefficients (Figure 4.2d). The median 

regression coefficient is -10.8 Hz/kg. The difference in initial body mass between the largest 

and smallest seal is 5.1 kg. This means that across their mass range, we would expect, on 

average, a 55.08 Hz difference. For every seal, we calculated the range between the median 

f0 values of the silent and high noise condition (silence f0 – high f0) and find that the median 

is 73.6 Hz. This suggests that the differences caused by individual variability in f0 in 

response to noise conditions are larger than the f0 differences expected from body mass 

differences alone. Seals of differing body sizes (e.g., 7 vs. 12 kg) could thus potentially 

produce the same f0 value (and they actually do, see Figure 4.2a). Furthermore, we also 

calculated, for each seal, the f0 range (maximum – minimum f0) for all recorded observations 

from that individual. We find that, across the tested seals, the median f0 range is 322.6 Hz. 

Applying the same logic as above, seals with a body mass difference of almost 30 kg 

(322.6 / 10.8) could all produce similar f0 values. Finally, we computed and compared two 

simple generalised linear models, testing if body mass (Model 1: f0 ~ Body Mass) or noise 

condition (Model 2: f0 ~ Noise Condition) was better at predicting f0. We find that body mass 

is not a significant predictor of f0 (t = -1.78, p = .09), but noise condition is (thigh vs. low = 2.10, 

p = .048; thigh vs. silence = 3.90, p = .001). Moreover, Model 1 explained 12.63% of the deviance 

(calculated as (1 - residual deviance / null deviance) * 100) and Model 2 explained 42.05% 

of the deviance. An ANOVA test confirmed that Model 2 significantly outperformed Model 
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1 (F = 10.7, p = .001), showing that environmental noise conditions may have a stronger 

influence on f0 than body size. 

 

Table S4.1. List of sampled animals. Seals were from the Netherlands (NL) or Germany 
(DE). Sex is denoted as F for females and M for males. 

ID Age 
class 

Where 
from Sex 

Body 
Length 

(cm) 

Body 
Mass 
(kg) 

Girth 
(cm) Cause of death 

1 weaner NL F 86 15.6 90 Euthanised 
2 weaner NL F 99 17.3 83 Died during rehab 
3 weaner NL M 96 26.8 76 Found dead in the wild 
4 weaner NL M 96 22.9 71 Euthanised 
5 weaner NL M 86 19.2 71 Died before rehab 
6 weaner NL M 84 18.2 69 Euthanised 
7 weaner NL M 89 19.9 66 Euthanised 
8 weaner NL F 94 14.2 66 Euthanised 
9 weaner NL F 92 15.8 65 Euthanised 
10 weaner NL F 94 14.9 65 Died during rehab 
11 weaner NL M 104 20.8 64 Died before rehab 
12 weaner NL F 86 16.5 63 Died during rehab 
13 weaner NL F 86 15.7 63 Euthanised 
14 weaner NL M 100 18.37 62 Euthanised 
15 weaner NL F 93 16.8 62 Euthanised 
16 weaner NL M 114 18.8 61 Died before rehab 
17 weaner NL F 87 15.8 61 Euthanised 
18 weaner NL F 93 17.8 60.5 Euthanised 
19 weaner NL M 96 16.3 60 Died during rehab 
20 weaner NL F 82 15.3 60 Euthanised 
21 weaner NL M 80 14.3 60 Died before rehab 
22 weaner NL F 88 16.1 59 Died during rehab 
23 weaner NL F 89 16.9 58 Euthanised 
24 weaner NL F 71 10 58 Euthanised 
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ID Age 
class 

Where 
from Sex 

Body 
Length 

(cm) 

Body 
Mass 
(kg) 

Girth 
(cm) Cause of death 

25 weaner NL M 92 17 57 Euthanised 
26 weaner NL F 94 14.5 57 Died during rehab 
27 weaner NL M 86 13.9 57 Died before rehab 
28 weaner NL F 79 11.9 56.5 Euthanised 
29 weaner NL M 85 14.6 56 Died during rehab 
30 weaner NL M 94 14.6 55 Euthanised 
31 weaner NL F 92 13.7 55 Died during rehab 
32 weaner NL M 80 13.1 55 Died during rehab 
33 pup NL F 75 11.9 55 Euthanised 
34 pup NL M 84 11.79 54 Found dead in the wild 

35 weaner NL F 93 14 53 Died during rehab 

36 pup NL M 83 11.47 52 Euthanised 
37 weaner NL F 93 13.9 51.5 Euthanised 
38 weaner NL M 86 13 51.5 Died before rehab 
39 weaner NL F 87 12.4 51 Died before rehab 
40 pup NL M 86 10.6 51 Euthanised 
41 pup NL F 81 11.37 49.5 Euthanised 
42 pup NL F 82 9.3 49 Found dead in the wild 
43 pup NL M 80 9.46 47 Euthanised 
44 pup NL M 73 8.6 46 Found dead in the wild 
45 pup NL F 77 8.5 44.5 Died before rehab 
46 pup NL F 80 9.63 44 Found dead in the wild 
47 weaner NL M 87 9.3 44 Died during rehab 
48 pup NL F 70 8 44 Found dead in the wild 
49 pup NL M 87 9.43 41 Found dead in the wild 
50 weaner NL F 77 7.47 40 Euthanised 
51 pup NL M 80 7.28 38.5 Died during rehab 
52 pup NL M 80 9.95 36 Died before rehab 
53 weaner DE M 85.5 19.2 67.5 Mercy killed 
54 weaner DE F 98.5 17 66 Mercy killed 
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ID Age 
class 

Where 
from Sex 

Body 
Length 

(cm) 

Body 
Mass 
(kg) 

Girth 
(cm) Cause of death 

55 weaner DE M 90 14.6 65 Mercy killed 
56 weaner DE M 101 20.8 64 Mercy killed 
57 weaner DE M 90 17 63 Found dead in the wild 
58 weaner DE F 92 20.4 62 Found dead in the wild 
59 weaner DE F 99 17.8 60.5 Mercy killed 
60 weaner DE M 86 16 60.5 Found dead in the wild 
61 weaner DE M 90 16.6 59 Found dead in the wild 
62 weaner DE F 94 17 58 Found dead in the wild 
63 weaner DE M 90 14.6 57 Mercy killed 
64 weaner DE M 96 13.4 56 Found dead in the wild 
65 weaner DE F 82 11.6 55.5 Found dead in the wild 
66 weaner DE F 97 14.8 54 Mercy killed 
67 weaner DE M 81 10.2 51 Mercy killed 
68 weaner DE F 88.5 12 50 Mercy killed 
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Table S4.2. Pairwise Spearman correlations for pups and weaners. * indicates p < .05 after 
correcting for multiple comparisons using the Holm-Bonferroni method. 

Age 
class Variable 

Body 
Length 

(cm) 

Body 
Mass 
(kg) 

Girth 
(cm) 

VTL 
(mm) 

VFL 
(mm) 

VFT 
(mm) 

STDV1 
(mm) 

Pups 

Body 
Mass 
(kg) 

0.40       

Girth 
(cm) 0.23 0.72      

VTL 
(mm) 0.23 -0.03 -0.04     

VFL 
(mm) 0.22 0.08 -0.01 0.49    

VFT 
(mm) -0.21 0.11 0.42 0.01 0.16   

STDV1 
(mm) 0.20 0.18 0.08 0.49 0.79* 0.55  

STDV2 
(mm) 0.35 0.36 0.38 0.26 0.71 0.57 0.76* 

Weaners 

Body 
Mass 
(kg) 

0.51*       

Girth 
(cm) 0.28 0.76*      

VTL 
(mm) 0.39* 0.48* 0.39*     

VFL 
(mm) 0.58* 0.64* 0.41* 0.54*    

VFT 
(mm) 0.16 0.48* 0.50* 0.22 0.34   

STDV1 
(mm) 0.38* 0.61* 0.38* 0.46* 0.67* 0.47*  

STDV2 
(mm) 0.32 0.48* 0.31 0.47* 0.57* 0.30 0.66* 
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Table S4.3. Generalised linear model (GLM) estimates for all vocal structures. The vocal 
tract structures tested are vocal tract length (VTL), vocal fold length (VFL), subglottic 
tracheal dorsoventral distance 1 (STDV1) and subglottic tracheal dorsoventral distance 2 
(STDV2). For all models, the reference level for Age Class is “Pup” and the reference level 
for Sex is “Female”. 

Vocal 
structure Effect Estimate St. Err. 2.5% 97.5% p 

VTL 

Intercept 42.4788 9.2445 23.9898 60.9678 < .001 

Age Class-Weaner 4.6695 1.7801 1.1093 8.2297 < .05 

Body Length 0.4170 0.1184 0.1802 0.6538 < .001 

Body Mass 0.5933 0.2182 0.1569 1.0297 < .01 

Sex-Male 40.7192 12.1685 16.3822 65.0562 < .01 

Body Length*Sex-
Male -0.4610 0.1379 -0.7368 -0.1852 < .01 

VFL 

Intercept 9.1651 3.0598 3.0455 15.2847 < .01 

Age Class-Weaner -2.7492 3.2348 -9.2188 3.7204 0.399 

Body Length -0.0189 0.0396 -0.0981 0.0603 0.635 

Body Mass 0.1050 0.0301 0.0448 0.1652 < .001 

Sex-Male 1.0070 0.3670 0.2730 1.7410 < .01 

Age Class-
Weaner*Body 

Length 
0.0562 0.0411 -0.026 0.1384 0.177 

Age Class-
Weaner*Sex-Male -1.1833 0.4071 -1.9975 -0.3691 < .01 
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STDV1 

Intercept 15.389 1.6827 12.0236 18.7544 < .001 

Age Class-Weaner 1.7474 0.4352 0.8770 2.6178 < .001 

Body Length 0.0472 0.0236 0.0000 0.0944 < .05 

Body Mass 0.1887 0.0533 0.0821 0.2953 < .001 

Sex-Male 0.5956 0.2754 0.0448 1.1464 < .05 

STDV2 

Intercept 9.9726 1.8526 6.2674 13.6778 < .001 

Age Class-Weaner 1.5194 0.4792 0.5610 2.4778 < .01 

Body Length 0.0427 0.0260 -0.0093 0.0947 0.105 

Body Mass 0.1560 0.0587 0.0386 0.2734 < .01 

Sex-Male 0.4523 0.3032 -0.1541 1.0587 0.141 
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Figure S4.1. Predicted effects of (a) Age class and (b) Sex in each of the GLM models. 
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Figure S4.2. Predicted effects of (a) Body Length and (b) Body Mass in each of the GLM 
models. 
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Figure S4.3. Predicted effects of the body length and sex interaction for VTL (top), the body 
mass and age interaction for VFL (middle) and the age and sex interaction for VFL (bottom). 
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5   | Socially driven vocal convergence in harbour seal pups 

 

 

Abstract 

To help answer how language evolved in humans, comparative scientists have looked for 
animals that share our propensity for social interaction. Vocal accommodation—the ability 
to modify existing call types—is used to express social closeness or distance during social 
interactions. Due to its remarkable vocal imitative abilities, the harbour seal was proposed 
as a promising animal model for comparative work on the evolution of speech, although 
evidence for socially mediated vocal accommodation during conspecific interactions has 
been lacking. This study tested harbour seal pups’ ability for social vocal accommodation by 
disentangling the effects of physiological changes due to maturation from the social 
influences on vocal development. Study results confirmed previous findings that the acoustic 
structure of harbour seal pup vocalisations was affected by age, sex, body weight, and the 
interaction between age and sex. Notably, after accounting for maturation effects, harbour 
seal pups showed vocal convergence towards pups they frequently interacted with, while 
also remaining sufficiently identifiable to allow for individual recognition. These findings 
provide key missing evidence of socially driven vocal accommodation in harbour seals, 
indicating they may share similar predispositions for social interaction with humans. 
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Introduction 

The human “interaction engine” hypothesis suggests that language evolved thanks to the 

cognitive abilities and social behaviours that predispose us to communicative interaction 

(Levinson, 2006). To establish if humans share these predispositions with other species, the 

field of language evolution began studying how interactive communication modulates social 

behaviour in non-human animals (Bradbury & Vehrencamp, 2011; Fröhlich et al., 2019; 

Hauser, 1996; Pika et al., 2005; Seyfarth & Cheney, 2003). Since vocal signals can be 

transmitted over long distances, many animals use them to develop and maintain social 

relationships, particularly in environments with limited visibility, like oceans and forests 

(Dudzinski et al., 2009; Marten & Marler, 1977). Studying social behaviours that are 

maintained through vocal signalling in non-human animals, such as competition for space, 

access to mates, and parent–offspring recognition can thus provide interesting insights into 

the evolution of both animal vocal communication and spoken language. 

