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While VPL is rare in the animal kingdom and requires close coordination of 
different parts of the vocal production system (see 1.1.3; Tyack, 2020), VCL 
occurs more widely (Adret, 1993b; Janik & Slater, 2000) and requires the ability 
to associate sounds with respective contexts, but not the change of the acoustic 
parameters of a vocalization (Egnor & Hauser, 2004; Janik & Slater, 2000). 

Fig. 1.1:  Forms of vocal learning as defined by Janik and Slater (2000). Note that the distinctions 
within VCL are primarily functional, relating to the roles of signaler (vocal usage learning) and receiver 
(vocal comprehension learning). In contrast, the distinctions in VPL are more mechanistic, stemming 
from the different sound production systems involved. 

Unfortunately, researchers have no general agreement on what should be 
defined as VPL (Martins & Boeckx, 2020). For a more systematic understanding 
of this trait, several frameworks were developed over the past years. In their 
vocal learning continuum hypothesis, Arriaga and Jarvis (2013) importantly 
suggest VPL to lie on a spectrum, as opposed to the previous yes-no dichotomy 
of this trait. Instead of viewing vocal mimicry as the only viable learning strategy, 
the authors include 
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tune acoustic features of species-specific vocalizations that can develop in the 
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songbird species nowadays are zebra finches (Taeniopygia guttata; e.g., Adret, 
1993a; Rodríguez-Saltos et al., 2023) and European starlings (Sturnus vulgaris; 
e.g., Chaiken & Böhner, 2007; Eens et al., 1992). VPL research further includes 
parrots (Farabaugh & Dooling, 1996; Pepperberg, 1994) and hummingbirds 
(Baptista & Schuchmann, 1990; Johnson & Clark, 2020, 2022, 2024).  

Much is known about vocal learning mechanisms in birds, from genetics and 
ontogenetic development to different learning programs or mechanisms. In 
songbirds, there is considerable variation in such vocal learning programs 
(Johnson & Clark, 2020). Song-learning programs range from open-ended to 
closed-ended (Brenowitz & Beecher, 2005), depending on the time window in 
which the species learns to produce new vocalizations. Open-ended learners, 
such as canaries, learn novel songs throughout their lifetime, while closed-ended 
learners, like zebra finches, learn their songs during a sensitive period early in 
life and do not modify their repertoire after that (Hayase et al., 2018; Sizemore & 
Perkel, 2011). While open- and closed-ended learning seems to be 
dichotomous, the level of vocal plasticity varies among species (Cornez et al., 
2017). These different learning programs have been much investigated in birds, 
but little to nothing is known about them in mammalian vocal learners. 

 

Fig. 1.2: This figure provides a schematic overview of the distribution of VPL across major animal 
groups. It does not depict evolutionary distances or the exact branching relationships among taxa. 
The diagram is intended solely to visualize the occurrence of VPL in broad lineages. 

Avian species have long been the primary focus of interest for studying VPL, 
though a few mammalian species show remarkable VPL abilities. These are 
cetaceans (whales and dolphins), chiropterans (bats), elephantids (elephants), 
and phocids (true seals; Janik & Knörnschild, 2021). Multiple cetacean species 
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were identified as vocal production learners, amongst others, orcas (Orcinus 
orca; Crance et al., 2014), bottlenose dolphins (Tursiops truncatus; Janik, 2014; 
Janik & Sayigh, 2013), humpback whales (Megaptera novaeangliae; Guinee, 
1983; Payne, 1983; Payne & Payne, 1985), and presumably bowhead whales 
(Balaena mysticetus; Janik & Knörnschild, 2021; Stafford et al., 2018). Bats also 
show a taxonomic diversity in their vocal learning capacities; the list of species 
includes the Egyptian fruit bat (Rousettus aegyptiacus; Prat et al., 2015), the pale 
spear-nosed bat (Phyllostomus discolor; Lattenkamp et al., 2020), and the 
greater spear-nosed bat (Phyllostomus hastatus; Boughman, 1998).  

The elephantids are composed of three extant species of elephants; two of these 
are confirmed vocal production learners: the African bush elephant (Loxodonta 
africana; Poole et al., 2005) and the Asian elephant (Elephas maximus; Stoeger 
et al., 2012). With the growing interest in non-human mammal VPL, this list will 
likely extend in the future. 

1.1.3 Methods of Sound Production and their Role in Vocal Learning  

Most mammals, including humans, produce sounds using three main 
components: the lungs (respiration), the larynx (phonation), and the supra-
laryngeal tract (filter; see Fig. 1.3; Fant, 1970; Fitch, 2006c). The source-filter 
theory describes vocal production as a two-stage process in which the source 
refers to the vibration of the vocal folds, and the filter refers to the supra-laryngeal 
tract, which shapes the spectro-timbral characteristics of the sound (Fant, 1970; 
Titze & Martin, 1998). This framework assumes that the source and filter are 
independent of each other (Tokuda, 2021). Air serves as a medium for sound 
wave generation; the lungs and respiratory muscles provide the necessary air 
pressure for this whole process to start. Upon passing through the larynx, this air 
pressure sets the vocal folds into vibration, creating a sound wave of a certain 
fundamental frequency (f0). It is generally assumed that this phonation, or 
laryngeal sound production, works according to the myoelastic-aerodynamic 
theory of phonation (Titze, 1980; Titze & Martin, 1998; van den Berg, 1958). The 
theory states that the way the vocal folds vibrate depends mainly on the elastic 
properties of the tissue, which influence the f0 
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the resonances 
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features of their vocalizations, such as f0 (Lattenkamp et al., 2020), formants 
(Goncharova et al., 2024; Stansbury & Janik, 2019) or duration (Sutton et al., 
1973). Such training can make it possible to probe the levels of vocal production 
control in non-human animals. 

1.1.4 Methods to Investigate Vocal Learning  

In their classic review 
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(Derégnaucourt et al., 2013), or even be kept with a robot tutor (Araguas et al., 
2022). The gold standard for demonstrating VPL seems to be the acquisition of 
novel vocalizations through imitation, i.e., when an individual copies sounds that 
are outside their species-specific vocal repertoire (Martins & Boeckx, 2020; 
Tyack, 2020; Vernes et al., 2021b). This is exemplified by the fact that harbor 
seals count as vocal production learners, merely based on an anecdotal case 
study in which two harbor seals imitated human speech, one more elaborate 
than the other (Ralls et al., 1985; see section 1.2.1.2). Although the imitation of 
human speech provides compelling evidence of VPL in non-human animals, 
novel vocalizations are not exclusively learned through imitation. 

Brown-headed cowbirds (West & King, 1988), zebra finches (Carouso-Peck & 
Goldstein, 2019), and juvenile marmosets (Takahashi et al., 2017) are all species 
in which vocal learning is suggested to be guided, at least in part, by social 
feedback (e.g., through female wing strokes; West & King, 1988). Lattenkamp et 
al. (2018) demonstrated that even lacking social feedback, with an appropriate 
training paradigm, lesser spear-nosed bats can be trained to alter certain 
acoustic parameters of their vocalizations. The authors developed an automated 
setup that facilitates both the conditioning of vocalizations as well as the tracking 
of spectro-temporal call parameter changes. By gradually adjusting the spectral 
parameters after which a call would be reinforced, the acoustic features of the 
calls changed over time, demonstrating vocal flexibility in the bats (Lattenkamp 
et al., 2018). If such modification of spectral parameters is large enough so that 
it moves outside the species-typical repertoire, it can demonstrate VPL 
(Brenowitz & Beecher, 2023); in this case without an external auditory model.  

Operant conditioning can be a useful method to investigate such non-imitative 
VPL (Manabe et al., 1997), e.g., through the process of shaping. There, 
individual acoustic features of a vocalization can be formed (i.e., shaped) to 
exceed the pre-experimental or natural range of the species
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1.1.5 The Role of Vocal Learning in Comparative Investigations of Speech  

The investigation of vocal learning is particularly relevant in the context of human 
speech evolution. Vocal learning is a building block of human speech and is 
deployed, e.g., to acquire a large vocabulary, or a set of phonemes. Research 
on this multifaceted trait in distantly related species can help us understand its 
functions, through comparative work across different species (for an overview of 
the hypotheses of vocal learning functions see Fitch, 2000). Fitch (2000, p. 1) 
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fascicularis) would be able to produce a wide range of speech sounds, casting 
doubt on the role that a descended larynx may have played in the evolution of 
speech. Fitch et al. (2016, p. 1) suggest that the vocal tract of this primate 
species is 
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much more distinctive vocal tract compared to humans. Moreover, harbor seals 
are a popular species in zoos and can be readily trained to produce vocalizations 
on SD (Schusterman, 2008), which renders them an ideal candidate to study their 
abilities in a controlled environment. 

1.2.1.1 Ecology and Social Behavior  

Though harbor seals occur in large groups, their sociality is less complex than 
that of other pinnipeds and generally not well understood. Boness et al. (2006) 
suggest that they have a lek-type mating system: males aggregate near females 
to produce visual and acoustic displays (see section 2.2.2). The mating system 
of harbor seals has been further described as weakly polygynous, and their 
population density as low (Charrier, 2020). Harbor seals aggregate at haul-out 
sites where they rest, breed, and molt in large but unstable groups (Hamilton et 
al., 2014). Harbor seals lack stable social units and do not interact much with 
their conspecifics (Godsell, 1988). To some extent, they show site fidelity to their 
haul-out sites, with some flexibility in response to, e.g., changing environmental 
factors, such as prey availability (Cunningham et al., 2009; Sharples et al., 2012). 
While social bonding does occur early in life between mother and pup, this bond 
is of short duration; it terminates once the harbor seal pup is weaned at the age 
of 3
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have reached sexual maturity (Casey et al., 2021; Ralls et al., 1985). However, 
it remains unknown if, and how harbor seals learn their breeding vocalizations. 
Adult females seem to rarely vocalize, except during agonistic interactions 
(Hanggi & Schusterman, 1994), while sexually mature males extensively 
vocalize in the vicinity of females (van Parijs, 1998; van Parijs et al., 1997) in the 
breeding season. The suggested functions of their song-like vocal displays are 
territorial display (establishing/defending underwater territories; Hayes et al., 
2004b) and female attraction (Hanggi & Schusterman, 1994; Hayes et al., 2004b; 
Sabinsky et al., 2017).  

The vocal repertoire of male harbor seals seems to include several vocalizations 
termed 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 23PDF page: 23PDF page: 23PDF page: 23

Chapter 1: Introduction 

23

through training but occurred spontaneously when he reached sexual maturity 
and resembled those of his former caretaker (Ralls et al., 1985; Swallow, 2001); 
hence, Hoover uttered these sounds years after he had been exposed to his 
presumed auditory model in the private household he was reared. While 
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2021). Vocalizations are thought to co-occur with social interactions and 
aggressive behaviors during the breeding season (Asselin et al., 1993). 

In contrast to harbor seals, both VCL and VPL have been thoroughly studied in 
gray seals (Shapiro et al., 2004; Stansbury et al., 2015; Stansbury & Janik, 2019, 
2021). An early study on the VCL abilities of gray seals showed that the species 
was capable of usage learning in a call-matching task, but did not appear to 
generalize to novel auditory stimuli (Shapiro et al., 2004). Stansbury et al. (2015) 
adjusted the previous approach, amongst others, by using a bigger stimulus set, 
and were able to demonstrate that gray seals are indeed capable of generalizing 
to novel auditory stimuli. Stansbury and Janik (2019) showed for the first time 
that another phocid is capable of VPL 
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learn already at an early stage during puppyhood. Unfortunately, all studies on 
vocal learning in gray seals were conducted on pups or juveniles, which begs 
the question whether this ability remains into adulthood. 

1.3 Open Research Questions and Thesis Objectives  

Harbor seals have become a commonly cited example of non-human 
mammalian vocal learning (Fitch, 2017; Lindemann et al., 2006; Ravignani et al., 
2016; Stoeger et al., 2012; Tyack, 2020)
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or refrain from vocalizing on SD, and finally to produce two different vocalizations 
on two different visual SD
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to 325 Hz. Besides demonstrating phonatory production learning in an adult gray 
seal, I was also able to show that VPL can be successfully investigated via non-
imitative mechanisms. 

Chapter eight  serves as a general discussion and summary of the findings of 
this PhD thesis. I contextualize these findings with definitions of vocal learning 
and elaborate on what can be learned from these studies. I further discuss the 
methods that are currently used to test VPL, and how existing approaches should 
be expanded. I reflect on what I learned from the work presented in this thesis 
and point to limitations of the research designs and a captive environment. 
Finally, I close by suggesting future studies in the field, and indicate knowledge 
gaps that should be filled with further research.
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Introduction  

Vocal learning, a form of social learning, is the ability to learn the form, function, 
or context of vocalizations through experience (Janik & Slater, 2000). While 
research has often focused on the form and function of vocal learning in humans 
and songbirds (e.g., see Petkov & Jarvis, 2012), this skill has been observed 
across a range of taxa (Tyack, 2020). In their seminal review, Janik and Slater 
(2000) established a framework to investigate how social learning might 
influence vocal communication (see Table 2.1), distinguishing between vocal 
production, learning how sounds should be produced, and contextual learning, 
learning when sounds should be produced. This distinction is important: while 
some animals may learn both how and when to produce a vocalization, these 
capacities are potentially independent.  
 
Table 2.1:  Relevant terminology in the field of vocal learning. 

 
More recently, Vernes et al. (2021b) 
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2021b). The framework provides an excellent basis on which to explore the 
range of behaviors linked to vocal learning. Open questions remain, in particular 
regarding the mechanisms underpinning the dimensions of vocal learning 
(Vernes et al., 2021b). 
 
Learning by Observation 

Species with higher sociality are more prone to social learning by increased 
opportunities for individuals to acquire information from another, such as when 
living in groups (Allen, 2019). Mounting evidence shows, however, that social 
learning is not restricted to social species, reflected in red-footed tortoises 
(Chelonoidis carbonarius; Wilkinson et al., 2010), common octopi (Octopus 
vulgaris; Fiorito & Scotto, 1992), and bearded dragons (Pogona vitticeps; Kis et 
al., 2015). Heyes (2012) argued that social and asocial learning are mediated by 
the same learning mechanisms, proposing that social learning is not social by 
means of distinct learning mechanisms. Rather, the same associative processes 
underly learning, supported by a positive correlation of social and asocial 
learning in several species (Heyes, 2012). This seems reasonable, as social 
learning increases learning of more skills, at a faster rate, and avoids the need 
for costly innovations (Van Schaik & Burkart, 2011; Whiten & Van Schaik, 2007). 
In fact, social learning occurs in insects, fishes, amphibians, reptiles, and 
mammals (for a review, see Whiten, 2017).  

Species also learn socially from other species, for instance, llamas 
(Lama glama) use information from both conspecifics and humans to solve a 
spatial problem (Pahl et al., 2023). A captive-housed walrus (Odobenus 
rosmarus divergens) spontaneously used a toy to produce sound underwater 
and two more walruses residing in the same pool adopted this behavior within 
one year of the initial observation (Reichmuth & Quihuis, 2022). Despite lacking 
clear evidence of harbor seals learning by the observation of conspecifics, they 
seem to learn from humans: a male adult harbor seal (Phoca vitulina) under 
human care, Hoover, likely imitated human speech sounds that he heard as a 
pup (Duengen et al., 2023; Ralls et al., 1985). This case of vocal production 
learning was followed by reported instances of usage learning, where the seals 
learned vocal variants (Moore, 1996; Ralls et al., 1985) and to produce specific 
vocalizations upon presentation of a discriminative cue (Duengen et al., 2024; 
Duengen & Ravignani, 2024; Schusterman, 2008). 
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Harbor Seals: Solitary Mammals with Temporary Gregariousness  
 
Harbor seals are socially less complex than other pinniped species (Bigg, 1981; 
following the framework by Kappeler, 2019): Their social organization fluctuates 
between solitary and group living 
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Material s and Methods  

Observation 

The reported observations occurred in a group of four adult harbor seals 
(females L and E, males J and R) residing with three juveniles (males M, S, 
and R) in a 230,000-liter freshwater pool of a 300 m2 enclosure. All animals were 
housed at Zoo Cleves, Germany, and were born in human care (see Table 2.2). 
The seals were trained twice per day (see below) on six days/week, with 
sessions ranging from 30 to 60 minutes. The zoo staff conducted one training 
session per day, which involved medical training and enrichment. A second 
session, research training, was conducted by an experimenter. Research 
training was conducted for a different study (Duengen et al., 2024; Duengen & 
Ravignani, 2024) on the vocal behavior of the adult female 
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platform (Fig. 2.1). All other animals, between one and three juveniles (see 
Table 2.2), remained in the water during training.  
 

 
Fig. 2.1: The experimenter trains seal L to vocalize on cue. All seals are stationed at their target 
position, from left to right: seal R, seal E, seal J, and seal L. Note that all seals could always see the 
experimenter. Seals could also see each other, except for seal R, who had impeded vision and was 
stationed on the far left.  
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Fig. 2.2: Timeline of seal vocal behavior, including spectrograms of respective calls. The first 
vocalization of Seal L was noted at the zoo of origin, and is not in the figure. Spectrograms were 
obtained with the Parselmouth package in Python (version 0.4.1, Praat 6.1.38; window 
length = 0.03 s, dynamic range = 70 dB, max. frequency = 7000 Hz (Boersma & Weenink, 2022; 
Jadoul et al., 2023a; Jadoul et al., 2018)). Vocalizations were recorded with a Zoom H6 digital 
recorder, and Sennheiser ME-67 unidirectional microphone (frequency response of 40
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associated with a cue in both seals; after some training, these novel vocalizations 
were successfully produced whenever the discriminative stimulus was presented 
(Duengen & Ravignani, 2024).  

Unlike seals E and J, who both initiated their first vocalizations during training on 
the platform, seal R started vocalizing in water, outside of training. These 
vocalizations occurred rarely, and exclusively in water, and could not be trained 
on a discriminative stimulus.  

All adults initiated novel vocalizations, which had not been observed or heard in 
these individuals at any point in time before. This was reported by the zoo staff, 
who were surprised by the new behavior. The vocalizations in the observing 
seals emerged between two weeks to four months after the onset of vocal 
training with the demonstrator (Fig. 2.2). Seal J successively initiated two 
different vocalization types at two different points in time (Fig. 2.2). None of these 
animals had formerly engaged in vocal behavior, covering a time span of up to 
19 years, with the exception 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 37PDF page: 37PDF page: 37PDF page: 37

Chapter 2: Anecdotal observations of socially learned vocalizations in harbor seals 

37

nature of this report, we will not delve into potentially underlying social learning 
mechanisms, but rather focus on the distinguishable forms of vocal learning. 

One could argue that the novel vocalizations are a product of vocal production 
learning, as they were never heard before. The only seals that vocalized in the 
past are the demonstrator (seal L) and seal J. Seal J had only produced breeding 
vocalizations, while the two vocalization types (Fig. 2.2) were novel. As we 
cannot know whether these animals had ever produced these vocalizations 
before in their lives, contextual learning appears as more cautious interpretation 
(Table 2.1). As Janik and Slater (1997, p. 6) 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 38PDF page: 38PDF page: 38PDF page: 38

Chapter 2: Anecdotal observations of socially learned vocalizations in harbor seals 

38

Alternative Explanations for the Novel Vocal Behavior  
 
Some pinnipeds vocalize when anticipating a food reward, or in frustration 
(Schusterman, 2008). Here, seals were accustomed to training, and correct 
behavior was intermittently reinforced to prevent frustration. However, an 
increased proportion of stationing for research training may have theoretically 
caused impatience or arousal, and hence sound production. However, our 
experience with these individuals shows that impatience or arousal is expressed 
via other attention-getting behaviors, such as flipper slapping, approaching, or 
scratching. Crucially, none of these more established strategies occurred, 
suggesting that the vocal behavior is more parsimoniously explained by social 
learning rather than arousal.  

Could it be that the seals initiated the vocalizations by means of emotional 
contagion? Emotional contagion is the tendency to alter an observer
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Conclusion  

Here, we anecdotally report semi-solitary marine mammals under human care 
engaging in social learning to acquire food rewards. Ours may be the first 
observation of two harbor seals socially learning from conspecifics. We suggest 
this to be a profitable strategy in this semi-solitary, yet seasonally gregarious, 
pinniped species. Recent converging evidence shows that sociality is not needed 
for social learning (Allen, 2019; Kis et al., 2015; Webster & Laland, 2017); it may 
even, and simply, reflect a more general ability to learn (Pouca et al., 2020). Our 
observations dovetail with this: the rather non-social lifestyle of seals still enables 
social learning, and Heyes (2012) importantly points out how social and asocial 
learning rely on the same underlying learning mechanisms. The animals in our 
study were constantly exposed to conspecifics (see also Kocsis et al., 2023); 
unlike wild harbor seals, which only temporarily aggregate. How this affects our 
conclusion and if a certain plasticity in sociality and/or social learning is prevalent 
e.g., under human care, remains to be understood.  