 

Vocal production learning (henceforth referred to as vocal learning)—the ability to 

modify or learn vocalisations based on auditory experience—is a fundamental prerequisite 

for the evolution of speech (Fitch, 2000; Jarvis, 2019). Recent frameworks suggest that vocal 

learning is best understood as a continuous trait, extending from vocal non-learners to 

advanced vocal learners (Arriaga & Jarvis, 2013; Petkov & Jarvis, 2012), with evidence for 

limited vocal learning found in many animals other than humans (Tyack, 2019). While 

advanced vocal learners can match vocal output to auditory templates, vocal 

accommodation—the modification of existing call types in response to social and 

environmental influences—is observed in a wider range of species (e.g., Briefer & 

McElligott, 2012; Lameira et al., 2010). In light of this, vocal accommodation has become 

recognised as an integral part of vocal learning frameworks (Ruch et al., 2018; Wirthlin et 

al., 2019).  

 

Two human-centred theories address the mechanisms and functions of vocal 

accommodation (Tinbergen, 1963). First, the Interactive Alignment Model (IAM; Pickering 

& Garrod, 2004) proposes that successful communication involves alignment at multiple 

levels of linguistic representations (e.g., lexical, syntactic, semantic, phonological). In 

conversation, such alignment would lead to increased similarity between speakers over time 
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due to an automatic priming mechanism linking production and perception. Second, the 

Communication Accommodation Theory (CAT; Giles & Baker, 2008) explains how 

individuals accommodate their communication to that of their conversation partner. 

According to CAT, people use two types of strategies to express social closeness or distance 

during interaction, namely convergence (i.e., becoming more similar) and divergence (i.e., 

becoming less similar). The IAM and CAT both emphasise alignment in communication but 

from different perspectives. While both theories emphasise alignment in interactive 

communication, the IAM explains the automatic cognitive processes of alignment, whereas 

CAT addresses how social motivations influence these processes—either reinforcing or 

overriding automatic priming based on the desire to signal social closeness or distance. 

Together, they offer a comprehensive understanding of how cognitive processes and social 

goals interact to influence real-time vocal modifications during social interactions. 

 

Understanding whether vocal accommodation in non-human animals is also driven by 

automatic priming mechanisms (as suggested by IAM) and socially mediated motivations 

(as proposed by CAT) can provide insights into the evolutionary origins of vocal 

communication systems, such as human speech. However, before we can determine whether 

the cognitive mechanisms underlying vocal accommodation are shared across species, it is 

essential to first establish if other species exhibit comparable behaviour with similar 

functions. Beyond humans, vocal convergence has been reported, among others, in Guinea 

baboons (Fischer et al., 2020), African penguins (Baciadonna et al., 2022), and Egyptian 

fruits bats (Prat et al., 2017), and likely serves to form new social bonds and maintain group 

cohesion. Vocal divergence in non-human animals, like group-specific calls, generally 

develops over longer timescales and co-occurs with vocal convergence (e.g., diverging from 

an out-group to increase in-group cohesion; Boughman, 1997; Crockford et al., 2004), but 

there are reports of animals showing accommodation during vocal exchanges, as found in 

Diana monkeys (Candiotti et al., 2012) and orange-fronted conures (Balsby & Bradbury, 

2009). Since numerous non-human mammals and birds are capable of vocal accommodation 

(for a review, see Ruch et al., 2018), it may be that the mechanisms underlying vocal 

accommodation in humans are shared with other species.  

 

Pinnipeds (seals, sea lions, and walruses) are gaining much interest as promising animal 

models for the comparative study on speech origins (Ravignani et al., 2016). Many pinniped 
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species have an extensive call repertoire and produce vocalisations in different behavioural 

contexts ranging from competition for mates to parent–offspring recognition (Charrier et al., 

2009; Mathevon et al., 2017). Specifically, the harbour seal (Phoca vitulina) stands out for 

its advanced vocal learning abilities. One famous study reported that an adult harbour seal, 

named Hoover, could imitate human speech by repeating words it heard from its caretaker 

after it was separated from its mother as a pup (Ralls et al., 1985), suggesting that these 

animals can match their vocal output to auditory templates. Moreover, harbour seal pups can 

also show vocal adjustment in response to environmental conditions by lowering their 

fundamental frequency in the presence of background noise (Torres Borda et al., 2021), 

potentially to avoid acoustic overlap. However, these two studies represent the only evidence 

for vocal learning in this species3, and further evidence of vocal learning—like socially 

driven vocal accommodation—is still lacking. Testing whether social interactions influence 

vocal behaviour can help address this knowledge gap and offer deeper insights into their 

vocal capacities. 

 

Harbour seal vocal communication during early development plays a role in individual 

recognition and potentially in social bonding as well. In their first weeks of life, harbour seal 

pups produce vocal signals known as mother attraction calls (MACs) but these disappear 

entirely from their vocal repertoire once weaned, suggesting these calls play an important 

role in parent–offspring recognition during lactation (Renouf, 1984). MACs are individually 

distinctive (Perry & Renouf, 1988; Renouf, 1984) and mothers can discriminate between 

recordings of different pups shortly after birth (Renouf, 1985). Harbour seal mothers 

regularly forage at sea during lactation and return to the breeding colony to find their pups 

(Riedman, 1990). Offspring survival thus depends on the pups’ ability to emit individualised 

signals and the mothers’ ability to accurately identify their pups’ signals when returning from 

foraging trips (Insley et al., 2003; Tibbetts & Dale, 2007), thereby avoiding misdirected 

parental care and possible risks of genetically unrelated adults injuring pups (Harcourt, 

1992). However, while the mothers do not vocalise, harbour seal pups find themselves in 

close proximity to other calling pups during lactation, raising the question of how their social 

environment impacts their vocal development.   

 
3 This statement refers specifically to vocal production learning, which involves modifying existing or acquiring 
novel vocalisations. It should not be conflated with forms of contextual vocal learning, such as vocal usage or 
comprehension learning (see Duengen et al., 2024, for work on these forms in harbour seals). 
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To fully appreciate the extent to which social interactions influence vocal development, 

it is important to determine how their vocal signals change as they mature into adults 

(Schusterman, 2008; Shapiro et al., 2004). Two previous studies characterised how the 

acoustic structure of harbour seal MACs developed throughout the lactation period (Khan et 

al., 2006; Sauvé et al., 2015). Study findings showed that acoustic parameters such as the 

fundamental frequency (f0), ascending and descending modulation of f0, the dominant 

frequency, and call duration were possibly individualised. Both studies also reported that 

individual differences in the acoustic structure of MACs are, in part, driven by differences 

in age, sex, and body length. These findings are perhaps unsurprising given that the 

production of vocal signals depends on vocal anatomy. In harbour seals, age and body length 

are positively correlated with the length of the vocal tract and of the vocal folds, and with 

the tracheal diameter (de Reus et al., 2022), indirectly affecting acoustic parameters like the 

f0, formant frequencies, and harmonics-to-noise ratio. Moreover, sex hormones lead to 

differential growth rates of laryngeal structures in males and females (Aufdemorte et al., 

1983). Longitudinal studies that disentangle the effects of maturation and learning on the 

acoustic structure of MACs are thus crucial for understanding the interplay of physiological 

and social influences on vocal development.   

 

In the present longitudinal study, I focus on how maturation and social interactions 

affect vocal development in harbour seals, expanding on previous ontogenetic work in this 

species (Khan et al., 2006; Sauvé et al., 2015) by including daily recordings of a larger 

number of harbour seal pups and different acoustic parameters. I aim to (i) further 

characterize how the acoustic structure of MACs develops during their first weeks of life 

and investigate the effects of age, sex, and body size on acoustic parameters, and (ii) identify 

evidence for vocal accommodation based on the frequency of social interactions. I 

hypothesise that several, if not all, acoustic parameters will be influenced by maturational 

changes related to age, sex, and body size. Moreover, based on CAT, I predict that the MACs 

of harbour seal pups that frequently interact with each other will become more similar, 

thereby showing socially driven vocal convergence. Although the present study does not 

directly test the mechanisms proposed by IAM, such vocal convergence may also be 

consistent with automatic priming processes linking perception and production. 

Demonstrating vocal convergence would offer much-needed experimental evidence of 
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socially driven vocal accommodation in harbour seals and provide a more comprehensive 

understanding of MAC development. 

 

Materials and methods 

Experimental design and subjects 

Aerial vocalisations were recorded from 64 harbour seal pups of the Eastern Atlantic 

subspecies (Phoca vitulina vitulina) from May 29th to July 28th of 2017. This study was 

conducted at Sealcentre Pieterburen in the Netherlands, a hospital that admits orphaned, sick, 

and injured seals for rehabilitation before releasing them back into the wild. Throughout the 

study, on-site veterinarians assessed the seals’ health to determine if they were fit enough to 

participate. Seals with known respiratory tract issues were not recorded. Each harbour seal 

pup participating in the study was recorded daily during the first phase of rehabilitation, 

typically lasting 2–⁠4 weeks depending on individual circumstances. 

 

The subjects, born in the wild, were admitted for rehabilitation between 0–⁠10 days 

postpartum. Upon arrival at the Sealcentre, veterinarians sexed the pups and estimated their 

age based on the condition of the umbilical cord and the closing of the umbilicus. 

Morphological measurements were also taken, including body length and weight, from each 

individual. The length of the pups was measured twice, first at intake and then at release. 

Animals were weighed at intake, followed by further weekly measurements during their 

rehabilitation, and again at release. It is important to note that the growth rate of body weight 

for harbour seals in rehabilitation is significantly lower than that of their wild-raised 

counterparts (MacRae et al., 2011; Richmond et al., 2010). Body mass values in this study 

are therefore not representative of healthy individuals and should thus be interpreted with 

caution. According to Sealcentre protocols, the pups were either housed in pairs or alone (3 

individuals).  
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Recording material and procedure 

Researchers recorded the vocalisations with a Sennheiser ME-66 unidirectional microphone 

(flat frequency response ranging from 40–⁠20,000 Hz ± 2,5 dB; Sennheiser electronic GmbH 

& Co. KG, Wedemark, Germany) connected to a Zoom H6 digital recorder (Zoom 

Corporation, Tokyo, Japan). The recordings had a 48 kHz sampling frequency with 24-bit 

quantisation and were saved as uncompressed WAV files. To protect the microphone from 

water splashes, we equipped it with an MZW-66 foam windshield.  

 

All subjects were recorded at intake, when veterinarians performed a physical health 

check of the animal, prior to being placed in one of three block facilities containing first 

phase units. Each unit was sampled daily during one of the four feeding sessions (early 

morning, late morning, afternoon, and evening), prior to handling of the animals, with each 

session lasting 10 minutes. Researchers made the recordings from a distance of about one 

meter away from the subjects. Flipper tags and fur patterns were used to accurately 

distinguish between pups housed in the same unit. During the recording, the researcher 

called out the pup’s name immediately after it produced a vocalisation to ensure that I 

assigned the vocalisations to the correct individual during acoustic analysis. Recordings 

stopped once the animals started the next phase of rehabilitation and were moved to different 

locations. 

 

Data annotation and pre- processing 

The dataset consists of roughly 100 hours of harbour seal pup recordings. To my knowledge, 

the scientific literature on acoustic signalling in harbour seal pups does not describe any call 

types other than the MAC. Therefore, all calls identified in the recordings were assumed to 

be MACs. I marked the onset and offset of all calls found in the audio recordings, and 

labelled MACs with visible formants and no temporarily overlapping sounds (e.g., calls from 

a partner, banging against a metal gate) as “u”, treating them as good-quality calls, while 

labelling all other calls as “p”. Continuous background noise, such as that coming from 

running water and electrical appliances, was ignored and later addressed during extraction 

of the acoustic parameters. To minimise potential annotation bias, I annotated the recordings 
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in random order. In total, I annotated 55,840 calls, of which 6,494 were good-quality MACs. 

Data annotation was done in the software Praat (v6.0.28; Boersma & Weenink, 2017), 

applying custom settings determined through visual inspection of the spectrogram (i.e., 

view range = 0–⁠5000 Hz, window length = 0.05 s, dynamic range = 70 dB, 

time step = automatic). Unfortunately, due to time constraints, these call annotations were 

not validated by a second annotator.  

 

Calls were removed from the annotated dataset for several reasons. First, out of the 64 

harbour seals recorded in this study, six died during rehabilitation. One of these animals was 

euthanised because of a megaoesophagus, a condition where the oesophagus becomes 

enlarged and loses its ability to efficiently move food to the stomach (Field et al., 2018; 

Mace et al., 2012). Animals afflicted by such a condition regurgitate their food and cough 

regularly to ensure that regurgitated material is not inhaled (Mace et al., 2012). Moreover, 

they can experience pressure on the airways due to their enlarged oesophagus (Dominguez 

et al., 1987; Maayan et al., 1990; Panzini & Traube, 1993), potentially leading to the 

production of unusual sounds. Since its condition may have affected its vocalisations, MACs 

from this animal were removed from the dataset. Second, calls of harbour seal pups produced 

during the intake were also removed to ensure that only calls recorded in the same acoustic 

environment (i.e., their assigned first phase unit) were retained. Finally, one seal was moved 

from block B to a smaller, separate unit (with different acoustics) during its initial phase of 

rehabilitation. All calls produced by this animal in the new location were removed to ensure 

that the acoustic environment remained as consistent as possible, meaning that only calls 

produced in the main first phase units were retained. Taken together, removing these calls 

reduced the number of good-quality MACs to 5,674 from 62 animals. 

 

Extraction of acoustic parameters and post-processing 

All good-quality MACs were retained instead of including only the 5 highest quality calls, 

as done in Garcia et al. (2016). By including all observations, I hoped to avoid selection bias 

and make sure that my results were representative of the natural course of vocal development 

in harbour seal pups. Prior to extraction of the acoustic parameters, the duration of each 

good-quality MAC was trimmed by a standardised amount to account for the reverberation 
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in the first phase facilities. A custom Python script using the packages TextGridTools (v1.4.4; 

Buschmeier & Włodarczak, 2013) and Parselmouth (v0.4.4; Jadoul et al., 2018) was written 

to extract 11 acoustic parameters (7 spectral and 4 temporal) from the MACs (Table 5.1). 

Note that, when extracting the fundamental frequency (f0), the first and last 10% of the call 

duration were ignored because pitch was not always established at the onset and offset of 

the call. The reverberation calculations and the advanced Praat settings used to extract each 

parameter can be found in the supplementary materials.  

 

While recording the animals and annotating the dataset, I noticed that one pup was 

vocalising at a fundamental frequency (f0) that was much higher than all of the other 

individuals. Calls from this seal were later removed from the annotated dataset because its 

f0 was estimated at about 1.2 kHz, whereas all other seals had a f0 below 800 Hz (see Figure 

S5.1). Removal of this individual further reduced the number of good-quality MACs to 

5,492 from 61 animals (30 females). 
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Table 5.1. Summary of acoustic variables extracted from good-quality MACs. 

Acoustic variable Description 

1. f0 Lowest frequency value (Hz) 

2. Minimum f0 Value at the 5th percentile of f0 (Hz) 

3. Maximum f0 Value at the 95th percentile of f0 (Hz) 

4. Time of minimum f0 
Location of value at the 5th percentile of f0 (% of call 

duration) 

5. Time of maximum f0 
Location of value at the 95th percentile of f0 (% of call 

duration) 

6. Dominant frequency Frequency of the highest amplitude (Hz) 

7. Centre of gravity Weighted mean of all observed frequencies (Hz) 

8. Harmonics-to-noise ratio Relative proportion of harmonic sound to noise (dB) 

9. Maximum intensity Highest intensity value (dB) 

10. Time of maximum intensity Location of maximum intensity (% of call duration) 

11. Duration Call length (ms) 

 

Interpolation of body size values 

Since body weight and length were not measured daily, I interpolated body size values for 

each seal by fitting a model to the available size data to obtain unique values for each 

recording day. Although previous work found that young harbour seals grow linearly in body 

weight (Markussen et al., 1989) and length (Hauksson, 2006), visual assessment of the 

relationship between weight and length, and age using scatterplots indicated a non-linear 

pattern, which seems better described by a quadratic function. Using the lmer function 

(lmerTest R package v3.1.3; Kuznetsova et al., 2017), generalised linear mixed effects 

models (GLMMs) helped predict body size values as a function of age. The weight model 

included both a random slope and a random intercept. The length model included only a 

random intercept because each pup was only measured twice, once at intake and again before 

release. An analysis of variance (ANOVA) was used to compare the fit of linear and 

quadratic models, with the quadratic model performing significantly better for both weight 



Socially driven vocal convergence in harbour seal pups 

 133 

Ch
ap

te
r 5

 

(χ² = 485, p < .001) and length (χ² = 10.7, p < .01). Although more complex models 

generally provide better fits, the selection of the quadratic model was further supported by 

visual inspection and confirmed by lower AIC values. The performance of each quadratic 

model was evaluated by extracting the conditional goodness-of-fit value, which considers 

the variance explained by all fixed and random effects. The conditional goodness-of-fit was 

97.6% for the weight model and 83.3% for the length model. Visual assessment of the model 

residuals using QQ plots and residual plots showed that the residuals were normally 

distributed and had equal variances (see Figures S5.2–5.⁠3). Model coefficients were then 

used to interpolate weight and length values for each seal across the recording period.  

 

Bayesian generalised linear mixed effects models 

Bayesian GLMMs were used to estimate how well the combination of the fixed effects age, 

sex, and their interaction, as well as body weight and length, and a random intercept for each 

seal could predict each acoustic call variable, as shown in Equation (1). Bayesian models 

estimate the probability of a hypothesis given the data, directly quantifying uncertainty in 

parameter values through probability distributions (Migon et al., 2014). This uncertainty is 

intuitively represented using a credible interval (CI)—a range of values within which the 

true parameter value is likely to fall. Parameters whose CI do not include zero are considered 

statistically significant (Hespanhol et al., 2019). The CIs directly reflect the uncertainty in 

the model’s predictions. In contrast, frequentist models estimate the probability of the data 

given a hypothesis and quantify uncertainty of parameter values using hypothesis tests like 

p-values (Migon et al., 2014), which are often misinterpreted. In short, Bayesian models can 

test a hypothesis directly instead of trying to reject the null hypothesis. A second advantage 

of using Bayesian models is that prior knowledge from previous studies can be incorporated 

in the models, allowing them to update the probability of a hypothesis (Migon et al., 2014). 

For example, in this study, I used previous parameter values from Khan et al. (2006) and 

Sauvé et al. (2015) to inform the prior probabilities for the models pertaining to the 

fundamental frequency, the dominant frequency, and call duration. Specifically, the informed 

priors had a normal distribution centred at the mean of the available parameter values and 

large parameter-specific standard deviations, resulting in weakly informative priors. For all 

other acoustic variables, I used uniform non-informative priors for each model parameter. 
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Note that Bayesian GLMMs with uniform, non-informative priors produce parameter values 

similar to those from frequentist models (Lemoine, 2019).  

 

!"#$%&'"	)*+'*,-.	~	!0. + 2.3 +4.'0ℎ& + 6.70&ℎ + !0. ∗ 2.3 +	(1	|	<=) (1) 

 

Bayesian modelling was done using the brms R package (v2.21.6; Bürkner, 2017). I 

specified each model using four Markov Chain Monte Carlo (MCMC) chains, 5000 

iterations per chain, and a warm-up period of 50% of the total number of iterations before 

sampling (van Ravenzwaaij et al., 2018). Using variance inflation factors (VIFs) from the 

performance R package (v0.10.3; Lüdecke et al., 2021) I checked that model parameters 

were not multicollinear, with VIFs below 5 indicating low correlation and between 5 and 10 

indicating moderate correlation. If VIFs were larger than 10, the parameter with the highest 

VIF was removed from the model and the model was refitted without that parameter. I 

performed prior sensitivity analyses for the three models that included informed priors using 

the priorsense R package (v1.0.2; Kallioinen et al., 2023). If the priors were deemed too 

strong, their standard deviation was increased, and the model was refitted with the new 

priors. For all models, I ensured that the MCMC chains converged using trace plots and 

checked that all R-hat values (i.e., statistical measure of convergence of the MCMC chains 

to the target distribution) were close to 1.00, but always below 1.1 (Gelman & Rubin, 1992). 

I also checked for the presence of outliers or influential values using Pareto shape 

parameters, with values larger than 0.7 indicating observations that greatly affect the 

posterior. I then extracted parameter estimates for each fixed effect and computed the 

model’s goodness-of-fit (Lüdecke et al., 2021). Finally, I visually assessed the model 

assumptions of residual normality and equal variance. No posterior predictive checks were 

performed for the models as this study aims to explore the size and direction of age, sex, and 

body size effects on each acoustic feature, as opposed to trying to find the best model fit.  

 

Discriminant function analysis 

Harbour seal pups in this study were housed in one of three facilities used for the first phase 

of rehabilitation. Although seal pups were housed in units either in pairs or alone, they were 

in acoustic contact with other pups housed in similar units within the same facility. If harbour 
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seal pups are capable of vocal accommodation, I expect pups housed in the same facility to 

sound more similar to each other compared to pups housed in a different facility. Moreover, 

despite vocally converging towards seals housed in a shared social environment, I expect 

seal pups to remain individually identifiable, thereby facilitating reliable mother–offspring 

recognition. To test both hypotheses, I performed a stepwise discriminant function analysis 

(DFA) that aimed to (i) extract the acoustic distances between pairs of seals, and (ii) attribute 

calls to the correct individuals. I first removed seals that produced less than 12 calls, given 

that 11 acoustic variables were extracted from the MACs and that the number of variables 

included in a DFA should always be smaller than the lowest number of samples per 

individual (Mundry & Sommer, 2007). Then, using the function greedy.wilks (klaR R 

package v1.7.3; Weihs et al., 2005), I selected the acoustic variables that best discriminated 

between individuals. 

  

Pairwise acoustic distances 

To compare how the acoustic structure of MACs differed between seals, pairwise acoustic 

distances were extracted based on the original variables instead of extracting them from the 

discriminant functions obtained after dimensionality reduction. I first computed a 

multivariate analysis of variance (MANOVA) to analyse individual differences by regressing 

seal identity onto the combination of acoustic variables extracted from the MACs. I then 

included the MANOVA results in the mvpaircomp function (biotools R package v4.2; da 

Silva, 2021) and, using the Wilks method, computed approximated F-values for each 

possible seal pair. These approximated F-values can serve as a proxy for the acoustic 

distance between individuals in the original, multivariate feature space, as done in Pfefferle 

and colleagues (2016). Similarly, for each unique pairwise combination, I determined if the 

paired seals were housed in the same (within group) or in a different facility (between group) 

and extracted their respective mean age, weight, and sex differences. Finally, using lmer 

(lmerTest R package v3.1.3; Kuznetsova et al., 2017), I built a GLMM where the pairwise 

F-values were included as dependent variable, and, as fixed effects, I included the variable 

group, but also the pairs’ respective age, weight, and sex difference to account for their 

possible effects. I also included two random intercepts for the facilities each of the paired 

individuals were housed in, thereby accounting for the different acoustics between housing 
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locations. Once the model was fitted, I visually assessed the model assumptions of residual 

normality and homoscedasticity. If assumptions were not met, the dependent variable was 

log-transformed and the GLMM fitted anew. 

 

Classification accuracies 

I performed a linear discriminant analysis (LDA) using a leave-one-out cross validation 

method to predict how accurately MACs could be assigned to the correct seals. The LDA 

was fitted using the lda function (MASS R package v7.3.61, Venables & Ripley, 2002) and 

used all acoustic features to correctly predict which seal produced each MAC. I then 

computed the classification accuracy score as a percentage. To check how the classification 

accuracy compared to chance levels, I computed 1000 different LDAs using datasets in 

which seal identity was randomised. Permuted datasets are used to test the null hypothesis 

that there is no relationship between the predictors and the response (Mundry & Sommer, 

2007). In other words, the cross-validated classification accuracies of the LDAs using the 

permuted datasets were used to form the distribution of values representing chance levels 

(i.e., the null distribution). I then compared how often the classification accuracy scores from 

permuted LDAs were equal or higher to the real score obtained from the original LDA. A 

probability value below 0.05 would indicate that the original LDA can assign MACs to the 

correct seals at levels that are significantly above chance. 

 

Results 

General call characteristics 

The reduced dataset contains 5,492 MACs from 61 animals (30 females). On average, the 

animals were 16 (13–20) days old, weighed 9.62 (8.21–10.35) kilograms, and measured 

80.20 (77.83–81.40) centimetres. These values represent the median and, in parentheses, the 

range between the first and third quartiles. Table 5.2 reports summary statistics for each 

acoustic variable, including the median, minimum and maximum, and the first and third 

quartiles. 
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Table 5.2. Summary statistics of harbour seal pup mother attraction calls. 

Acoustic variable Minimum Q1 Median Q3 Maximum 

f0 (Hz) 272.69 375.08 402.40 432.68 789.68 

Minimum f0 (Hz) 252.93 328.72 359.25 394.76 775.08 

Maximum f0 (Hz) 276.15 409.24 449.67 525.95 797.09 

Time of minimum f0 (%) 10.00 22.33 69.02 81.56 89.99 

Time of maximum f0 (%) 10.05 22.98 38.50 57.03 89.99 

Dominant frequency (Hz) 275.39 398.44 451.17 808.59 1710.94 

Centre of gravity (Hz) 346.69 554.07 661.41 855.55 1654.22 

Harmonics-to-noise ratio (dB) -2.69 5.85 9.75 14.74 32.56 

Maximum intensity (dB) 50.25 75.46 79.74 83.79 93.23 

Time of maximum intensity (%) 3.08 35.80 46.23 57.49 97.27 

Duration (ms) 128.65 540.13 661.08 802.38 1747.91 
 

Bayesian generalised linear mixed effects models 

Bayesian GLMMs were computed for all 11 acoustic variables extracted from the pup 

MACs. After specifying each model as shown in (1), I noticed that body length had a VIF 

value above 10 in all of the models. To solve this multicollinearity problem, all models were 

refitted without the fixed effect of body length. Only low to moderate levels of correlation 

between model parameters were present in the GLMMs after removal of body length. For 

the models informed by previous work, prior sensitivity analyses indicated that the original 

priors were too strong and were consequently readjusted to ensure that their effect on the 

posterior was not too strong. The adjusted priors and the corresponding prior sensitivity 

analyses results can be found in Table S5.1 the supplementary materials. The MCMC chains 

converged for all models and the R-hat values did not exceed 1.1 (Gelman & Rubin, 1992). 