We anecdotally report social and vocal learning capacities in harbor seals; 
further controlled experiments should validate this. Future studies should test 
whether observational learning is more commonly found, e.g., in other (harbor) 
seal groups at zoological institutions and investigate under controlled conditions 
which specific social learning mechanism(s) underlie their behavior. Social 
learning seems to be more widespread across species than previously thought, 
potentially due to its many benefits, and one new challenge for the field is 
connecting behavioral evidence with ultimate evolutionary benefits.  
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Introduction  

A single case study found that a male harbor seal (Phoca vitulina) can be trained 
to vocalize on a discriminative stimulus (SD) (Schusterman, 2008). In his review 
of vocal learning in pinnipeds, Schusterman (2008) for the first time described 
the fruitful training of vocal variability in a harbor seal. He brought one 
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Material s and Methods  

Setting 
 
The seals were housed in a 230,000-liter freshwater pool in a 300 m2 enclosure 
at Zoo Cleves, Germany. Two of the six resident harbor seals were selected to 
participate in this study as they were vocally active individuals. Seal E was a 6-
year-old female born at Zoo Osnabrück, Germany. Seal J was a 16-year-old 
male born at Zoo Duisburg, Germany. A third, vocally active seal dropped out of 
the experiment due to a severe eye condition. All seals were previously trained 
to participate in shows, which included behaviors such as object retrieval or 
flipper slapping. Shows did not take place during the period of the study. Training 
sessions consisted of general training, conducted by zoo staff, and research 
training, conducted by the experimenter. All training sessions took place in the 
main enclosure, where all seals resided, up to three times/week. Seals were 
tested separately, up to five times per week, in the research enclosure, a 
partitioned area attached to the main enclosure. Both Training and Testing were 
conducted during visitor hours. 

Procedure and Training 
 
Operant conditioning was facilitated through positive reinforcement, where a 
correct response was immediately followed by a bridge stimulus (here, a whistle) 
and fish as a primary reinforcer. Incorrect behavior resulted in a least-
reinforcement-scenario (neutrality for ca. 3 seconds). Positive reinforcement was 
delivered through pre-cut pieces of mackerel (Scomber scrombus) and herring 
(Clupea harengus). 

We distinguish between Training and Testing (see Fig. 3.1). Training sessions 
were conducted with all seals in the main enclosure, a phase in which multiple 
behaviors were trained. These sessions served to establish novel behaviors and 
maintain known behaviors. Establishing novel behaviors was needed for a series 
of vocal learning experiments (Duengen et al., 2024) and consisted of e.g., 
stationing and targeting behaviors, as well as 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 44PDF page: 44PDF page: 44PDF page: 44

Chapter 3: Training experimentally naive seals for vocal learning experiments 

44

Vocal Training 
 
Seal E and Seal J would occasionally vocalize during general training sessions 
in April and August 2021. This behavior was captured by opportunistically 
reinforcing the vocal behavior with fish to increase its occurrence. Seal E offered 
one vocalization (E1) while Seal J offered two different vocalizations (J1 and J2). 
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Table 3.1: Description of visual SD
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Fig. 3.2: Illustration of the experimental setup. The experimenter stands in front of the seal and asks 
for a pre-determined behavior (here: vocalization J1, see Table 3.1). Responses were noted on the 
sheet, which contained the randomized order of behaviors (Gellermann, 1933; Jadoul et al., 2023b). 

Experiment 1: Vocalize 
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shaping and reinforcing the initial vocalization (E1) over a period of roughly four 
months, see section Vocal Training. 
 

 
Fig. 3 .3: Spectral representation of the four vocalizations: E1, E2, J1 and J2. Frequency (Hz) on the 
y-axis, time (s) on the x-axis. Spectrogram was obtained with the Parselmouth package in Python 
(version 0.4.1, Praat 6.1.38; window length = 0.02 s, dynamic range = 70 dB, 
max. frequency = 6000 Hz (Boersma & Weenink, 2022; Jadoul et al., 2023a; Jadoul et al., 2018)). 
 
Documentation 
 
During testing, responses were noted on template response sheets (see Fig. 
3.2). A subset of training and testing sessions were also audio and video 
recorded (Canon Legria HF25 camcorder). Audio recordings were obtained via 
a Zoom H6 digital recorder connected to a Sennheiser ME-67 unidirectional 
microphone (frequency response 40
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Table 3.2: Definition of the acoustic parameters and description of the extraction procedure. 

Name of Acoustic Parameter  Description of Acoustic Parameter  
Duration (s) Length of the vocalization in time. 

Spectral center of gravity (Hz) 
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Experiment 2: Produce Different Vocalizations Upon Different SD
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Discernibility of Vocalization Types 
 
To confirm that the seals produced different vocal types (E1 vs. E2 and J1 vs. 
J2) and that the types were not mere human subjective categories, we inspected 
the acoustic parameter composition between call types and within seals 
(Fig. 3.7). 
 

 
Fig. 3.7: 
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Discussion  

This study provides a protocol to train experimentally naive seals for a vocal 
learning experiment. In particular, we show how two harbor seals can be trained 
to associate different SD
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cues is irrelevant. Vocal usage learning would be displayed in any case, solely 
on other cues than anticipated (Shapiro et al., 2004). 

To study the learning process will require more fine-grained documentation of 
the training sessions from the moment of capturing a novel behavior, including 
trial numbers. This was unfortunately not possible in this study during training 
sessions. Further, a consistent number of trials per session enables the 
comparison of learning processes. Following such guidelines will further facilitate 
the direct comparison of vocal learning abilities in different individuals or species 
(Lattenkamp et al., 2021). Future studies should address this and track stimulus 
exposition during the training to better understand underlying (vocal) learning 
mechanisms.  

Overall, our study shows that harbor seals, just like the closely related gray seal 
(Shapiro et al., 2004; Stansbury et al., 2015), can be trained to participate in 
vocal learning experiments. Through successive approximations, they can be 
trained to remain rested in an external enclosure and tested for the behaviors of 
interest. Experiment 1 shows fast learning of differentiating vocalizing and 
remaining silent upon demonstration of different visual SD
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Introduction  

Vocal learning comprises contextual learning and production learning, both of 
which rely on experience (Janik & Slater, 2000). Vocal production learners can 
modify innate vocalizations or innovate/imitate novel ones (Seyfarth & Cheney, 
2018). Vocal contextual learning manifests in two different forms: Understanding 
that an innate or learned vocalization has a different function depending on 
context is classically termed comprehension learning while using a vocalization 
in a novel context is termed usage learning (Janik & Slater, 2000; Jarvis, 2019). 
Learning to vocalize in the presence of an arbitrary stimulus (e.g., a hand sign) 
is an example of vocal usage learning; instead, comprehension learning requires 
the association of a vocalization with an action (i.e., a response; Sakata & 
Birdsong, 2021).  

Vocal learning is a building block of human speech, which in turn requires the 
ability to learn, produce, and interpret complex signals, depending on context 
and experience (Fitch & Zuberbühler, 2013). The comparative approach, 
investigating related abilities in related species, can provide insight into the 
evolution of speech and vocal learning in general. Vocal learning is much 
researched in birds, especially songbirds and parrots. Both African gray parrots 
(Psittacus erithacus; for a review, see Pepperberg, 2010) and budgerigars 
(Melopsittacus undulatus; Osmanski et al., 2021; Seki et al., 2018) are highly 
skilled vocal learners who demonstrated their abilities for vocal production and 
contextual learning in a series of operant conditioning studies. In mammals, 
vocal production learning is much rarer than in bird species, but contextual 
learning occurs in a wider range of animal species (Adret, 1993b; Janik & Slater, 
2000). Vervet monkeys (Chlorocebus pygerythrus) learn to use acoustically 
different calls depending on the type of predator (Seyfarth & Cheney, 1986) or 
individual, as is the case in dolphin (Tursiops truncatus) signature whistles 
(Caldwell & Caldwell, 1968; Janik & Slater, 1998). The latter is further a 
remarkable example of vocal production learning, as signature whistles develop 
through experience (Janik & Sayigh, 2013). Vocal usage learning was shown in 
e.g., bats (e.g., Phyllostomus discolor; Lattenkamp et al., 2018), elephants (e.g., 
Loxodonta africana; Baotic et al., 2022), toothed whales (e.g., Delphinapterus 
leucas; Vergara & Barrett-Lennard, 2017) and passerine birds (e.g., Dicrurus 
paradiseus; Goodale & Kotagama, 2006). As these examples demonstrate, 
while vocal learning is rare, it is present in a diverse range of phylogenetically 
distant species.  

An especially good model for the comparative study of vocal learning are phocids 
(or true seals): phocids have good articulatory and breathing control and produce 
some of their vocalizations through their larynx (Goncharova et al., 2024; 
Reichmuth & Casey, 2014; Stansbury & Janik, 2019). Beyond their comparative 
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It is widely assumed that harbor seals are vocal usage and production learners 
(Duengen et al., 2023; Ralls et al., 1985; Reichmuth & Casey, 2014; 
Schusterman, 2008); however, to date, these observations have not been 
confirmed in controlled experiments. Most of these studies refer to attempts to 
shape vocalizations through operant conditioning (Reichmuth & Casey, 2014; 
Schusterman, 2008), or the imitative abilities of Hoover, a human-raised harbor 
seal (Duengen et al., 2023; Fitch et al., 2008; Ralls et al., 1985). Indeed, 
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the assessment of both contextual learning submodules: vocal usage and 
comprehension learning.  

To test for auditory generalization and to assess contextual learning in a double-
blind study, we tested whether individual harbor seals could switch the context 
of trained vocal responses (Duengen & Ravignani, 2024) from visual to auditory 
(contextual learning), and if they could generalize from trained to novel auditory 
stimuli. Auditory generalization occurs when a conditioned behavior (e.g., a 
vocalization) to a trained stimulus is also elicited by a novel, unconditioned 
stimulus (Hilgard & Marquis, 1964). This ability is crucial to vocal communication 
and has been shown in the closely related gray seal (Stansbury et al., 2015). To 
test for auditory generalization, novel stimuli of the same categories are 
presented to the animal (Shapiro et al., 2004); these novel stimuli only share 
some perceptual features with the conditioned stimuli (Benard & Giurfa, 2008).  
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Experiment 2: Transition from Trained to Untrained Stimuli  
 
Experiment 2 served as a transition to Experiment 3, testing whether the seals 
had either memorized the previously learned stimuli individually, or generalized 
to 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 62PDF page: 62PDF page: 62PDF page: 62

Chapter 4: Vocal usage learning and vocal comprehension learning in harbor seals 

62

Vocal Type Preferences 
 
To test whether the seals showed any vocal type preferences that could have 
had an influence on the experiment and its results, we tested whether they 
responded with one vocal type more often than the other (i) over all trials, (ii) 
within correct trials, and (iii) within incorrect trials. None of the seals showed 
significant response preferences (i) over all trials (seal E: binomial test, n = 379, 
k = 195, p > 0.05; seal J: binomial test, n = 640, k = 325, p > 0.05), (ii) within 
correct trials (seal E: binomial test, n = 314, k = 160, p > 0.05; seal J: binomial 
test, n = 523, k = 264, p > 0.05), or (iii) within incorrect trials (seal E: binomial 
test, n = 65, k = 35, p > 0.05; seal J: binomial test, n = 117, k = 61, p > 0.05). 

Response Parameters  
 
The recorded responses were acoustically and statistically compared to the pre-
experimental vocalizations, to test if the two vocalization types remained 
acoustically distinguishable over the course of the experiment. This revealed that 
the distinguishing parameters, which were used to make a quantitative 
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To quantitatively probe a potential difference between the pre-experimental 
vocalizations and experimental responses (see Figs. 4.2 and 4.9), we analyzed 
the effect of vocalization type (E1/E2 and J1/J2) and experimental stage 
(pre/post) on parameter values using a 2-way ANOVA (statsmodel Python 
library; Seabold & Perktold, 2010). This revealed that a higher amount of the 
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To visually confirm that both vocalization types could still be told apart clearly 
and were thus assigned correctly by the experimenter, we conducted a principal 
component analysis (PCA). The PCA revealed that the distribution of the 
investigated acoustic parameters had indeed shifted, though they did so similarly 
in both vocalization types (see Fig. 4.2). The response vocalization types appear 
at least equally distant as the pre-experimental vocalizations (see Fig. 4.3) which 
may explain why seals could discriminate between the vocalization types. 
 

 

Fig. 4.3: PCA visualization of the distribution of pre-experimental vocalization types (left) and the 
experimental responses (right). The color indicates the type of the vocalization (Type 1 and Type 2, 
respectively). 
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Duration of Vocalizations 
 
During the experiments and analyses, we noticed a possible drop in the 
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considerably (4, 8, and 16 sessions for Experiments 1
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organize information efficiently, to identify similarities (and/or differences) among 
discriminable stimuli, and to form categories (Spinozzi, 1996). Our findings 
indicate that harbor seals learn to distinguish between auditory cues, potentially 
based on their similarity, and transfer this distinction to novel stimuli. Such 
capacities might be crucial for recognizing, e.g., territorial sounds, such as flipper 
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remains unconfirmed. We cannot claim that harbor seals associate vocalizations 
with different contexts through experience in the wild, but this capacity would 
certainly benefit, for instance, the development of a male territorial display during 
the breeding season. 

Future work could focus on the purported capacity for vocal production learning 
in harbor seals (Duengen et al., 2023; Goncharova et al., 2024; Ralls et al., 1985; 
Swallow, 2001). The observed altered vocal parameter distribution in our study 
could indirectly point to this ability but needs to be tested under controlled 
conditions. While excellent respiratory and articulatory control is known for some 
pinniped species (Craig Jr & Påsche, 1980; Reichmuth & Casey, 2014; 
Stansbury & Janik, 2019)
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in a 230,000-liter freshwater tank and a 300 m2 enclosure at Zoo Cleves, 
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4 consecutive sessions in each testing scenario. Only during Experimental 
Training, time constraints deriving from the zoo spurred us to lower the LC from 
4 times 80% correct choices to 2 times 80% correct choices after 35 (seal E) and 
25 (seal J) sessions. For one session, the chance of getting 80% or more correct 
responses in 20 trials is < 0.006 when guessing at random. For all experiments, 
we calculated the statistical significance of the number of sessions within each 
experiment, under the null hypothesis of random guessing (i.e., if the seal would 
not have learned and would have a 50
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Pre-Training  
 
During Pre-Training the seals were trained to associate a vocalization with a 
distinct visual cue (hand sign), to vocalize or refrain from vocalizing on cue, and 
to associate two different vocalizations with two different visual cues (Duengen 
& Ravignani, 2024). Once the animals had learned to respond to two visual cues 
with two different vocalizations, the hand signs were faded out and replaced by 
auditory stimuli. For a more detailed pre-training protocol, see Duengen and 
Ravignani (2024) and the Supplementary Material. 

Experimental Training: Shift from Visual to Auditory Cue 
 
Once the animals reliably responded with any vocalization to the playbacks, 
experimental training started. The seals heard 20 individual stimuli per session 
in pseudo-randomized order. The 20 stimuli consisted of 10 items (see Figs. 4.7 
and 4.8) of vocalization Type 1, and 10 instances of vocalization Type 2. These 
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4.8). Here, the experimental protocol and the stimuli were identical to 
Experimental Training, but crucially, there were no stimulus repetitions. The LC 
during testing was 80% correct choices in 4 consecutive sessions. 

Experiment 2: Transition from Trained to Untrained Stimuli 
 
In the second experiment, untrained (i.e., novel) stimuli were introduced. The 
focal animal had never heard these specific sounds before, except upon 
producing them at least six months before. We selected a subset of 100 of these 
vocalizations as novel stimuli. The sessions then consisted of 10 familiar stimuli 
(5 of each vocalization type) randomly taken from the pool of 20 of Experiment 
1, plus 20 (10 of each vocalization type) of these new stimuli (see Fig. 4.7). Each 
session therefore contained 10 already learned, as well as 20 (potentially re-
occurring) novel stimuli, resulting in 30 trials/session. The learning criterion was 
kept at 4 × 80% correct responses. 
 

 
 
Fig. 4.7: The number of novel stimuli increased in each subsequent experiment. In this visualization 
of how stimuli were sampled for a session in each of the experiments, the shapes indicate the vocal 
type (1/2). The colors indicate the 
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(see Stimulus and Session Generation), after any stimuli of Experiment 1 and 
Experiment 2 had been excluded. This way, we ensured that all stimuli were 
entirely novel and used only once, enabling testing for stimulus generalization. 

Recordings 
 
All experiments were video recorded using a Canon Legria HF25 camcorder, as 
were some pre-experimental and experimental training sessions. We performed 
two types of audio recordings. The first, baseline recordings, were recorded 
between August 2021 and April 2022, i.e., before and during the pre-
experimental phase (Pre-Training and Introduction), and later served as stimuli. 
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aurally and spectrally clearly distinguishable (see Fig. 4.8, and WAVE files in the 
online supplement). 
 

 

Fig. 4.8: The 10 vocalizations of both types from seals E and J, used during Training and in 
Experiment 1, show that the two types form two acoustically distinguishable categories. The 
spectrogram was obtained with the Parselmouth package in Python (v0.4.3, Praat 6.1.38; window 
length = 0.02 s, dynamic range = 80 dB, max. frequency = 5 kHz; Boersma & Weenink, 2022; Jadoul 
et al., 2023a; Jadoul et al., 2018). 
 
Stimulus Selection  
 
The annotated vocalizations and relevant acoustic parameters were batch-
extracted with the Parselmouth package (a Python library for Praat, v.0.4.1; 
Boersma & Weenink, 2022; Jadoul et al., 2018) in Python. We chose commonly 
assessed parameters of harbor seal calls, which we expected to be relevant in 
distinguishing the different vocalization types. These were duration, spectral 
center of gravity, dominant frequency, percentage voiced, and median 
harmonicity (see Table 4.2 for extraction procedure; Jadoul et al., 2023a; 
Nikolich et al., 2016; Raimondi et al., under review). These measured 
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Table 4.2: Extraction procedure of the acoustic parameters. 

Parameter  Definition  

Duration (s) Temporal interval from the start to the end of the vocalization. 

Spectral center of gravity 
(Hz) 
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to discard those containing non-seal sounds (see description of background 
noise above). 

 
Fig. 4.9: Distinct acoustic parameter values of the pre-experimental vocal repertoire of seal E (left), 
and seal J (right). The dashed lines represent the threshold determined based on the equal percentile 
of parameter distribution (seal E; 677.32 Hz center of gravity and 0.43% percentage voiced, seal J; 
722.7 Hz dominant frequency and 0.17% percentage voiced). Extracted vocalizations with 
parameters in the matching shaded regions were retained as stimuli for training and experiments. 
 
Finally, for both seals, duration was the least distinguishing vocal parameter; the 
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Table S4.1: Extracted acoustic parameters, mean, and standard deviation values for each respective 

https://scikit-learn.org/stable/modules/generated/sklearn.feature_selection.mutual_info_classif.html
https://scikit-learn.org/stable/modules/generated/sklearn.feature_selection.mutual_info_classif.html
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Fig. S4.1: The learning curve of seal E (above) and seal J (below), showing the increasing 
performance over the course of the training for Experiment 1. The y-axis depicts the correct choices 
in %, the x-axis shows the number of sessions. The solid line represents the 50% mark on the y-
axis, by which sessions would be resolved at random, while the dashed line at 80% of the y-axis 
represents the threshold to the learning criterion. Note that the learning criterion was reached twice, 
as it was reduced from 4 x 80% correct choices to 2 x 80% correct choices in consecutive sessions 
(marked by the dashed vertical line on the y-axis after 34 (seal E), and 26 (seal J) sessions). 
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Fig. S4.2: Scatterplots of the acoustic parameter distribution of the vocalizations E1 and E2 by seal 
E. The 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 82PDF page: 82PDF page: 82PDF page: 82

Chapter 4: Vocal usage learning and vocal comprehension learning in harbor seals 

82

 
Fig. S4.3: Scatterplots of the acoustic parameter distribution of the vocalizations J1 and J2 by seal 
J. The 
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Fig. S4.4: User Interface of the custom-made vocal usage learning application. The blindfolded 
interface before the playback of a stimulus shows only the progress of the experiment (left), while 
the response assessment window (right) displays a spectrogram of the recorded response and 
facilitates the visual comparison of stimulus and response. 

Description of Pre-Experimental Training  
 
As the seals were experimentally naive, they required training prior to the 
experiments. This included training the seals to 
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Pre-Training B: Refrain from Calling 
 
The animals were trained to vocalize or remain quiet on cue. For this, a visual 
cue for 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 85PDF page: 85PDF page: 85PDF page: 85

Chapter 4: Vocal usage learning and vocal comprehension learning in harbor seals 

85

Significance of Reaching the Learning Criterion and p-value Calculations 
 
To assess the statistical significance of the seals reaching the learning criterion 
(LC) of 4 consecutive sessions with 80% or more correct responses, we 
calculated the exact p-value for the seals to reach this LC in the observed 
number of sessions. 

Under the assumed null hypothesis, the probability distribution of the number of 
correct responses follows a binomial distribution �$�:�J�á�r�ä�w�; with �J the number of 
trials per sessions (i.e., �J 
L �t�r for experiments 1 and 3, and �J 
L �u�r for 
experiment 2).  