No outliers were identified in any of the models. The effects of the intercept, age, sex, body 

weight, and the interaction of age and sex on each acoustic feature can be found in Table 5.3. 

Model goodness-of-fit values ranged from 0.05-0.49, suggesting that the model parameters 
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did not explain all the variance observed in the data for each acoustic feature. The 

distribution of the model residuals did not always seem to follow a normal distribution, with 

the tail ends showing deviations from the QQ-line (Figure S5.4). The residual variance, 

however, was rather homogenous, given the custom settings used to extract the acoustic 

features in this study (Figure S5.5). 

 

Age, sex, body weight, and interaction effects on the acoustic structure of MACs 

Older individuals produced calls with a lower f0, but with a higher dominant frequency and 

centre of gravity (Figure 5.2). The maximum f0 was observed later in the call as they grew 

older. Calls of older seals were longer in duration, less harmonic, and had a lower maximum 

intensity. Male harbour seal pups produced MACs with a lower f0 (D f0 = 39.09 Hz) and 

minimum f0 (D min f0 = 31.99 Hz). Males also produced longer calls (D duration = 140.76 

ms). Moreover, compared to females, time of maximum f0 occurred later in male calls, while 

the time of maximum intensity occurred earlier. Heavier seal pups produced calls with a 

lower maximum f0 and centre of gravity (Figure 5.3). They also produced calls of longer 

duration. 

 

 

Figure 5.2. Conditional age effects for the dominant frequency and the centre of gravity. 
The linear effect is represented by the black regression line and the shaded grey area 
represents the credible interval. Note that the estimates of the other model parameters are 
kept constant. 
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Figure 5.3. Conditional weight effects for the maximum fundamental frequency (maximum 
f0), the centre of gravity, and call duration. The linear effect is represented by the black 
regression line and the shaded grey area represents the credible interval. Note that the 
estimates of the other model parameters are kept constant.  
 

Several acoustic parameters showed an interaction effect between age and sex (Figure 

5.4). As animals aged, the f0 and the harmonics-to-noise ratio decreased for both sexes, but 

the decrease was much more pronounced in females. In contrast, for the maximum intensity, 

the decrease was more pronounced in males. At birth, the time of maximum f0 occurred 

earlier in female calls, but the opposite became true as animals grew older. Conversely, the 

time of maximum intensity at birth occurred earlier in males, while in older individuals, it 

occurred earlier in females. Finally, the call duration increased over time in females, whereas 

it decreased in males. 
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Figure 5.4. Conditional interaction effects between age and sex for f0, the time of maximum 
f0, harmonics-to-noise ratio, maximum intensity, time of maximum intensity, and call 
duration. Females are shown in blue and males in yellow. Linear effects are represented by 
the coloured regression lines, whereas the credible intervals are shaded grey with their limits 
defined by dashed lines. Note that the estimates of the other model parameters are kept 
constant. 

 

Discriminant function analysis 

A stepwise DFA was performed to compare pairwise acoustic distances within and between 

groups of seals, and to assess how accurately MACs could be attributed to the correct 

individuals. After filtering out seals that did not meet the minimum threshold requirement of 

producing at least 12 calls, the reduced dataset contained 5,441 MACs from 53 harbour seal 

pups. All of the 11 acoustic parameters were included in the analysis, given that all were 

useful in discriminating between different individuals, with f0, harmonics-to-noise ratio, 

centre of gravity, and call duration providing the largest contributions. 
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Pairwise acoustic distances 

After fitting the GLMM using the non-transformed F-values and noticing that the model 

failed to meet the assumption for homogeneity of variance, the F-values were log-

transformed, and the model was refitted. The acoustic distance between seals was 

significantly different depending on whether they were housed in the same or a different 

facility (t = -2.76, p < .01; Figure 5.5). Specifically, the acoustic distance between seals 

housed in the same facility was smaller than between those housed in different facilities. In 

addition, sex differences significantly affected pairwise acoustic distances (t = 2.55, 

p < .05), with pairs of same-sex individuals exhibiting smaller acoustic distances compared 

to those between males and females. Assumptions for residual normality and equal variance 

were visually assessed using QQ and residual plots, respectively (Figure S5.6). 

 

Classification accuracies 

The LDA classified 31.32% of all MACs to the correct seals. This cross-validated 

classification accuracy score was significantly better than the chance levels obtained through 

permutation (p = .00), which ranged from 4.61% to 6.58%.  
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Figure 5.5. Boxplots showing the distributions of the pairwise log-transformed 
approximated F-values observed between seals housed in the same facility and in a different 
facility. The distributions are significantly different from each other, as observed from the 
output of the GLMM. Note that the distributions plotted here do not account for the age, sex, 
and weight differences between paired seals. 

 

Discussion 

The present study showed that the acoustic structure of harbour seal pup MACs is affected 

by age, sex, body weight, and the interaction between age and sex. Results also showed that 

the acoustic distance between seals housed in the same facility is shorter than the distance 

between seals housed in different facilities. This finding indicates that harbour seals are 

capable of vocal convergence towards familiar conspecifics that they frequently interact 

with. Finally, results showed that pup MACs can be accurately assigned to the correct 

individuals, at levels that are significantly above chance.  

 

The first aim of this study was to test if age, sex, body weight, and the interaction 

between age and sex influence the acoustic parameters that characterise MACs. The results 

of the Bayesian GLMMs confirmed our hypothesis, as well as some findings from previous 
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vocal developmental work in this species (Khan et al., 2006; Sauvé et al., 2015). Vocal tract 

structures grow in size as seal pups mature and given that the production of MACs is 

constrained by their vocal anatomy, maturation will indirectly cause changes to the acoustic 

structures of MACs (de Reus et al., 2022).  

 

Study findings indicate that older pups and males produced MACs with a lower f0. The 

observed decrease in f0 as pups grow older can be explained by the growth of the vocal folds 

(Taylor & Reby, 2010). Effects of sex on f0 could be attributed to differing levels of 

testosterone across sexes acting on both the size and viscoelastic properties of the vocal folds 

(Aufdemorte et al., 1983; Beckford et al., 1985). In addition, the action of sex hormones 

causes a rapid increase in cartilage size, and consequently a larger larynx and longer vocal 

folds (Fitch & Hauser, 2003), which translates to a lower f0. These findings partially align 

with those of Sauvé and colleagues (2015) who also reported that MACs of older pups 

showed a lower f0, but instead found that males had a higher f0 than females. The different 

sex effect in both studies could be ascribed to differences in experimental design, for 

example, in terms of the animals recorded (i.e., wild vs. captive), the recording conditions 

(i.e., handling vs. no handling), and model specifications (with body length vs. with body 

weight). The current study also reported a decrease in the maximum f0 with increased body 

weight, which can likely be explained by the inverse relationship between body size and f0, 

observed in both carnivores and primates (Bowling et al., 2017). This explanation is further 

supported by the presence of body weight and the interaction between age and body weight 

being retained as model predictors for the size of the vocal folds (de Reus et al., 2022), the 

anatomical proxy for f0. A final notable f0-related effect found in this study is that the location 

of the maximum f0 occurs later in the call of older seals. The location of the maximum f0 can 

reflect the emotional or motivational state of an animal, with earlier peaks being tied to 

positive emotions in humans, whereas later frequency peaks indicate increased arousal 

(Briefer, 2012). Although more psychoacoustic work in non-human animals is needed to 

understand how acoustic parameters reflect emotions, it could be that an increase in the 

location of the maximum f0 signals a more urgent need for food in harbour seal pups. The 

pups need to grow as much as possible before their mothers leave and they have to learn to 

feed themselves, hence any additional food they can receive during lactation should increase 

their chances of survival (K. C. Harding et al., 2005). Future bioacoustics studies should 
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thus aim to describe the contexts in which vocalisations are recorded to better understand 

the emotional information that acoustic features could potentially convey. 

 

This study also showed that older individuals produce MACs that are less harmonic and 

have a longer duration. This decrease in harmonicity could be explained by the wider 

tracheal diameter of older pups (de Reus et al., 2022), potentially causing more unsteady air 

movements (i.e., turbulence) and noisier vocalisations, as found in humans (van den Berg et 

al., 1957). The increase in call duration with age could be attributed to their growing lung 

capacity (Fahlman et al., 2014). Call duration and harmonics-to-noise ratio are also known 

vocal correlates of arousal (Filippi et al., 2017), hence these findings could also reflect 

changes in the emotional and motivational state of older pups. Comparing results to previous 

work, Sauvé and colleagues (2015) found that older individuals produced calls with a longer 

duration. However, males in this study produced longer MACs than females, whereas in 

Sauvé and colleagues (2015), the females produced longer calls. Moreover, when looking at 

the interaction between age and sex in this study, call duration increased in females but 

decreased in males, whereas Khan and colleagues (2006) found the opposite effect. Given 

reports of geographical variation in adult call structure across harbour seal populations 

(Bjørgesæter et al., 2004; van Parijs et al., 2000, 2003), these differential effects for duration 

could potentially be attributed to the different subspecies studied. Specifically, this study 

reported on the Eastern Atlantic harbour seal (P. v. vitulina), whereas the other studies 

reported on the Western Atlantic (P. v. concolor; Sauvé et al., 2015) and the Eastern Pacific 

(P. v. richardii; Khan et al., 2006) harbour seal. Nonetheless, study findings clearly 

demonstrate that physiological changes associated with maturation, such as those related to 

age, sex, and body size, significantly influence the vocal development of MACs across 

subspecies. 

 

The results of this study provide an extension to previous ontogenetic work done in 

harbour seals (Khan et al., 2006; Sauvé et al., 2015). The choice for a Bayesian alternative 

to the usual frequentist GLMMs was motivated by the available prior knowledge from these 

earlier studies. Unfortunately, due to differences in the acoustic parameters chosen for the 

analysis, few parameters could be informed by prior knowledge, which constitutes a clear 

limitation. For example, this study did not look at frequency modulation because visual 

assessment of the raw data indicated that not all MACs had the “inverted u-shape” described 
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in the previous studies. Khan and colleagues (2006) only extracted parameters from the 

dominant frequency, and Sauvé and colleagues (2015) also looked at energy quartiles and 

amplitude ratios. Future work in bioacoustics should aim to define a standardised set of 

acoustic parameters when characterising non-human animal vocalisations, thereby allowing 

researchers to better inform their statistical models using prior knowledge. Given the 

integration of prior knowledge, results are not statistically independent from the studies to 

which they are compared. Researchers may doubt the validity of comparing findings 

between studies, especially given their a priori differences in terms of the animals tested 

(wild vs. captive), recording conditions (handling vs. no handling), and harbour seal 

subspecies. Prior sensitivity analyses were thus performed to test that the posterior was 

largely influenced by the data and the likelihood, and not by the prior (Table S5.1), making 

the priors in this study only weakly informative. Despite their differences, these three studies 

provide a solid baseline of how harbour seal pup MACs develop during lactation, enabling 

future comparisons across different populations and species.  

 

The second aim of this study was to test if harbour seal pups showed vocal 

accommodation. Specifically, it aimed to test if the MACs of pups that repeatedly interact 

with each other will sound more similar compared to those of pups they do not interact with. 

As predicted, results showed that the acoustic distances between seals housed in the same 

facility were significantly smaller than the acoustic distances between seals housed in a 

different facility. However, to properly determine if harbour seals were capable of vocal 

accommodation, it was important to account for maturational effects during lactation, such 

as the changes in acoustic structure related to age, sex, and body size (Khan et al., 2006; 

Sauvé et al., 2015). The linear mixed-effects model confirmed that, after accounting for 

maturational effects, the housing conditions significantly predicted pairwise acoustic 

distances, thereby highlighting the importance of the social environment on vocal 

development. Specifically, the present study finds that the MACs of harbour seal pups 

converge towards those of conspecifics as a result of repeated vocal interactions. Such vocal 

accommodation is consistent with the interaction engine hypothesis, which posits that social 

interactions play an important role in the emergence of advanced communication systems. 

Interestingly, the vocal convergence observed between the calls of harbour seal pups 

suggests that MACs may serve a communicative function that goes beyond parent–offspring 
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recognition. Moreover, these findings suggest that the mechanisms behind interactive vocal 

communication, which are essential for human speech acquisition, may have deeper 

evolutionary roots shared across species. 