As a result, the chance of successfully reaching the 80% threshold in a single 
session equals �L�5 
L �Ã 
k�6�4

�Ü
o
�6�4
�Ü�@�5�: �r�ä�w�6�4
N�r�ä�r�r�w�{�s in experiments 1 and 3; for 

experiment 2,  

�L�5 
L �Ã 
k�7�4
�Ü
o

�7�4
�Ü�@�6�8 �r�ä�w�7�4
N�r�ä�r�r�r�s�x�t. 

Next, we define �L�8�:�J�á�G�; as the probability of a sequence of �• sessions and 
ending on �‹ successful sessions while not containing 4 sequential successes in 
a row. �L�8�:�J�á�G�; can be calculated recursively as follows: 

�L�8�:�J�á�G�; 
L

�Õ
�Ö
�Ô

�Ö
�Ó

�s �‹�ˆ���J 
L �r���ƒ�•�†���G
L �r
�r �‹�ˆ���J 
L �r���ƒ�•�†���r 
O�G
O�v

�:�s
F �L�5�; �„
Í �L�8�:�J
F�s�á�E�;
�7

�Ü�@�4
�‹�ˆ���J 
P�r���ƒ�•�†���G
L �r

�L�5 �„�L�8�:�J
F�s�á�G
F�s�; �‹�ˆ���J 
P�r���ƒ�•�†���r 
O�G
O�v

���� 

Based on this, the probability of reaching the 4 x 80% LC in exactly �0 sessions 
can be calculated as the probability of �0 
F �v sessions without 4 consecutive 
successes and ending on a failed session, followed by 4 successful sessions: 
�L�8�:�0�; 
L �L�8�:�0 
F�v�á�r�; �„�L�5

�8. 

Finally, the desired p-value is a simple sum of the probabilities of reaching the 
LC in �0 sessions or fewer: �L
L �Ã �L�8�:�0�;�Ç

�Ü�@�8 . Table S4.3 shows the calculated p-
values for both seals in all three experiments. 
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Table S4.3: Calculated p-values for both seals in all experiments. 

  Sessions (N) p-value 

Experiment 1 
(20 trials/session) 

Seal E 5 �t�ä�v�u
H�s�r�?�= 

Seal J 4 �s�ä�t�t 
H�s�r�?�= 

Experiment 2 
(30 trials/session) 

Seal E 6 �y�ä�z�x
H�s�r�?�5�7 

Seal J 8 �s�ä�u�s
H�s�r�?�5�6 

Experiment 3 
(20 trials/session) 

Seal E 5 �t�ä�v�u
H�s�r�?�= 

Seal J 16 �s�ä�w�z
H�s�r�?�< 

 
Experimenter Reliability 
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Introduction  
 
Some species can learn to produce new vocalizations, while others exhibit a set 
of innate vocalizations that minimally change over time. Vocal production 
learning is the ability to learn new vocalizations or modify existing ones based 
on experience (Janik & Slater, 2000). A typical example of such vocal learning 
species is songbirds and parrots (Bradbury & Balsby, 2016; Pepperberg, 2010). 
Mammalian examples include certain species of bats (Knörnschild, 2014; 
Lattenkamp et al., 2020), cetaceans (Crance et al., 2014; Favaro et al., 2016), 
elephants (Stoeger et al., 2012), and seals (Duengen et al., 2023; Ralls et al., 
1985; Stansbury & Janik, 2019, 2021). Crucially, most vocal learning literature 
focuses on the acquisition of novel call types (Crance et al., 2014) or the 
convergence of vocalizations towards sound models (Favaro et al., 2016); 
instead, vocal learning through non-imitative mechanisms (Carouso-Peck & 
Goldstein, 2019) or the modification of single vocal parameters (Stansbury & 
Janik, 2019) remain largely unexplored.  

The production of most mammalian sounds involves three components: 
respiration, phonation, and filter (Fant, 1970; Herbst, 2017; Titze & Martin, 1998). 
Such sound production emerges through respiration, where air serves as a 



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 89PDF page: 89PDF page: 89PDF page: 89

Chapter 5: A harbor seal (Phoca vitulina) shows extensive respiratory control in sound 
production 

89

As for the general case of sound production, vocal production learning spans 
three levels: respiratory, phonatory, and filter production learning, all involving a 
different level of control over their corresponding apparatus (Janik & Slater, 
2000; Perlman & Clark, 2015). Respiratory production learning is suggested to 
have preceded filter and phonatory production learning (Janik & Slater, 2000), 
and temporal vocal parameters are easier to adjust than spectral parameters 
(Fitch, 2000; Janik & Slater, 2000). Respiratory production learning requires 
basic control of the respiratory system (and vocal fold adduction for the case of 
voiced sounds): altering frequency parameters demands close coordination 
between the respiratory and phonatory systems (Janik & Slater, 2000). For 
example, human speech production requires solid respiratory control (Maclarnon 
& Hewitt, 2004).  

Respiratory production learning occurs in species that are vocal production 
learners and non-learners (Molliver, 1963; Sutton et al., 1973); hence respiratory 
production learning could be found in more species than those showing filter or 
phonatory production learning. Consequently, investigating such learning 
provides a comparative insight into vocal learning. Durational variation can 
emerge as a by-product of other vocal adaptations. When trained to vocalize 
above a certain frequency threshold, lesser spear-nosed bats (Phyllostomus 
discolor
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al., 2007). Despite their remarkable diving and breathing physiology, it is 
unknown whether harbor seals exert their finetuned respiratory control during 
sound production. 

Does the harbor seal, a species with elaborate breathing control and possible 
phonatory and filter production learning, show respiratory production learning? 
Here, we test if a harbor seal can control the duration of its vocalizations in two 
separate directions (short and long), thereby probing respiratory production 
learning.  
 
 
Material s and Methods  

Aim of the Study 
 
To test for respiratory production learning, we trained a juvenile male harbor seal 
to produce short and long vocalizations when presented with a discriminative 
stimulus (SD). We first trained the association between two arm gestures and 
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Fig. 5.1: The seal is positioned on its station in front of the microphone and recorder, which records 
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made, Python-based computer application (integrating acoustic analyses 
through Parselmouth; Boersma & Weenink, 2022; Jadoul et al., 2023a; Jadoul 
et al., 2018). For this, the experimenter pushed a foot pedal to start real-time 
sound analysis and released the pedal to stop it. The seal participated in 
14 sessions (average 29.5 trials/session). Once the seal responded to each SD 
with a vocalization, testing started.  
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Acoustic Analysis 
 
The custom software analyzed the recorded vocalizations in real time and 
displayed an annotated spectrogram (Fig. S5.2). During the training phase, the 
application presented the spectrogram and measured the duration to help the 
experimenter decide which vocalizations to reinforce. During testing, the 
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Results  
 
Modification of Duration throughout the Experiment 
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Fig. 5.2 The experimental results show that the seal successfully learned to gradually increase and 
decrease the duration of its vocalizations. A) Grouped by session threshold, the sessionslong 

durations (orange) increase between successive thresholds, and vice versa for sessionsshort (green). 
These distributions become increasingly distinct from the pre-
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Discussion  

The harbor seal successfully learned to increase and decrease the duration of a 
selected vocalization. By the end of the experiment, its shortest and longest 
produced vocalizations differed by over two orders of magnitude, demonstrating 
an exceptional level of breathing control during vocal production (see below for 
a discussion on the role of glottal adduction). The pre-experimental durational 
range (minimum: 0.20 s; maximum: 2.62 s) was extended to a minimum and 
maximum duration of 0.079 s and 9.23 s, respectively. These results make a 
clear case of respiratory production learning in a harbor seal.  

Overall, the seal reached each intermediate learning criterion (2 sessions 
with 
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al., 1973). The harbor seal reported here demonstrated a durational increase of 
almost nine times on average, and a decrease of almost four, within just five 
weeks. Compared to previous work, we show specific control over the onset and 
offset of sound duration. Crucially, the seal learned to push the extent of one 
vocalization into two separate directions. It produced a range of vocal durations 
spanning over two orders of magnitudes. This range strongly exceeds the 
mammalian examples above (Lattenkamp et al., 2018; Sutton et al., 1973). 
Overall, this indicates exceptional breathing control of in-air sound production in 
a harbor seal. 

Our results are relevant in the context of the evolution of speech: vocal learning 
is a crucial building block of speech. Respiratory production learning has been 
proposed as an evolutionary early form of vocal production learning and an 
instance of usage learning, as it primarily involves controlling the onset and offset 
of vocalizations (Janik & Slater, 1997), which might place this ability as an 
intermediate or transitional form between contextual learning and production 
learning (Brenowitz & Beecher, 2023). The respiratory production learning we 
find in a mammal with a vocal apparatus remarkably similar to ours (Ravignani 
et al., 2016) may point to shared advanced respiratory control, perhaps 
convergently evolved in humans. Such control is essential to produce diverse 
speech sounds in humans (Simonyan & Horwitz, 2011) and to manage the timing 
of calls in harbor seal pups (Anichini et al., 2023). Our findings add additional 
evidence that harbor seals possess this capacity and can exert an extensive 
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is restricted to vital capacity, i.e., the maximum amount of air that can be exhaled 
after having inhaled a maximum amount of air. The airflow rate is influenced 
through subglottal pressure, vocal fold adduction, and the resulting glottal 
adduction (Herbst, 2017). Which roles these physiological parameters played in 
our sound production experiment are unfortunately unclear. The seal vocalized 
with its nostrils open and mouth closed; the resulting sounds appeared to be 
voiceless (see Fig. S5.1). This suggests that the sounds were generated through 
nasal airflow rather than laryngeal phonation. Due to a lack of direct 
measurements (e.g., spirometry, airflow analysis), we cannot definitively 
determine the roles of the nose, larynx, or supra laryngeal vocal tract in the 
production of these sounds. Future research should identify such roles, and 
include measurements of vital capacity and airflow rate (Fahlman et al., 2017), 
as well as directly investigate laryngeal involvement (Herbst, 2020; Wiethan et 
al., 2015) to clarify the contributions of different sound-producing structures in 
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Chapter 5: Supplementary Material  

 
Fig. S5.1: 
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Table S5.1
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Fig. S5.3: 
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Method S5.1: Automatic Detection of Vocal Responses 
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Vocal Learning: The Case of Pinnipeds 
 
The ability to learn can enhance an individual's fitness, especially in response to 
rapidly changing conditions. While learning can happen in isolation via trial and 
error, social learning is faster and less costly (van Schaik, 2010; Zentall, 1996). 
Birdsong and human speech are examples of socially learned vocal behaviors 
(Baptista & Petrinovich, 1986). Vocal learning occurs when an animal is capable 
of modifying its vocal output based on experience with other individuals (Janik & 
Slater, 1997), and thereby is a form of social learning; a bird imitating nearby 
sounds or humans learning a new language are clear examples of this capacity. 
Vocal learning is extremely rare in mammals; only humans, pinnipeds (in 
particular phocid seals), cetaceans, elephants, and bats show this remarkable 
capacity (Crance et al., 2014; Favaro et al., 2016; Lattenkamp et al., 2020; Ralls 
et al., 1985; Stansbury & Janik, 2021; Stoeger et al., 2012; Torres Borda et al., 
2021). 

Several frameworks developed over the past decade aimed at characterizing the 
vocal learning phenotype. Vocal learning has been hypothesized to consist of 
several modules (discrete subtraits, Wirthlin et al., 2019), or multiple dimensions 
(Vernes et al., 2021b). Petkov and Jarvis (2012) suggest a move away from the 
presence-absence dichotomy of this trait. Martins and Boeckx (2020) argue for 
a more permissive view, encompassing more aspects of vocal learning. All these 
different approaches see vocal learning as a non-binary trait. In particular, the 
modular framework decomposes vocal learning into three non-exhaustive 
modules: vocal coordination, vocal production variability, and vocal versatility 
(Wirthlin et al., 2019). Harbor seals (Phoca vitulina) seem one of the few 
mammals having all these three modules. They show turn-taking behavior (vocal 
coordination; Anichini et al., 2023; Ravignani et al., 2019), and external sound 
sources influence their vocal variability (vocal production variability; Ralls et al., 
1985; Torres Borda et al., 2021). Harbor seal call diversity is interestingly limited 
compared to that of other phocids (earless seals; Terhune, 2019) while showing 
an elaborate ability to modify vocalizations (vocal versatility; Duengen et al., 
2023; Ralls et al., 1985). Harbor seals are vocal learning mammals that display 
species-specific breeding 
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mammals that sing a song they have likely socially learned but who experience 
very loose conspecific social contact throughout their lives. From whom do they 
learn their song, and when? 

The Paradox of Harbor S



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 108PDF page: 108PDF page: 108PDF page: 108

Chapter 6: The paradox of learned song in a semi-solitary mammal 

108

by Fitch (2006a, p. 10)
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sexually mature (Duengen et al., 2023; Ralls et al., 1985), and wild harbor seals 
seem to exhibit dialects, potentially acquired by vocal learning (van Parijs et al., 
2003a; van Parijs et al., 2000a). While these data do not directly show that harbor 
seal songs are learned, they provide important contextual information. The 
established presence of vocal mimicry and flexibility in harbor seals (Duengen et 
al., 2023; Ralls et al., 1985; Torres Borda et al., 2021) begs the question of what 
this capacity is used for. Here, we suggest that vocal learning is used to learn 
breeding songs as the most parsimonious explanation. Vocal learning is 
extremely rare in mammals but appears in harbor seals, with a yet unknown 
ecological function; learning a song may be exactly this function.  

While all these data support vocal production learning in harbor seals, no 
controlled experiment to date has examined this capacity in adults, raising three 
key questions. How can this solitary marine mammal learn its song? How can 
adult males display complex songs if their lives are marked by loose conspecific 
social contact? And why should pups already display enhanced vocal learning 
skills for no apparent purpose? The answers to these three questions may be 
linked. Here we present a hypothesis of vocal transmission, which, while 
potentially obvious for some avian species, could help answer these questions 
for seals and some other mammals. We also propose concrete steps to 
investigate the conundrum of vocal learning in this semi-solitary mammal. 

The Vocal Learning
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al., 1990). Harbor seals do not sing during adolescence, and there is no evidence 
for other forms of horizontal transmission. In addition, harbor seals are not a 
socially complex species where a pup associates with its social/genetic father, 
and no general evidence of vertical transmission exists. Ruling out horizontal or 
vertical transmission, we suggest that oblique cultural transmission is the most 
parsimonious explanation in harbor seals.  

 
Fig. 6.1: Infographic (exemplifying probability-like estimates on the y-axis and time on the x-axis) of 
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More specifically, we hypothesize multiple co-occurring dynamics. Harbor seals 
may have a lek-type mating system, where females select males (Boness et al., 
2006), potentially based on vocal parameters, as in some fish, frog, and bird 
species (Gerhardt, 1991; Myrberg Jr et al., 1986; Ritschard et al., 2010). Adult 
males perform extensive underwater vocal displays spatially close to females in 
estrus (Hayes et al., 2004b; Sullivan, 1981; van Parijs et al., 1999). During 
female estrus, male acoustic activity peaks (Fig. 6.1, "female" and "male" 
timelines; Boness et al., 2006; Hanggi & Schusterman, 1994; Hayes et al., 
2004b; van Parijs et al., 1997). Females roam male territories freely 
accompanied by their pups (Hayes et al., 2004a), during which pups are likely 
exposed to male calls, which may enhance learning. Females without pups enter 
estrus two
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Research on bird song learning suggests similar learning dynamics to those we 
hypothesize for mammals. Two concepts easily carry over to our framework: 
open-ended vs. closed-ended learning and sensitive phases (Beecher & 
Brenowitz, 2005; Johnson & Clark, 2022; Todt & Geberzahn, 2003). Closed-
ended learners such as zebra finches (Taeniopygia castanotis) or white-crowned 
sparrows (Zonotrichia leucophrys) exclusively learn song as juveniles during a 
sensitive period (Nelson et al., 1997). In contrast, open-ended learners such as 
canaries or parrots learn throughout their lifetime. In addition, seasonality 
modulates vocal learning strategies: some closed-ended learning species have 
a second sensitive period in the following spring, e.g., nightingales (Luscinia 
megarhynchos), and some open-ended learners show a seasonal sensitive 
phase, e.g., canaries (Brainard & Doupe, 2002; Nottebohm et al., 1987; Voigt & 
Leitner, 2008). Within this framework, and based on the evidence reviewed 
above, we suggest harbor seals to learn their breeding songs during a sensitive 
phase of ~3
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Testable Predictions and Alternative Hypotheses 
 
Our vocal learning-oblique cultural transmission hypothesis describes the 
occurrence of a sensitive phase in harbor seal pups as the most parsimonious 
explanation for acquiring breeding vocalizations. Yet, whether seals are open-
ended or closed-ended learners is unclear, and each scenario generates 
alternative, testable predictions (Table 6.1). Our predictions focus on two of the 
modules suggested by Wirthlin et al. (2019): vocal production variability and 
vocal versatility. The capacity for vocal coordination in the harbor seal has been 
preliminary shown and would be worth further study as well (Anichini et al., 2023; 
Ravignani, 2019). Testing these predictions will reveal where harbor seals lie on 
the gradient spanning from open-ended to closed-ended learning. Table 6.1 
summarizes testable predictions and alternative scenarios stemming from our 
hypothesis.  

As harbor seals are mostly silent until sexual maturity, one might wonder how 
they maintain their learned songs until song deployment. Harbor seals may 
behave like canaries, open-ended learners who show a re-occurring seasonal 
propensity for vocal learning. For a species with such high site fidelity (Cordes & 
Thompson, 2015; Dietz et al., 2013), seasonal auditory input may facilitate 
template construction; it is also compatible with the observed geographic 
variation of songs (van Parijs et al., 1999, 2000a; van Parijs et al., 2000b). One 
may argue that the most well-known case of vocal production learning in this 
species features a seal imitating human speech heard as a pup, instead of 
imitating novel models, such as aquarium visitors. This instance may argue 
against open-ended learning, or for open-ended learning with a decreased 
potential for acquiring novel vocalizations over development. However, if vocal 
learning mediates reproductive success, this criticism is moot: Hoover was a 
reproductively highly successful individual at the aquarium and may not have 
had the need to vocally adjust. 
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Table 6.1: The vocal learning
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Table 6.1 (continued) : The vocal learning
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Introduction  

Vocal production learning is the ability to produce novel vocalizations outside the 
innate repertoire or to adjust existing ones. Such vocal learning can occur on all 
three levels of sound production 
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through shaping, a process in which the animal is taught to change its behavior 
by gradually reinforcing small changes in the desired direction. If this is applied 
to isolated vocal parameters, such as formants or f0, the investigation of filter or 
phonatory learning is possible without the need for external auditory input.  

Gray seals produce a wide variety of sounds in the air and underwater, ranging 
from noisy, broadband emissions to harmonic, tonal vocalizations (e.g., Asselin 
et al., 1993; McCulloch, 2000; Nowak, 2021). While the literature has not agreed 
on consistent naming of these vocalizations, there seems to be overlap in 
vocalization types across study sites (e.g., "moan" in McCulloch, 2000; or "S1" 
in Nowak, 2021). When investigating vocal production learning at an isolated 
level, e.g., phonatory learning, choosing a harmonic vocalization may be wise.  

Vocal learning abilities have been tested in newborn and juvenile gray seals 
(Janik & Knörnschild, 2021; Stansbury & Janik, 2019). In an imitation study, 
Stansbury and Janik (2019) tested gray seals on their ability to imitate call 
parameters of an acoustic model. Two seals were trained to match stimuli, 
altered in peak frequency in the first step, and rewarded whenever they moved 
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Fig. 7.1 : Experimental setup. A
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Fig. 7.2:  Spectrogram (window length 0.04 s, dynamic range 80 dB, sampling rate 48 kHz; 
Parselmouth 
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Training 
 
The subsequent training phase (n = 31 sessions) aimed to associate a 
discriminative stimulus (SD) with increasing the f0 while vocalizing. The number 
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To achieve such an increasing delta f0 over time, the seal was presented with a 
pre-determined delta f0 threshold to be reached in each session. This threshold 
was initially 50 Hz and increased to 100 Hz, 125 Hz, 150 Hz, etc. in later sessions 
(continuing in 25 Hz increments until the experiment was completed). 

A trial would start when the trainer showed the SD, upon which the experimenter 
started recording using a custom-made testing application (see Fig. S7.1). When 
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Post-Experimental Manual Assessment 
 
Once the experiment was completed, all vocalizations were inspected to ensure 
correct f0 tracking and to obtain a reliable dataset for our subsequent statistical 
analyses. This manual assessment mitigated the occasional mistake in the 
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distributions for normality, and consequently, we used Mann-Whitney U tests to 
compare f0 measurements (see Fig. 7.3) of the pre-experimental and 
experimental vocalizations between different thresholds. We also used the 
Wilcoxon signed-rank test to test whether the median of the various f0 
measurements differed significantly between correct and incorrect trials within 
sessions. 