 

Given that harbour seals have previously demonstrated a remarkable affinity for vocal 

learning (Ralls et al., 1985), finding evidence of social vocal accommodation in harbour 

seals is perhaps unsurprising but nonetheless, it constitutes an important contribution to a 

more comprehensive understanding of their vocal abilities. According to CAT, vocal 

accommodation is influenced by social motivations and manifests as either convergence or 

divergence, depending on the desire to express social closeness or distance (Giles & Baker, 

2008). While the present study clearly showed that harbour seals are capable of vocal 

convergence, it remains unclear whether this convergence is driven by positive social 

interactions with conspecifics. Future work could address this by incorporating a video 

camera into the experimental set-up and annotating non-vocal behaviours. Paired seals 

exhibiting more affiliative behaviours (e.g., nuzzling) should also show larger degrees of 

vocal convergence. If vocal accommodation is found to play a role in the formation and 

maintenance of social bonds, it could be established that this behaviour is driven by similar 

social motivations as in humans, allowing us to further explore whether the underlying 

cognitive mechanisms are shared. It is possible that harbour seals use a similar automatic 

priming mechanism linking perception and production, as proposed by IAM, particularly 

considering previous evidence of imitative abilities in this species (Ralls et al., 1985), where 

seals visibly match vocal output to an auditory template. Neurobiological studies (e.g., Cook 

et al., 2025; Hoeksema et al., 2021) and vocal learning experiments on trained animals (e.g., 

Duengen & Ravignani, 2024; Duengen et al., 2024) could provide additional insights into 

the cognitive mechanisms underlying vocal accommodation in harbour seals. 

 

Finally, the present study also found that MACs could be attributed to the correct seals 

at levels significantly above chance, indicating that seals diverge from one another and that 

their MACs are distinct enough to allow for individual recognition. However, it remains 

unclear which acoustic parameters are used for individual recognition in this species and 

how these parameters change over time. Future work could test the importance of acoustic 

parameters for individual recognition through playback experiments with mother–pup pairs. 

After recording the pup’s MACs, researchers could manipulate recordings one acoustic 
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variable at the time, play the altered sounds back to the mother, and infer each parameter’s 

contribution by assessing the mother’s reaction upon hearing the altered MAC. It is 

interesting to note that pup MACs remain sufficiently individualised to allow for individual 

recognition, despite vocally converging towards conspecifics their social environment, 

highlighting the possible competing pressures of individual recognition and social bonding 

on vocal development.  

  

This longitudinal study on the vocal development of harbour seals expands on earlier 

ontogenetic work in this species by including more animals and more acoustic parameters, 

confirming previous findings that MACs are subject to maturational effects and showing 

acoustic changes with age, sex, body weight, and the interaction between age and sex. 

Additionally, this study provides evidence of vocal accommodation in response to social 

influences, showing that the MACs of seal pups can vocally converge towards those of other 

pups, while remaining individualised enough to allow for individual recognition. These 

findings offer a more comprehensive understanding of vocal development in harbour seals 

and further reinforce the harbour seal’s potential as a comparative model for studying the 

evolution of (spoken) language. 
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Supplementary materials 

Reverb calculation 

Given that harbour seal pups were housed inside of first phase facilities, the mother attraction 

calls (MACs) they produced inside these closed units were reflected off the different 

surfaces, causing reverberation. The reverberation differed depending on the resonant 

properties of each facility. Unfortunately, during the annotation process, it was difficult to 

mark exactly where the call ended, and the reverberation began. It is thus not unreasonable 

to assume that I consistently annotated part of the reverberation during this process. To 

account for this, I measured the reverberation inside each of the first phase facilities by 

playing and recording pure tones of 20, 50, and 200 ms, respectively. The recordings were 

performed twice, using different recorder gains (4 and 5,5) to reflect the gain range used 

while recording harbour seals MACs in this study. The onset and offset of the recorded tones 

were then marked in Praat, similarly as when annotating MACs, but this time by two raters. 

For all possible combinations of pure tones, gains, and raters, I then subtracted the length of 

the pure tones from the annotation length to obtain a duration estimate for the observed 

reverberation. The median value was then taken as the estimated reverberation length, which 

ranged between 108–127 ms depending on the first phase facility.  
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Praat settings for acoustic parameter extraction 

Pitch parameters (f0, minimum and maximum f0, jitter) 

• method = “AC” 
• pitch_floor = 250 
• pitch_ceiling = 800* 
• silence_threshold = 0.1 
• voicing_threshold = 0.2 
• octave_cost = 0.1 
• voiced_unvoiced_cost = 0.3 
• octave_jump_cost = 0.5 

 
*pitch_ceiling was set at 1,500 Hz (i.e., 1.5 kHz) for the individual known to produce 
MACs with a f0 above 1 kHz 
 

Intensity parameters (maximum intensity) 

• minimum_pitch = 250 
• time_step = None 
• subtract_mean = True 

 
 
Harmonicity parameters (harmonics-to-noise ratio) 

• method = “CC” 
• time_step = 0.01 
• minimum_pitch = 250 
• silence_threshold = 0.1 
• periods_per_window = 5 

 
 
Spectrogram parameters (dominant frequency, centre of gravity) 

• window_length = 0.05 
• maximum_frequency = 10000 
• time_step = 0.002 
• frequency_step = 10 
• window_shape = “GAUSSIAN” 
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Table S5.1. Prior sensitivity analyses of the Bayesian linear regression models informed by 
priors, as determined by the powerscale_sensitivity function (priorsense R package; 
Kallioinen et al., 2023). The posterior should be largely influenced by the data and the 
likelihood, and not by the prior. The model should thus show low prior sensitivity, indicated 
by values below 0.05. Likelihood sensitivities below 0.05 indicate weak or non-informative 
likelihood. 
 

Variable Prior 
(µ ± s) Prior sensitivity Likelihood sensitivity Diagnosis 

Model: f0 

Age -0.4 ± 3 0.015 0.178 - 

Sex 25.9 ± 50 0.043 0.047 - 

Weight - 0.008 0.161 - 

Age*Sex -1.0 ± 3 0.024 0.172 - 

Model: dominant frequency 

Age 0.8 ± 6 0.031 0.047 - 

Sex -40.1 ± 60 0.040 0.033 - 

Weight - 0.032 0.061 - 

Age*Sex -4.7 ± 5 0.019 0.069 - 

Model: duration 

Age 0.4 ± 6 0.034 0.187 - 

Sex -44.1 ± 170 0.044 0.042 - 

Weight - 0.016 0.253 - 

Age*Sex 4.9 ± 10 0.044 0.098 - 
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Figure S5.1. Fundamental frequency distribution of all the harbour seal pups in the 
annotated dataset. The red circle shows all the f0 estimated from calls from the harbour seal 
pup named Bigos. Note that calls from this individual were removed from the annotated 
dataset because its f0 was consistently 2–3 times higher than all the other seals.  
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Figure S5.2. Assumptions of the weight model, showcasing the model residuals’ relative 
normality (QQ plot on the left) and equal variance (residual plot on the right).  
 
 

 

Figure S5.3. Assumptions of the length model, showcasing the model residuals’ relative 
normality (QQ plot on the left) and equal variance (residual plot on the right). 
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Figure S5.4. QQ plots used to visually assess if the residuals of the Bayesian regression 
models are normally distributed.   
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Figure S5.4. QQ plots used to visually assess if the residuals of the Bayesian regression 
models are normally distributed.
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Figure S5.5. Residual plots used to visually assess if the residuals of the Bayesian regression 
models show equal variance.  
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Figure S5.6. Visualisations of the normality (QQ plot on the left) and equal variance 
(residual plot on the right) assumptions of the log-transformed acoustic distance model.  
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Chapter 6 
  





 

 

 
 

6   | General discussion 
 

This thesis set out to address the gap in our understanding of harbour seal vocal 

communication by applying a recent modular vocal learning framework (Wirthlin et al., 

2019) to explore key aspects of vocal variability, flexibility, control, and coordination during 

social interaction. Notably, it provides a comprehensive reference for key vocal learning 

components in harbour seals using a combination of non-invasive methodologies, including 

post-mortem anatomical studies, along with acoustic recordings and behavioural playback 

experiments. This thesis serves as a foundation for meaningful comparisons between the 

vocal capabilities of harbour seals and other species, such as humans, supporting future 

comparative work on the evolution of vocal communication systems, including speech. 

 

This final chapter summarises the main findings and discusses their contributions in 

light of the previous literature, highlighting their broader implications for language 

evolution. It also discusses methodological insights and suggests several possible avenues 

for future work.  
 

Summary of main findings 

Chapter 2 demonstrated how the comparative method can be applied to gain insights into 

communicative behaviours by analysing findings from several animal groups. This chapter 

focusses on the role of signal timing in structuring social interactions and facilitating 

effective communication across species. Notably, interactive timing can range from turn-

taking in human conversation to impressive collective displays, like cricket choruses 

(Greenfield, 1994b) and the bioluminescent flashing of fireflies (Buck, 1988). However, 

timing can be difficult to study in large groups, which is why this study focussed on the 

smallest possible group size, namely pairs or dyads. This chapter reviewed the scientific 

literature on signal timing in dyadic interactions across various animal groups, including 

mammals, birds, anurans, and insects, while considering signals across multiple 

communicative modalities and behavioural contexts.  



General discussion 

 162 

This review provides a comprehensive table of definitions of various terms previously 

used to refer to rhythm or timing in dyadic interactions. Specifically, it distinguished 

between rhythmic interactions, during which mutual timing adjustments take place between 

individuals (e.g., Goebl & Palmer, 2009), and non-rhythmic interactions, where there is no 

timing adjustment between individuals but where the rhythmic patterns of individual signals 

may still influence social behaviour (e.g., Mathevon et al., 2017). Literature findings were 

analysed through the lens of Tinbergen’s four questions, considering function, phylogeny, 

ontogeny, and mechanism (Tinbergen, 1963). Dyadic interactions occurred mainly in social 

contexts, such as cooperation, teaching, and parent–offspring recognition, and in sexual 

contexts, such as courtship and competition. Findings indicate that for species raised in a 

social environment, signal timing is a skill learned and fine-tuned over the course of 

development. Although most timing mechanisms found in the literature are based on the 

concept of coupled oscillators (Wilson & Wilson, 2005), some species, such as birds and 

pinnipeds, exhibit a capacity for predictive timing, whereas others, such as anurans and 

insects, display reactive signalling. This distinction highlights the need for further research 

on the diverse timing mechanisms used across species. A major contribution of this review 

constitutes the identification of literature gaps and suggestions for future research, which 

could help develop an integrative cross-species framework. Notably, it advocates for the 

inclusion of more species, as well as more studies on tactile and multimodal signals, and on 

the neural mechanisms underlying signal timing.  

 
Chapter 3 investigated whether harbour seal pups exhibit turn-taking behaviour during 

vocal interactions with conspecifics. According to the “interaction engine” hypothesis, turn-

taking is a fundamental social skill that facilitates coordination between individuals during 

communication, as seen in human conversation (Levinson, 2006). Similarly, in non-human 

animals, turn-taking serves to facilitate cooperation, form and maintain social bonds, and 

strengthen group cohesion (Badihi et al., 2024; Demartsev et al., 2018; Pika et al., 2018). 

Turn-taking is defined as a rapid exchange of communicative turns, characterised by 

minimal silent gaps and minimal overlap between turns (Sacks et al., 1974). Notably, turns 

in human conversations are about 200 ms on average, which is about three times faster than 

the response latencies observed in word production tasks (Indefrey & Levelt, 2004), 

suggesting that individuals anticipate when to begin their turn. Moreover, previous work in 

humans observed that response latencies during telephone conversations showed a negative 
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lag-1 autocorrelation (Pouw & Holler, 2022), highlighting active timing adjustment on a 

turn-by-turn basis. In harbour seals, previous studies found that pups adopt an 

antisynchronous timing strategy during vocal interactions to avoid acoustic overlap 

(Anichini et al., 2023; Ravignani, 2019). However, these studies did not apply the standard 

methodology based on response latencies often used in human turn-taking research, which 

limited their ability to infer the extent of overlap and the length of the silent gaps. This 

chapter thus aimed to address this gap using response latency analyses to test whether 

harbour seal vocal interactions exhibit the core features of turn-taking behaviour. 

Specifically, it tested for the presence minimal gaps between turns and avoidance of overlap, 

reflected by short positive response latencies, and mutual call timing adjustment, reflected 

by a negative lag-1 autocorrelation of the response latencies. Finally, this study employed a 

playback experiment to test whether social dynamics, such as changes in tempo, rhythm, call 

duration, and sex of the caller, affected response timing during communication. 

 

The results of this study showed that the silent gaps between vocalisations of different 

individuals were on average 287 ms, indicating minimal gaps between turns and no overlap. 