 

Fig. 7.3:  Delta f0 is calculated by the application as the difference between the median f0 in the first 
and last 150 ms of the detected vocalization. During a trial, the vocalizations are continuously 
recorded, and the testing application repeatedly calculates delta f0 based on the recording up until 
the time of measurement (for technical details, see section Testing Application in the Supplementary 
Material). After the experiment, we extracted five measurements for each of the vocalizations: delta 
f0, start f0, max f0, duration, and slope. Delta f0 is the maximum delta f0 measured by the application 
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Results  

Does the seal learn to adjust the delta f0 of his vocalizations over time? 
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In a total of 123 valid sessions, the gray seal learned to vocalize with a higher 
delta f0 for all pre-defined thresholds according to the learning criteria (see Fig. 
7.5). The seal had an average session number of 11.2 ± 9.7 sessions. 
 

 

Fig. 7.5:  The learning curves of each threshold demonstrate that the seal learned to adjust his delta f0 
to each threshold. The dashed line at 80% depicts the learning criterion, which was met if the seal 
reached at least 80% in 2 consecutive sessions. The upper learning curve resembles all responses 
by the seal that were automatically bridged. The lower learning curve presents all manually assessed 
correct responses. While the learning threshold of 2 x 80% was not always confirmed by the post-
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Fig. 7.6 : A: Violin plot of the development of start f0 (blue) and max f0 (pink) throughout the 
experiment, grouped for each threshold. The line plot in B shows the development of start f0 (blue) 
and max f0 (pink) over sessions. The line represents the median and the shaded intervals represent 
the interquartile range. C and D show the development of start f0 (left) and max f0 (right), split 
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p < 0.0001). The pre-experimental median slope was 33.5 Hz/s (IQR -1.7
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delta f0 of 22.6 Hz (IQR -0.4
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vocalizing low enough to reach the required delta f0. Vocalizations that started 
with a lower f0 were indeed significantly more often successful than those starting 
with a higher f0 (Fig. 7.6). This reveals that the gray seal fine-tuned the whole 
vocalization by adjusting multiple parameters. The observed lowering in start f0 
could also point to a potential upper limit in f0 that forced the seal to lower the 
start f0.  

The seal reached a maximum max f0 value of 823.2 Hz. Could this maximum 
value represent the upper limit of f0 production? Two studies have investigated 
the structure of vocalizations that resemble the one in our study. Nowak (2021) 
provided a comprehensive description of both tonal and pulsed in-air and 
underwater vocalizations. The tonal in-
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Conclusion  

We successfully trained a gray seal to modify the f0 of an existing vocalization. 
In doing so, we showed that adult gray seals belong to the small group of 
mammals capable of phonatory production learning. Using a novel approach 
with semi-
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Chapter 7: Supplementary Material  

Technical Details of the Custom -made Applications  

Training Application 

The first custom Python application we developed helped the experimenter and 
trainer during the training phase of the experiment. As explained in the main text, 
this phase intended to reward the seal immediately after going up in fundamental 
frequency (f0) when presented with the discriminative stimulus (SD), rather than 
measuring the full delta f0, as in the testing phase (see below). To do so, the 
experimenter would start the recording, after which the application regularly 
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Testing Application 

In a similar fashion, we also created a custom Python application for the 
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harmonic, well-
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Table S7.1:  
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Fig. S7.2:  The individual f0 
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Validation of Automatic f0 Tracks and Experimental Delta f0 Values 

To understand how well the automated delta f0 was tracked, each trial was 
manually assessed (see section Post-Experimental Manual Assessment in 
Materials and Methods of the main manuscript). Plotting the automatically 
calculated application delta f0 values against the manually assessed delta f0 
values revealed an overall high agreement. It further revealed a few 
overestimations of delta f0 values by the application (see Fig. S7.3).  

 

Fig. S7.3:  Correlation of the manually assessed delta f0 values (y-axis) and the automatically 
calculated delta f0 values (x-axis), demonstrating that most of the time both measurements agree. 
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8.1 Summary of the Findings  

The research in this thesis aimed at investigating several forms of vocal learning 
in harbor and gray seals through a series of experiments. In a first anecdotal 
report (chapter two ), I documented previously unreported behavior of two 
harbor seals, which could have implications for future research. Two formerly 
silent adult harbor seals were observed to initiate vocalizations after having 
watched a conspecific receiving food rewards for vocalizing, suggesting social 
learning in this semi-solitary species. I argued why social learning is likely the 
driver underlying the novel vocal behavior and discussed alternative 
explanations. I concluded that in this observed case, social learning might have 
functioned as a direct shortcut to obtaining food rewards. 

Chapter three  documents the training and testing of several vocal behaviors in 
two harbor seals. The training and testing of these vocal behaviors served as 
preparation for a following, more complex vocal usage and comprehension 
learning experiment. Concretely, two seals were trained to respond to an SD with 
a specific vocalization, to vocalize and remain silent on two different SD



68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen68785-bw-Duengen
Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025Processed on: 3-9-2025 PDF page: 145PDF page: 145PDF page: 145PDF page: 145

Chapter 8: Discussion 

145

respiratory production learning; the seal learned the task to selectively produce 
longer or shorter vocalizations, with different target durations. This resulted in 
the seal producing vocalizations with a range of durations encompassing over 
two orders of magnitude, where the shortest sound was 79 milliseconds, and the 
longest sound was 9.23 seconds. 

Chapter six  presents a hypothetical framework for how male harbor seals may 
learn their breeding songs, which I term the 
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different species, the multi-level approach can provide important insights into the 
pathways of their evolution (Janik & Slater, 2000). For example, respiratory 
production learning has been suggested to be an evolutionarily early form of VPL 
and has been suggested to be less complex than phonatory or filter production 
learning, which rely on coordination between multiple parts of the sound 
production system (Janik & Slater, 2000). Finding that a species is capable of 
respiratory, phonatory, and/or filter production learning, or any combination of 
those, might provide insights into the complexity of VPL when different socio-
ecological and environmental constraints are considered. For example, bats are 
capable of respiratory and phonatory production learning, but evidence of filter 
production learning in these mammals is still lacking (Knörnschild, 2014). What 
are the underlying reasons for this supposed absence of filter production 
learning? In their comprehensive review of vocal learning across species, 
Vernes et al. (2021b, p. 9) point out important questions, e.g., 

·  
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The research of this thesis began with an observation of two previously silent 
seals, who initiated vocalizations after watching a conspecific receive food 
rewards for vocalizing, indicating that harbor seals can learn through observation 
(chapter two ). This already hinted towards vocal learning, as the seals produced 
the vocalizations only in a specific feeding context. Building on these first 
findings, in chapter three , the two harbor seals were prepared for testing more 
complex VCL by training them to associate different vocalizations with different 
visual cues, which involves usage learning. The seals learned all tasks, which 
supports an earlier observation from Schusterman (2008): in his review, he 
reports how the male harbor seal Sprouts was successfully trained to vocalize 
on SD. Unfortunately, session numbers and presentation numbers of SD
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aspect of sound production, especially in human speech, which requires fine-
grained breathing control (Maclarnon & Hewitt, 2004). As such, it is a 
fundamental component in the evolution of speech, albeit one that has not yet 
been extensively explored. Producing vocalizations that are altered in frequency 
parameters, i.e., phonatory and filter production learning, is more complex as it 
requires close coordination between the respiratory and phonatory or filter 
system and may therefore be less widespread (Janik & Slater, 2000). The 
presence of any of these forms of VPL in harbor seals seems likely based on 
converging lines of evidence. A very recent neurobiological investigation 
revealed that harbor seals possess several neural connectivity patterns related 
to vocal production learning (for details, see Cook et al., 2025).  

Therefore, the next step in investigating VPL in harbor seals should be to test 
whether this species is capable of phonatory and/or filter learning. Only this will 
reveal i) whether harbor seals are indeed vocal production learners (Ralls et al., 
1985), and ii) to what extent they are capable of modifying (the spectral 
parameters of) their vocalizations. 

8.4 Vocal Learning Evidence in Gray Seals  

Gray seals are proven vocal learners, both in the VCL (Shapiro et al., 2004; 
Stansbury et al., 2015) and VPL domains (Stansbury & Janik, 2019, 2021). Initial 
studies of vocal learning in gray seals revealed that they are capable of vocal 
usage learning and generalizing call classes (Shapiro et al., 2004; Stansbury et 
al., 2015). This research was then extended to VPL, which has been found in 
both pups and juvenile gray seals (Stansbury & Janik, 2019, 2021). While both 
of these studies focused on the imitative abilities of the seals, different production 
systems were investigated (Stansbury & Janik, 2019, 2021).  

In the first study, Stansbury and Janik (2019) tested three juvenile gray seals on 
their ability to move the direction of their call parameters to match that of the 
acoustic stimuli. The seals learned to match different formant changes, but not 
that of f0 (Stansbury, 2015; Stansbury & Janik, 2019). While the formant-
matching seals were not trained to match the f0 change, a third seal could have 
achieved that: she was asked to imitate changes of her own fundamental and 
peak frequency shifted vocalizations, being rewarded whenever the peak 
frequency of the calls moved at least 60 Hz in the direction of the model. This 
seal learned to match the peak frequency and change in peak frequency 
between stimuli, but crucially not the f0 or change in f0 between stimuli 
(Stansbury, 2015; Stansbury & Janik, 2019). While the pattern of findings may 
be a direct result of the rewarding paradigm (Stansbury & Janik, 2019), they 
could also be interpreted as showing a lack of phonatory control in gray seals. 
The results of this study demonstrate that gray seals have elaborate control over 
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their filter system, while there was no validation of potential control over their 
phonatory system. 

In the second study, Stansbury and Janik (2021) tested whether newborn pups 
would vocally converge to frequency-modified playbacks. A match to these 
stimuli was considered when the respective stimulus number was matched and 
if the average f0 
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8.5 Assessment Methods of Vocal Learning  

In their classic review on vocal learning, Janik and Slater (2000, p. 6) state that 
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determined direction. Therefore, the trained/tested individual has no auditory 
model to converge to but solely relies on the trainer
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In chapter three , I documented the training process of teaching harbor seals to 
vocalize on different SD
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the seal that the correct response had been achieved. It would have been 
interesting to see how high the seal would have gone in f0, if no bridge was 
elicited. However, this raises the question of whether one should reinforce such 
vocalizations. If they were reinforced after the seal stopped vocalizing, the seal 
would have been rewarded for stopping the vocalization, or for, e.g., a potential 
drop in f0 (e.g., due to relaxation of vocal folds, see Fig. S7.1 in chapter seven ). 
Another approach could be to not reinforce those vocalizations, similar to the 
approach conducted in transfer tests (e.g., see Schluessel et al., 2022). 
Generally, through this experiment, I learned the value of not being both an 
experimenter and a trainer at the same time. Not only does the separation of 
trainer and experimenter roles reduce the workload, it also grants a better 
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chapter seven , we found that a gray seal is capable of phonatory production 
learning. Is this true for all gray seals, including females? The speed at which 
the seal learned the task may not be representative of the typical vocal learning 
in gray seals, as there may be individual differences in learning abilities, 
motivation, and so on. This issue is further exemplified by the results in 
chapter  three : the task to emit two different vocalizations on two separate SD
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be classified in the various vocal learning frameworks. Therefore, I suggest 
implementing the non-imitative approach in future research to compare non-
imitative and imitative production learning both within and across various 
species. Concretely, understanding whether imitation-based VPL can be (for 
instance) achieved faster than non-imitative VPL could provide novel insights 
into the mechanisms and functions of VPL. It would be interesting to uncover 
what roles the internal auditory input (i.e., when the subject hears its own 
vocalizations) play in non-imitative VPL. To explore this further, future research 
should examine whether, e.g., rescued animals, naturally deaf from birth (a 
natural deafening experiment), can still learn novel vocalizations through non-
imitation based operant conditioning methods. Follow-up studies should also 
include higher sample sizes, individuals of both sexes, and research in wild 
individuals and/or populations. More generally, the findings of my work are highly 
consistent with VPL being a gradual capability, as opposed to the classical 
dichotomous view. Modern frameworks are increasingly incorporating this view, 
which will ultimately benefit insights into the evolution of vocal learning in diverse 
species. Further, by discerning different vocal learning (sub)forms, their 
underlying mechanisms, and potentially differential neural wiring, we will also 
move closer to understanding the evolution of human speech. 
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VPL can occur in three forms, based on how the sounds are produced: 
respiratory production learning, filter production learning, and phonatory 
production learning. My follow-up research examined respiratory control in 
harbor seals. I trained a juvenile male to control the duration of his vocalizations, 
which led to the formation of vocalizations spanning durations of over two orders 
of magnitude. This demonstrates remarkable respiratory control and respiratory 
production learning.  
 
Finally, I developed a hypothesis addressing the apparent paradox of male 
harbor seals who exhibit presumably learned breeding vocalizations as adults, 
but are raised solitarily by their mothers. How do male harbor seals know what 
to sing when they become sexually mature? My hypothesis proposes that male 
harbor seals may learn their breeding vocalizations already during puppyhood, 
potentially in a sensitive period after weaning. To assess the plausibility of this 
hypothesis, we offer testable predictions, ideally forming a gateway to future 
research. 

My final study focused on gray seals. To gain further insights into their phonatory 
production learning abilities, we trained an adult gray seal to modify his delta 
fundamental frequency (f0), i.e., the difference in f0 between the start and the end 
of his vocalization. I demonstrated that the seal can be trained to exceed the pre-
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VPL in harbor seals. I further showed that gray seals are capable of phonatory 
production learning, and that this form of VPL can be quantified through non-
imitative operant conditioning methods.
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In een volgende reeks experimenten onderzocht ik een meer complexe vorm 
van gebruiksleren. Hierin demonstreerden de zeehonden hun vermogen om de 
productiecontext van hun vocalisaties te veranderen in een call-matching taak, 
en bevestigden deze meer complexe vorm van gebruiksleren. De zeehonden 
toonden ook in staat te zijn tot begripsleren doordat ze met verschillende 
vocalisaties antwoordden op verschillende vocalisatietypes.  
 
VPL kan voorkomen in drie verschillende vormen, afhankelijk van hoe de 
geluiden worden geproduceerd: respiratoir productieleren, filter-productieleren, 
en fonatoir productieleren. Mijn volgende studie onderzocht respiratoire controle 
in zeehonden. Ik trainde een jonge mannelijke zeehond om de duur van zijn 
vocalisaties te beheersen, wat tot vocalisaties leidde met een verschil in duur 
van meer dan twee grootteordes. Dit toont een opmerkelijke respiratoire controle 
en het vermogen tot respiratoir productieleren aan. 
 
Ten slotte ontwikkelde ik een hypothese over de schijnbare paradox bij 
mannelijke gewone zeehonden, die aangeleerde paringsvocalisaties lijken te 
vertonen maar wel solitair opgevoed worden door hun moeders. Hoe weten 
mannelijke gewone zeehonden wat te zingen wanneer ze geslachtsrijp worden? 
Mijn hypothese stelt voor dat mannelijke zeehonden hun paringsvocalisaties al 
als puppy's zouden leren, mogelijk tijdens een sensitieve fase na het spenen. 
Om de plausibiliteit van deze hypothese te beoordelen, stellen we testbare 
voorspellingen voor, die idealiter de basis kunnen vormen voor toekomstig 
onderzoek. 

Mijn laatste studie concentreerde zich op grijze zeehonden. Om verder inzicht te 
krijgen in hun vermogen tot fonatoir productieleren trainden we een volwassen 
grijze zeehond om zijn delta-grondfrequentie (f0) aan te passen (delta f0, oftewel 
het verschil in grondfrequentie aan het begin en het einde van zijn vocalisatie). 
Ik toonde aan dat de zeehond getraind kan worden om het pre-experimentele 
bereik van de gemeten delta f0 (en verwante metingen van de vocalisaties) te 
overschrijden. Hiermee liet de grijze zeehond opnieuw blijk van een hoog niveau 
van fonatoire controle en fonatoir productieleren. 

Het meeste onderzoek in dit proefschrift werd uitegevoerd aan de hand van 
operante conditioneringsmethoden, en stapte af van de klassieke aanpak om 
VPL aan de hand van imitatiestudies te bestuderen. Ik ontwikkelde en 
implementeerde een nieuwe experimentele opstelling die het mogelijk maakte 
om niet-imitatieve mechanismen aan te tonen in gewone en grijze zeehonden, 
zonder nood aan externe auditieve input. De ontwikkelde opstelling maakt een 
gedetailleerd onderzoek van de geïsoleerde akoestische parameters mogelijk. 
Deze aanpak kan het begrip van de verschillende VPL-vormen voortstuwen, 
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door elke onderzochte akoestische parameter overeen te laten komen met een 
geselecteerd geluidsproductiemechanisme. Toekomstige studies zouden hier 
baat bij kunnen hebben; de implementatie van deze aanpak kan leiden tot het 
vinden van respiratoir, fonatoir, en filter-productieleren in verschillende 
diersoorten. Dergelijk vervolgonderzoek zal ons meer kennis geven over de 
verspreiding van VPL doorheen het niet-menselijke dierenrijk en zal hopelijk 
verschillen en overeenkomsten blootleggen tussen niet-imitatieve en imitatieve 
VPL-vermogens. 
 
In dit proefschrift heb ik experimenteel bewijs aangedragen voor verschillende 
vormen van vocaal leren in gewone zeehonden; waaronder, vocaal gebruiks-, 
vocaal begrips-, en respiratoir productieleren. Toekomstige studies zouden 
fonatoir en filter-productieleren in deze soort moeten onderzoeken om 
doorslaggevend en definitief bewijs te vinden voor VPL in gewone zeehonden. 
Ik heb verder ook aangetoond dat grijze zeehonden in staat zijn tot fonatoir 
productieleren, en dat deze form van VPL gekwantificeerd kan worden met 
behulp van niet-imitatieve operante conditioneringsmethoden. 
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In meiner folgenden Studie dokumentierte ich das Training und Testen zweier 
verschiedener Aufgaben in zwei Seehunden. In den Versuchen sollten die Tiere 
auf unterschiedliche Handzeichen jeweils unterschiedliche Verhaltensweisen 
zeigen: Lautäußerung und Schweigen, sowie die Produktion zweier 
verschiedener Rufe bei Präsentation zweier verschiedener Handzeichen. Beide 
Aufgaben wurden von beiden Seehunden gelöst, was bestätigt, dass die Tiere 
vokale Gebrauchslerner sind.  

In einer Folgestudie testete ich dieselben Seehunde auf ihre Fähigkeit zu 
komplexerem vokalen Gebrauchslernen, sowie vokalem Verstehenslernen. 
Dabei zeigten die Tiere, dass sie den Kontext ihrer Lautproduktion wechseln 
können, und mit unterschiedlichen Lauten auf das Abspielen verschiedener 
Laute reagieren können. Damit bewiesen sie ihre Fähigkeit zu komplexem 
vokalen Gebrauchslernen, sowie vokalem Verstehenslernen.  

VPL kann in drei Formen auftreten, abhängig davon wie die Laute produziert 
werden: respiratorisches Produktionslernen (engl. 
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Rahmen des Experiments zeigte die Kegelrobbe eine signifikante Veränderung 
der delta Grundfrequenzen seiner Rufe. Damit demonstrierte die Kegelrobbe 
exzellente Kontrolle über ihr phonatorisches System, sowie phonatorisches 
Produktionslernen. 
 
Den Großteil meiner Forschung führte ich mittels operanter Konditionierung 
durch. Damit habe ich mich von dem klassischen Ansatz, VPL durch 
Imitationsstudien zu erforschen, wegbewegt: ich habe ein neues Setup 
entwickelt und angewandt, welches die Demonstration nicht-imitativen 
Produktionslernens bei Seehunden und Kegelrobben ermöglichte. Das 
entwickelte Setup ermöglicht die Erforschung verschiedener Formen von VPL, 
da vereinzelte Parameter, die mit den jeweiligen vokalen 
Produktionsmechanismen zusammenhängen, genau untersucht werden 
können. Zukünftige Studien könnten von diesem Ansatz profitieren; wobei 
dessen Implementation zur Identifizierung von respiratorischem und 
phonatorischem Produktionslernen sowie Filterproduktionslernen in 
verschiedenen Arten führen kann. Derartige Folgestudien werden dazu 
beitragen das Wissen über die Verbreitung von VPL innerhalb des Tierreichs zu 
erweitern und möglicherweise Unterschiede sowie Gemeinsamkeiten imitativen 
und nicht-imitativen vokalen Produktionslernens aufdecken. 

In dieser Doktorarbeit liefere ich experimentelle Nachweise über die 
verschiedenen Formen des vokalen Lernens in Seehunden, konkret des vokalen 
Gebrauchslernens, Kontextlernens und respiratorischen Produktionslernens. 
Zukünftige Studien sollten phonatorisches Produktionslernen sowie 
Filterproduktionslernen in dieser Spezies untersuchen, um einen 
abschließenden Nachweis des vokalen Produktionslernens in Seehunden zu 
erlangen. Darüber hinaus zeige ich in dieser Doktorarbeit auf, dass Kegelrobben 
des phonatorischen Produktionslernens fähig sind, und dass diese Form des 
vokalen Produktionslernens durch non-imitative operante Konditionierung 
erforscht werden kann.  
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