Results from the playback experiment showed that response latencies were markedly shorter 

and even overlapped with the playback (-54.3 ms), potentially reflecting differences in call 

timing predictability or attention depending on whether pups interacted with a real (i.e., 

another seal) or fake (i.e., loudspeaker) partner. Additionally, the playback experiment 

showed that harbour seal pups responded more quickly at faster tempi and for longer call 

durations, suggesting that pups are sensitive to the temporal characteristics of the acoustic 

sequence and actively adjust their call timing based on the dynamics of the interaction. This 

study found a significant negative autocorrelation at lag-1, supporting the idea of mutual 

timing adjustment in turn-taking behaviour, where feedback from the previous turn 

influences the timing of the next. However, this autocorrelation was observed for both types 

of interactions, irrespective of whether a pup was interacting with a real or fake partner, 

indicating that similar turn-taking patterns can be observed with only a single individual 

adjusting its call timing.  

 
Chapter 4 tested whether the size of structures making up the vocal tract in harbour 

seals scales proportionally with body size. Body size is known to anatomically constrain the 

size and shape of the vocal tract, consequently influencing the range of vocalisations an 
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animal can produce (Reby & McComb, 2003). One well-known phenomenon is the inverse 

relationship between body size and fundamental frequency (f0), where larger animals (e.g., 

lions) produce vocalisations with a lower f0 than smaller animals (e.g., mice; Bowling et al., 

2017). When acoustic features of vocalisations accurately reflect body size, we refer to this 

relationship as “acoustic allometry” (Fitch, 2000; Taylor & Reby, 2010). However, some 

animals can deviate from this relationship, producing vocalisations that make them sound 

unexpectedly small or large given their actual body size. Previous studies proposed a 

“morphology vs. vocal learning hypothesis”, whereby animals deviate from acoustic 

allometry either through anatomical adaptations to the vocal tract or advanced vocal learning 

capacities (Garcia & Ravignani, 2020; Ravignani & Garcia, 2022). According to this 

hypothesis, vocal learners should be able to produce vocalisations that do not reflect their 

body size while possessing a vocal tract that scales in size with that of their body. This study 

tested whether harbour seals, which are considered vocal learners (Janik & Slater, 1997; 

Vernes et al., 2021) due to their remarkable vocal flexibility (Ralls et al., 1985; Torres Borda 

et al., 2021), exhibit vocal tract allometry.  

 

The study begins by reanalysing data from Torres Borda and colleagues (2021) to 

demonstrate that harbour seals can deviate from acoustic allometry, showing that harbour 

seals of differing body sizes can produce similar f0 values under different environmental 

conditions. Next, during post-mortem examinations of seals, body size information—such 

as length, mass, and axillary girth—was recorded and the vocal apparatus was removed to 

look for specific anatomical adaptations. No specialised vocal tract structures were found 

that could explain why seals sometimes deviate from acoustic allometry. Several 

measurements were then taken from the vocal tract, including vocal tract length, vocal fold 

length, vocal fold thickness, and tracheal dimensions. Using generalised linear models, the 

study found that body length and body mass strongly predicted vocal tract measurements, 

suggesting that vocal tract size scales proportionally with body size. Moreover, the study 

found differences in vocal tract measurements related to age and sex, indicating that their 

ability to violate acoustic allometry may change during development. For example, acoustic 

allometry for f0—the acoustic proxy of vocal tract length—may only emerge after 

puppyhood, suggesting that pups potentially show a higher degree of vocal flexibility than 

older animals. Taken together, these findings show that harbour seals can deviate from the 

well-established acoustic allometry relationship despite the size of their vocal tracts scaling 
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with their body size. Since no anatomical adaptations were found in the vocal tract, the study 

infers that harbour seals’ vocal learning capacities may enable them to escape their 

anatomical constraints. Specifically, the study proposes that they possess a refined capacity 

for vocal control, likely due to strong neural connections between the vocal tract and the 

brain, allowing them to actively modify the shape of their vocal tract and modulate their 

vocal output.  

 

Chapter 5 investigated whether harbour seal pups adjust the acoustic properties of their 

vocal output based on social interactions with conspecifics and provided an overview of their 

vocal development. Humans often accommodate their speech styles during conversation and 

converge towards each other to express social closeness or diverge from each to signal 

distance (Giles & Baker, 2008), demonstrating how social interactions influence 

communication. Similarly, vocal convergence in non-human animals has been reported as a 

means to strengthen social bonds (Baciadonna et al., 2022; Fischer et al., 2020; Prat et al., 

2017). Although previous work showed that harbour seals can accommodate their 

vocalisations based on environmental conditions (Torres Borda et al., 2021), vocal 

accommodation as a result of social interaction has not been reported in this species. To date, 

two studies characterised vocal development in harbour seal pups, showing how individual 

differences in the acoustic structure of their vocalisations are driven by differences in age, 

sex, and body size (Khan et al., 2006; Sauvé et al., 2015). Notably, they showed that despite 

the effects of maturation on vocal anatomy during development, certain acoustic features, 

such as f0 and the dominant frequency, remain highly individualised, allowing for individual 

recognition. The goal of this study was twofold. First, it aimed to provide a clearer overview 

of vocal development in harbour seal pups, building on the aforementioned studies by 

including a larger number of harbour seal pups and using daily recordings. Second, it tested 

whether harbour seal pups converge towards the calls of their conspecifics during social 

interactions by disentangling the relative contributions of maturation on vocal development 

from potential learning effects.  

 

This longitudinal study recorded daily vocalisations from 64 harbour seal pups daily 

over the course of several weeks. Using Bayesian linear models, this study tested how 

acoustic parameters of vocalisations changed throughout development, with parameter 

estimates from previous studies used to inform the models (Khan et al., 2006; Sauvé et al., 
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2015). As expected, the study reported that acoustic parameters changed with age, sex, and 

body size, emphasising the role of maturation in shaping vocal signals. Next, the study 

computed the acoustic distances between all possible pairs of seals to assess how similar 

they sounded to each other. Linear modelling was used to test the hypothesis that pairs of 

seals housed in the same location sounded more similar to each other than to pairs housed 

separately, all the while controlling for differences in age, sex, and body size. Additionally, 

a discriminant function analysis was performed to test if seals were individually recognisable 

at levels higher than chance. Study findings showed that pups housed together had 

significantly smaller acoustic distances between vocalisations than pups housed separately, 

indicating that harbour seal pups show vocal convergence in response to social interactions 

while remaining distinct enough to allow for individual recognition.  

 

Taken together, this thesis provides several important contributions, namely: 

 

• A detailed analysis of vocal learning capacities in harbour seals, contributing 

to the growing body of comparative work on vocal learning across species. 

 

• Demonstrates that harbour seals are constrained by their vocal anatomy and 

suggest their vocal flexibility arises from extensive neural control over their 

vocal tract articulators.  

 

• Shows that harbour seals coordinate social interactions with conspecifics 

through turn-taking, exemplified by minimal silent gaps between turns, 

overlap avoidance, and mutual timing adjustments during vocal exchanges. 

 

• Presents the first evidence that social interactions lead to vocal convergence in 

harbour seal pups, showing how social influences on vocal development can 

be disentangled from the effects of maturation.  

 

• Uses a combination of innovative methodologies, including anatomical 

studies, behavioural experiments, and diverse statistical approaches to study 

vocal learning in harbour seals.  
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Theoretical implications 

This thesis makes a compelling case for harbour seals as valuable comparative models for 

understanding the evolution of complex communication systems, like language in humans. 

The findings presented here provide important insights into speech acquisition and 

development through the lens of vocal learning (Jarvis, 2019). Results demonstrate that 

harbour seals exhibit vocal flexibility, vocal control, vocal coordination, and vocal 

variability in response to social and environmental conditions, all of which are essential 

components of vocal learning (Wirthlin et al., 2019). These abilities suggest that, like 

humans, harbour seals—despite being less vocally active—possess the capacity to modify 

and adapt their vocalisations in socially relevant ways, emphasising how studying vocal 

communication in harbour seals can shed light on the cognitive and neural mechanisms 

underlying vocal learning, and could contribute to our understanding of the evolution of 

speech. Specifically, harbour seals represent a previously underused mammalian model for 

the comparative study of vocal learning—showing enhanced neural control over vocal 

production and the ability to learn and use vocalisations during social interactions. Including 

species like the harbour seal in cross-species comparisons improves our capacity to infer 

whether speech-related traits arose through homologous or analogous evolution. 

 

The connection between vocal flexibility and neural control 

Harbour seals show a remarkable degree of vocal flexibility, as previously exemplified by 

Hoover, who famously imitated human speech (Ralls et al., 1985) and their ability to lower 

their fundamental frequency (f0) in response to environmental noise (Torres Borda et al., 

2021). These initial findings implied that harbour seals may not be as constrained by their 

vocal anatomy as would typically be expected, given acoustic allometry (Bowling et al., 

2017). The results presented in Chapter 4 confirm that harbour seal pups can deviate from 

the well-established inverse relationship between fundamental frequency and body size, 

showing they can produce vocalisations with f0 values that do not reflect their actual body 

size (de Reus et al., 2022). Notably, under varying environmental conditions, pups were 

found to produce vocalisations that could make them sound 5 kg larger or smaller. One 

possible function of this vocal flexibility relates to the “size-exaggeration” hypothesis 
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(Charlton & Reby, 2016). By lowering the f0 of their vocalisations, pups might create an 

impression of a larger body size, potentially deterring competition or aggression from larger 

conspecifics (Neumann, 1999). In contrast, another possible function is that increasing the 

f0 may elicit quicker responses from the mother, as higher-pitched vocalisations are often 

associated with distress (Briefer, 2012). Since deviations from acoustic allometry may arise 

either through anatomical adaptations to the vocal tract or from vocal learning capacities 

(Garcia & Ravignani, 2020; Ravignani & Garcia, 2022), it is important to consider if harbour 

seal vocal tracts possess any specific adaptations that might explain their vocal flexibility. 

Specifically, this thesis examined whether harbour seals exhibit a descended larynx—an 

anatomical feature previously considered a potential pre-adaptation for speech because it 

increases the repertoire of possible speech sounds that may be produced (Lieberman et al., 

1969).  

 

The anatomical examinations of the vocal tract performed in Chapter 4 confirmed the 

absence of a descended larynx or any morphological specialisations that might explain the 

vocal flexibility of harbour seals (de Reus et al., 2022). Notably, these examinations support 

previous claims that the vocal anatomy of harbour seals is remarkably similar to that of 

humans (Ravignani et al., 2016). Like humans, harbour seals possess a simplified larynx, 

without additional structures such as vocal membranes and laryngeal air sacs (Adams et al., 

2020). Interestingly, previous work in humans attributed our increased vocal flexibility to 

the evolutionary loss of these anatomical structures (Nishimura et al., 2022). Specifically, 

this simplification of laryngeal anatomy was proposed to minimise acoustic chaos and 

support precise control of frequencies necessary for phonation. However, this hypothesis 

alone does not fully explain the vocal flexibility observed in harbour seals. Although non-

human primates possess vocal membranes and laryngeal air sacs—and lack a descended 

larynx—vocal tract modelling in long-tailed macaques (Macaca fascicularis) has shown that 

their vocal tracts can produce human speech (Fitch et al., 2016), suggesting that vocal 

learning capacities are key in explaining vocal flexibility. 

 

Although several neurobiological adaptations support vocal flexibility in pinnipeds 

(Cook et al., 2025), fine-tuned neural control over the vocal apparatus is a necessary 

prerequisite for the production of complex vocalisations, like speech sounds (Jürgens, 2002; 

Nieder & Mooney, 2019; Simonyan & Horwitz, 2011). Specifically, increased laryngeal 
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control enables flexible vocal production, as it allows individuals to dynamically adjust the 

shape of the vocal tract. For example, humans can adjust the stiffness and length of their 

vocal folds, as well as their glottal configuration (Zhang, 2016), thereby modulating the 

acoustic properties of their vocalisations (e.g., f0) within anatomical limits. Since harbour 

seals lack specific anatomical adaptations in their vocal tracts (as shown in Chapter 4), the 

findings suggest that, like humans, extensive neural control over the vocal tract is likely 

responsible for the vocal flexibility observed in this species (Cook et al., 2025; de Reus et 

al., 2022). The “direct connections” hypothesis posits that neural control of the vocal tract 

emerges from direct connections between the neurons in the brain’s motor cortex and the 

primary motor neurons controlling the laryngeal muscles (Simonyan & Jürgens, 2003). 

While these direct connections have been observed in vocal learning birds (Striedter, 1994; 

Wild, 1997), neurobiological studies are still needed to confirm their presence in harbour 

seals.  

 

Nothing in communication makes sense except in the light of interaction 

The “interaction engine” hypothesis suggests that human social interactions are supported 

by a specialised set of communicative and cognitive skills (Levinson, 2006). Interestingly, 

the findings of vocal convergence (Chapter 5) and coordination (Chapters 2 and 3) show that 

harbour seals possess similar predispositions to facilitate social interactions. Along with 

previous findings in other species, they suggest that these communicative behaviours have 

deeper evolutionary roots and that the “interaction engine” hypothesis may be applicable to 

a much broader range of species.  

 

This thesis presents the first evidence that harbour seal pups exhibit vocal convergence 

during social interactions, indicating that communication is shaped by interaction. The 

results of Chapter 5 demonstrate that harbour seal pups adjust their vocalisations to sound 

more similar to those of the conspecifics they frequently interact with. Specifically, the 

acoustic distance between pairs of seals housed together is significantly shorter than that 

between those housed separately. Previous studies reported that harbour seal pup 

vocalisations were highly individualised and their structure was affected by biological 

factors such as age, sex, and body size (Khan et al., 2006; Sauvé et al., 2015). Hence, the 
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models used to determine the effect of social interaction on their vocalisations controlled for 

these biological differences. This thesis expands on this earlier developmental work, 

showing that vocal development is not only subject to biological factors, but also social 

factors. Notably, it shows that harbour seal pup vocalisations remain uniquely identifiable at 

levels higher than chance, despite showing vocal convergence towards conspecifics. While 

these vocalisations have only been described in the context of mother–offspring recognition 

(Perry & Renouf, 1988; Renouf, 1984), this finding raises the possibility that they may serve 

a different function beyond individual recognition, such as social bonding. This idea aligns 

with similar observations in humans and other animals, where communication is not only a 

means of conveying information, but also a tool for fostering social bonds (Baciadonna et 

al., 2022; Fischer et al., 2020). For example, during conversation, humans regularly 

accommodate their speech styles (e.g., accent, intonation, f0) and converge to that of their 

partner to signal social closeness (Giles & Baker, 2008). Moreover, despite our capacity for 

vocal accommodation, every human voice contains individualised markers that are 

preserved across sound types (Pisanski et al., 2020). Such individual variation may result 

from subtle anatomical differences between individuals (e.g., Rua Ventura et al., 2013) or 

from genetically predisposed motor biases influencing how individuals use their voices (Toji 

et al., 2024), and which persist regardless of environment or experience. In sum, although 

biology partly dictates vocal output, evidence of vocal convergence in harbour seal pups 

reinforces the importance of social interaction in shaping communication across species.  

 

This thesis also confirms that harbour seal pups engage in turn-taking behaviour during 

vocal interactions. Results from Chapter 3 demonstrate that turn transitions during vocal 

interactions are characterised by short silent gaps and minimal overlap between turns. This 

finding suggests that pups possess an affinity for interactive timing and aligns with results 

from the literature review presented in Chapter 2 (de Reus et al., 2022). Moreover, seals 

actively adjust the timing of their calls during these vocal exchanges on a turn-by-turn basis, 

as evidenced by the negative lag-1 autocorrelation of Chapter 3. The finding that harbour 

seal pups avoid acoustic overlap with conspecifics supports previous work, which suggested 

an antisynchronous timing strategy to facilitate information sharing and aid individual 

recognition in noisy colony environments (Anichini et al., 2023; Ravignani, 2019). While 

these earlier studies focused on call timing in the context of mother–offspring recognition, 

the interactions in Chapter 3 were recorded in the absence of mothers, indicating that turn-
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taking behaviour in this species might also serve social functions. The results of Chapter 3 

resemble human turn-taking, where minimal silent gaps and minimal overlap between turns 

facilitate orderly communication (Sacks et al., 1974; Stivers et al., 2009). Humans anticipate 

when to speak and when to remain silent, showing both predictive timing and mutual timing 

adjustments (Pouw & Holler, 2022). Future studies should help determine if harbour seals 

similarly use predictive mechanisms when coordinating vocal exchanges. Moreover, in 

humans and other animals, turn-taking plays an important role in maintaining and 

developing social bonds (e.g., Badihi et al., 2024; Demartsev et al., 2018; Pika et al., 2018). 

In harbour seals, the role of social interaction in vocal coordination is supported by results 

from a previous playback experiment, showing that pups initially predicted the timing of 

playback calls, but that this anticipation dissipated over time, likely due to habituation to the 

“non-social” stimuli (Anichini et al., 2023). Additionally, the results of the playback 

experiment in Chapter 3 showed that harbour seals adjust the timing of their calls in relation 

to tempo and call duration, highlighting their sensitivity to the interaction dynamics. Finally, 

it should be noted that turn-by-turn adjustment can also be observed in the absence of social 

partners, which raises the question of whether mutual timing adjustment is a necessary 

condition for turn-taking. Regardless, evidence of vocal coordination in harbour seals further 

supports the idea that communication is contingent on interaction (whether social or non-

social).  

 

Methodological contributions and considerations 

This interdisciplinary thesis integrates a wide range of concepts, theoretical frameworks, and 

methodologies to study vocal communication in harbour seals and situate the findings within 

the context of language evolution. While a comparative approach enriches our understanding 

by drawing from a variety of scientific disciplines, it is important to recognise the 

contributions and limitations inherent to this type of work. 
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On frameworks of vocal learning 

The concept of vocal learning has evolved significantly over time, reflecting our growing 

understanding of this complex trait. The first framework by Janik and Slater (1997) classified 

vocal learning into two distinct forms: vocal production learning and vocal contextual 

learning. Over time, the emphasis in the literature shifted almost entirely to vocal production 

learning because the ability to modify and learn vocalisations based on auditory experience 

is central to human speech acquisition (Jarvis, 2019). Notably, this focus led to a 

reconceptualization of vocal production learning as a trait lying on a continuum (Petkov & 

Jarvis, 2012) and consisting of multiple dimensions (Vernes et al., 2021). These newer 

frameworks recognise the complexity of vocal production learning and extend its study to a 

broader range of species. However, despite their strengths, the ongoing reframing of how 

vocal learning is defined and structured can make it difficult to systematically compare 

findings across studies and species. For instance, Vernes and colleagues (2021) describe 

vocal production learning in terms of how vocal output matches an auditory template across 

three dimensions: model, degree, and timing. In contrast, Wirthlin and colleagues (2019) 

propose three modules—vocal versatility, vocal production variability, and vocal 

coordination—which do not map easily onto the former framework. For example, the 

module vocal versatility seems to correspond to the model and degree dimensions, while 

vocal production variability overlaps more with timing, though this mapping is not explicitly 

defined. These conceptual differences make it challenging to align findings across 

frameworks and hinder systematic, cross-species comparisons. Given that animal studies 

often involve long preparation times, newer frameworks may emerge by the time results are 

published, making it difficult to interpret findings in light of the most current conceptual 

models. These conceptual adjustments have also been accompanied by changes in how 

terminology is used in the field. In particular, the term “vocal learning” is now often used to 

refer exclusively to vocal production learning (e.g., Boughman, 1998; Connor et al., 1998; 

Jarvis, 2019), leading researchers to overlook how individuals learn to use and comprehend 

vocalisations within social contexts. 

 

This thesis demonstrates that vocal behaviours in harbour seals are heavily influenced 

by social interactions (Chapters 3 and 5). Therefore, one of the main contributions of this 

thesis is addressing the gap in research on vocal contextual learning. Its findings emphasise 
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the need to better acknowledge the contribution of contextual factors (e.g., type of partner, 

interaction dynamics) in shaping vocal communication. Consequently, to advance our 

evolutionary understanding of vocal learning and its role in the emergence of advanced vocal 

communications systems—like speech—future definitions and frameworks must embrace a 

more inclusive approach that considers both production and context (e.g., Wirthlin et al., 

2019).  

 

The comparative conundrum: Advantages and challenges of cross-species comparisons 

The comparative approach is a powerful tool for understanding the evolution of complex 

traits across species, such as communication. By considering the evolutionary relationships 

between species, we can identify which traits arose through shared ancestry and which 

evolved independently in different animal groups. Respectively, these relationships allow us 

to make inferences about the characteristics of extinct common ancestors and the 

socioecological contexts that drove their evolution. This thesis contributes to our 

understanding of vocal learning by studying this trait in harbour seals, reinforcing their value 

as comparative models for language evolution, particularly speech. Its findings demonstrate 

that social interactions are fundamental in shaping vocal communication (Chapters 3 and 5) 

and suggest that, like humans, vocal flexibility emerges from extensive neural control 

(Chapter 4). These results demonstrate how the comparative approach can highlight 

important aspects of communication and open up exciting future research avenues (Chapter 

2). 

 

Despite its strengths, the comparative approach is not without its challenges. Cross-

species comparisons are complicated by differences in research designs, environments, and 

experimental contexts. As noted by Henry and colleagues (2021), to meaningfully compare 

traits between species, experimental designs must account for species-specific constraints—

including physical, perceptual, and motivational factors—in order to be ecologically valid. 

For example, in this thesis, the playback experiment from Chapter 3 used calls from harbour 

seal pups that were played at tempi falling within their natural range (Ravignani, 2019). Such 

careful consideration of the species' natural vocal properties ensures that experiments reflect 

vocal behaviours that are as naturalistic as possible. To confirm the ecological validity of 
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these findings, they should be corroborated by behavioural observations in the animals’ 

natural environment. A comparative approach thus necessitates a close interplay between 

field observations and experimental work to understand species-specific constraints, design 

ecologically valid experiments, and validate experimental findings. Notably, if experiments 

are not carefully designed and findings are not validated by behavioural observations, 

conclusions may fall prey to anthropocentric bias—the tendency to interpret non-human 

animal behaviour through a human-centric lens, distorting our understanding of their actual 

behaviour. Finally, another challenge in comparative work is to not overlook species that do 

not share similar life histories with humans, such as those differing significantly in anatomy, 

behaviour, or cognitive capacity (Kokko, 2017). Such taxonomic chauvinism restricts the 

scope of research and limits the range of species studied, narrowing our general 

understanding of how communication systems could have evolved across the animal 

kingdom. By including a wider variety of species—especially those with different life 

histories like harbour seals—we move away from the traditional primate-centric approach 

and gain more insights into our own behaviours and their evolution 

 

In conclusion, while the comparative approach is an invaluable tool for understanding 

behaviour, such as communication, it is essential to be mindful of its diverse challenges. By 

refining experimental designs to accommodate species-specific constraints, acknowledging 

anthropocentric biases, and broadening the scope of research to include less studied species, 

we maximise the value of the comparative approach and deepen our understanding of how 

communication evolved across species.  

 
Working with harbour seals undergoing rehabilitation 

Some may question why the behavioural work presented in this thesis (Chapters 3 and 5) 

was conducted on harbour seals undergoing rehabilitation and whether the findings on the 

role of social interactions in shaping vocal communication can be generalised to natural 

populations.  

 

The harbour seals part of this study were young pups, admitted into rehabilitation 

shortly after being born in the wild. Upon arrival, pups were paired and housed in an 



General discussion 

 175 

Ch
ap

te
r 6

 

intensive care unit, with several units constituting one housing location—a controlled 

environment that provided two unique research advantages. First and foremost, it allowed 

researchers to track all the social interactions pups experienced during their stay. 

Specifically, pups housed together could see, hear, and physically interact with each other, 

and since the units were not acoustically isolated, they could also hear pups calling from 

other units within the same location, albeit with some signal attenuation. Knowing when and 

where animals were housed meant researchers knew exactly with whom an individual 

interacted and for how long, enabling them to control for these interactions in behavioural 

analyses. In contrast, in the wild, young seals move around the colony during the lactation 

period, making it impossible for researchers to track every interaction they have with other 

pups, juveniles, and adults without continuous 24h observations. Second, captive conditions 

allowed for recording high-quality vocalisations, since animals were housed indoors and 

could be approached closely. In the wild, the quality of audio recordings is highly influenced 

by weather conditions like wind and rain, causing greater interference from environmental 

noise (Wiley & Richards, 1978). Additionally, recordings would need to be made from a 

much greater distance to avoid disturbing the natural interactions within the colony, meaning 

vocal signals would be substantially attenuated by the time they are recorded, particularly 

the higher frequencies (Bradbury & Vehrencamp, 2011). In short, working with harbour seals 

in a rehabilitation centre enabled highly controlled experiments, but at the cost of (some) 

ecological validity. 

 

Carrying out behavioural experiments in wild populations also raises several ethical 

concerns related to animal welfare and working in protected natural areas. These 

considerations would not only affect the experimental design but also would require proper 

assessment by an ethical committee before research permits could be issued. Although the 

rehabilitation centre did not require a research permit thanks to the non-invasive nature of 

the experiments, animal welfare was ensured through strict care protocols and close 

coordination with the on-site caretakers and veterinarians. Since animals are admitted into 

rehabilitation because they are often sick or injured, their health is always the foremost 

priority when designing experimental protocols and collecting experimental data. For 

example, researchers were only allowed to enter the units when the animals were being 

tended to, minimising unnecessary stress from human interaction. Researchers were also 

required to wear personal protective equipment, such as hospital scrubs, sanitary gloves, 
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masks, and hairnets when present in the facilities to minimise any biosecurity risks. 

Furthermore, experiments with complicated setups—such as the playback experiment—had 

to be assembled and disassembled each time to ensure caretakers could continue to easily 

access the animals. To maintain high biosecurity standards, all equipment was disinfected 

after every session to prevent any risk of disease transmission between animals or facilities. 

However, despite these precautions, experimental sessions could be cancelled by the 

veterinarians due to concerns about the animals’ health, leading to the loss of potential data. 

I feel it is important to clarify that, while this research capitalised on the opportunity to 

conduct non-invasive behavioural experiments during the seals’ brief time in rehabilitation, 

all healthy animals were released back into the wild. 

 

In summary, although working with in harbour seals in a captive setting presents several 

limitations, the controlled environment provided valuable behavioural insights that would 

have been challenging to obtain in the wild. Importantly, this research employed ecologically 

valid paradigms, and the seals were neither habituated to humans nor trained to perform 

specific behaviours, as is often the case in long-term captivity. These semi-captive conditions 

more closely approximated natural contexts, supporting the likelihood that findings would 

generalise to wild populations. Nonetheless, field observations would admittedly be a critical 

next step in validating the conclusions of this work.  

 

Leveraging the power of playback experiments 

Playback experiments—which involve broadcasting signals and observing responses—have 

long been an invaluable tool in the study of animal communication (e.g., Narins, 1982). They 

have been successfully used to investigate a wide range of behaviours, including 

territoriality, mate choice, predator-prey interactions, and mother–offspring recognition 

(Deecke, 2006; Fischer et al., 2013). The non-invasive nature of playback experiments 

makes them particularly suitable for studying behaviour in wild animals without 

significantly disrupting their natural activities. Additionally, their flexibility allows them to 

be adapted to various communicative modalities (e.g., acoustic, visual, chemical, electrical), 

making them applicable across a broad range of species. Finally, recent technological 

advances enabled the creation of automated playback systems that can respond in real-time, 
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making the playback design interactive and helping to simulate natural communication 

dynamics (King, 2015).  

 

Playback experiments can be leveraged as a powerful tool for testing a variety of 

hypotheses in a controlled manner, including individual and kin recognition, the function of 

signals, and cognitive mechanisms involved in communication. In Chapter 3 of this thesis, 

an acoustic playback experiment was used to simulate vocal interactions in harbour seal 

pups. While it cannot fully replicate the complexity and spontaneity of natural social 

interactions, the experiment used naturalistic stimuli—recorded calls from other pups—and 

systematically manipulated variables such as tempo, rhythm, call duration, and sex of the 

caller to test how seals adjusted their vocal responses. The results offered valuable insights 

into the timing mechanisms they use to coordinate social interactions and their sensitivity to 

the interaction dynamics. One way to make the current playback experiment more interactive 

could be to design a “call-triggered playback system” (Narins, 1982), where a seal 

vocalisation could trigger a random calling bout of 3–⁠6 vocalisations from the loudspeaker. 

Consistent with previous observations (Anichini et al., 2023; Ravignani, 2019) and the 

findings of this thesis (Chapter 3), the system could be designed to delay playback 

vocalisations when the seal responds, thereby avoiding overlap and further increasing the 

ecological validity of the experiment. Moreover, recorded vocalisations of several different 

pups could be used for these triggered bouts to mimic interactions with different individuals 

in the colony. In Chapter 4, results showed that harbour seal pups can flexibly adjust the f0 

of their vocalisations to make themselves sound smaller or larger than they actually are (de 

Reus et al., 2022). Future playback experiments performed in wild colonies could 

manipulate the f0 of calls (see Stansbury & Janik, 2021) to explore the function of such vocal 

modulation in harbour seals. In short, the flexible design of playback experiments makes 

them an extremely versatile method that can be tailored to address a wide range of diverse 

research questions in animal communication.   

 

Future directions  

This thesis’ findings of vocal flexibility (Chapter 4), convergence (Chapter 5) and 

coordination (Chapters 2 and 3) in harbour seals show that vocal learning can emerge in 
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species with more solitary lifestyles, challenging the assumption that communicative 

complexity is primarily a trait of group-living animals (Freeberg et al., 2012). The results of 

Chapter 5 show that repeated social interactions lead to vocal convergence in harbour seals. 

It would be interesting to test whether the degree of vocal convergence is stronger for 

animals that share stronger social bonds. For instance, animals housed together that spend 

more time in close proximity and show more affiliative behaviours may exhibit a greater 

degree of vocal convergence than pairs with fewer affiliative interactions. While these 

findings would reinforce the idea that vocal learning plays an important role in facilitating 

social interactions, it is also possible that vocal learning originally evolved for a different 

purpose (Carouso-Peck et al., 2021; Nowicki & Searcy, 2014). Therefore, one interesting 

avenue for future research would be to explore why vocal learning evolved in harbour seals 

and other “less socially complex” species, and to consider alternative explanations for 

communicative complexity beyond sociality (Ord & Garcia-Porta, 2012).  

 

Admittedly, by focusing exclusively on vocal communication in harbour seals and 

neglecting other non-vocal signals, this thesis is limited in scope, preventing a full 

appreciation of the richness of their communication. As discussed in Chapter 2, future 

research should explore non-vocal signals, like percussive and visual behaviours (e.g., 

Hocking et al., 2020; Kocsis et al., 2024), and examine how these integrate with vocal signals 

to facilitate social interactions. For example, the video recordings made in Chapter 3 to 

attribute vocalisations to the correct seal during the playback experiment could also be 

annotated to identify non-vocal behaviours (e.g., flipper slapping, sniffing, scratching) that 

play a role in communication. To isolate potential multimodal signals, one approach could 

be to examine non-vocal behaviours that co-occur closely in time with vocal productions. 

While the functional significance of these behaviours during social interactions would need 

to be tested, this line of inquiry could reveal whether harbour seals possess a well-developed, 

multimodal communication system and more complex social interactions than previously 

surmised. Moreover, it would be interesting to explore if these multimodal signals further 

facilitate response times during turn-taking in harbour seals, as seen in humans (e.g., ter 

Bekke et al., 2024). Ultimately, this research could provide a more comprehensive 

understanding of harbour seal communication and facilitate future cross-species 

comparisons.  



General discussion 

 179 

Ch
ap

te
r 6

 

Since the findings from Chapter 4 support the idea that the vocal flexibility of harbour 

seals likely stems from advanced neural control over their vocal tract, future work should 

confirm whether the “direct connections” hypothesis is also applicable to vocal learning 

seals (Simonyan & Jürgens, 2003). Specifically, neurobiological studies—involving 

magnetic resonance imaging and tractography—should aim to test for the presence of direct 

connections between the brain’s motor cortex and the laryngeal muscles. As previously done 

in birds (Striedter, 1994; Wild, 1997), similar studies in (presumably) non-vocal learning 

pinnipeds, such as otariids, should confirm the absence of direct connections to provide solid 

evidence linking vocal flexibility and neural control. Notably, specific neurobiological 

adaptations may subserve different aspects of vocal flexibility (Cook et al., 2025; Tyack, 

2019), and the extent to which these circuits are integrated may more accurately reflect a 

species’ vocal learning ability. For instance, neurobiological studies in harbour seals and less 

vocally flexible pinnipeds could offer valuable insights into how vocal flexibility may arise 

from neural connectivity between the brain’s auditory and motor systems. In humans and 

zebra finches, strong auditory-motor coupling allows for real-time error correction of vocal 

productions following auditory feedback (Liu et al., 2018; Roberts et al., 2017). Based on 

evidence from the primate lineage, the “gradual audiomotor evolution” hypothesis suggests 

that the enhanced neural connectivity observed in humans may have evolved gradually 

(Merchant & Honing, 2014). Interestingly, while this hypothesis focussed on rhythmic 

entrainment, these same circuits have also been proposed to underpin vocal learning ability. 

Comparative studies across pinniped species with varying degrees of vocal flexibility could 

thus test both hypotheses simultaneously, providing critical insights into how neural control 

of the vocal tract and auditory-motor coupling interact to shape vocal flexibility. 

 

The results from Chapter 4 suggest that pups may be less constrained by their vocal 

anatomy, indicating that the extent of vocal flexibility in harbour seals may be tied to a 

developmental window or sensitive period (Duengen & Ravignani, 2023). One promising 

line of future inquiry would be to integrate anatomical data with audio recordings taken prior 

to an animal’s death. In the event of death, all previous recordings from that animal would 

constitute valuable data for studying how its vocal tract anatomy influences the acoustic 

properties of its vocalisations. Importantly, it could allow researchers to gain insight into its 

vocal range. Moreover, collecting data from both pups and weaners would help determine if 

and how vocal flexibility changes with age. Unfortunately, audio recordings were taken from 
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only three of the seals whose vocal tracts were measured in Chapter 4, with too few recorded 

vocalisations to yield meaningful statistical power. To address this, future work carried out 

in a captive setting should aim to obtain daily recordings from all animals admitted to the 

facility. Finally, these studies could be further complemented with vocal tract modelling 

work simulating the acoustic properties of vocalisations based on the size and shape of the 

vocal apparatus (e.g., Gamba et al., 2017). If the predictive accuracy of these computational 

models can be confirmed using real-world acoustic data, they could serve as a valuable tool 

for assessing changes in vocal flexibility throughout development.  

 

Conclusion 

Taken together, this thesis demonstrates that harbour seals can modify and adapt their 

vocalisations in socially relevant ways, highlighting their comparative value for language 

evolution research. Specifically, they exhibit several key vocal learning traits essential for 

human speech acquisition—including vocal flexibility, convergence, and coordination—

which offer unique insights into the neural mechanisms of vocal learning and the role of 

social interactions in shaping communication. Notably, the amphibious lifestyle of harbour 

seals makes them far more accessible for study than whales and dolphins, and as mammals, 

they bridge the phylogenetic gap between humans and the well-studied birds. Simply put, 

by incorporating harbour seals into cross-species comparisons on language evolution, we 

can gain novel insights into vocal learning and its role in the emergence of complex vocal 

communication systems, like human speech.
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English summary 

How and why did language evolve in humans? Can we learn from studying communication 

in other animals? Language is a uniquely effective and powerful tool to interact with others 

and is often considered to be what sets us apart from the rest of the animal kingdom. Despite 

this, many species have also evolved elaborate communication systems, some of which even 

show features found in human language. The discovery in the 1980s that harbour seals can 

imitate human speech promised a new comparative model for language evolution studies. 

However, we currently miss a comprehensive understanding of the features shared between 

human language and harbour seal communication to enable effective cross-species 

comparisons. This thesis provides a long-awaited, interdisciplinary account of some vocal 

communication features in harbour seals, including vocal flexibility, vocal development, 

social accommodation, and turn-taking. All the empirical studies in this thesis were 

performed using non-invasive methods from bioacoustics (audio recordings and a playback 

experiment) and morphometrics (anatomical measurements). Additionally, this thesis 

contributes a qualitative cross-species review on the rhythmic patterns observed in social 

interactions between animal dyads of several mammals, birds, anurans, and insects. Taken 

together, my findings show that harbour seal communication shares features with that of 

other species and human language, reinforcing its value as a comparative model for language 

evolution research. Finally, this work demonstrates how the comparative approach can be 

applied to communicative behaviours to shed light on the biological and social factors 

driving their evolution. 
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Nederlandse samenvatting 

Hoe en waarom evolueerde taal in mensen? Kunnen we iets leren van communicatie in 

andere diersoorten? Taal is een uniek, effectief en krachtig instrument om met elkaar te 

communiceren en algemeen wordt aangenomen dat het ons onderscheidt van de rest van het 

dierenrijk. Desondanks hebben andere diersoorten ook uitgebreide communicatiesystemen 

ontwikkeld, waarbij sommige zelfs kenmerken vertonen die ook in taal voorkomen. De 

ontdekking in de jaren tachtig dat gewone zeehonden menselijke spraak kunnen imiteren 

was veelbelovend voor een nieuw vergelijkend model voor taalevolutiestudies. We missen 

momenteel echter een alomvattend begrip van de kenmerken die menselijke taal en 

communicatie van gewone zeehonden gemeen hebben om effectieve vergelijkingen tussen 

de twee mogelijk te maken. Dit proefschrift biedt een langverwacht, interdisciplinair verslag 

van enkele vocale communicatie kenmerken in gewone zeehonden, inclusief vocale 

flexibiliteit, vocale ontwikkeling, sociale aanpassing en het wisselen van beurten. Alle 

empirische onderzoeken in dit proefschrift zijn uitgevoerd met behulp van niet-invasieve 

methoden uit de bio-akoestiek (audio-opnamen en een afspeelexperiment) en morfometrie 

(anatomische metingen). Daarnaast levert dit proefschrift ook een kwalitatieve review van 

de ritmische patronen die worden waargenomen in sociale interacties tussen paren van 

verschillende zoogdieren, vogels, anuranen en insecten. Mijn bevindingen tonen aan dat de 

communicatie van gewone zeehonden kenmerken deelt met die van andere soorten en 

menselijke taal, waardoor de waarde van de gewone zeehond als vergelijkend model voor 

onderzoek naar taalevolutie wordt versterkt. Ten slotte laat dit werk zien hoe de 

vergelijkende aanpak kan worden toegepast om licht te werpen op de biologische en sociale 

factoren die de evolutie van communicatief gedrag aansturen. 
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Ethical note 

The experimental chapters in this thesis are based on results of bioacoustics studies in non-
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