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Abstract

Vocal learning is a behavioral trait in which the social and acoustic environment shapes the vocal 

repertoire of individuals. Over the past century, the study of vocal learning has progressed at the 

intersection of neuroscience, genomics, molecular biology, physiology, ecology, and evolution. 

Yet, despite the complexity of this trait, vocal learning is most frequently described as a binary 

trait, with species being classified as either vocal learners or vocal non-learners. As a result, 

studies have largely focused on a handful of vocal learner species. Recent studies, however, 

suggest a continuum in vocal learning capacity across taxa. Here, we further suggest that 

vocal learning is a multidimensional behavioral phenotype comprised of distinct, interconnected 

modules. Discretizing the vocal learning phenotype into its constituent components would 

facilitate integration of findings across a diversity of species, taking advantage of the ways in 

which each excels in a particular component, or in a specific combination of features. Such 

comparative studies can improve understanding of the mechanisms and evolutionary origins of 

vocal learning. We propose an initial set of vocal learning modules supported by behavioral 
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and neurobiological data, and highlight the need for diversifying the field of vocal learning to 

disentangle the complexity of the vocal learning phenotype.

Evolving definitions of vocal learning

The behavioral trait typically studied as “vocal learning” involves “the influence of 

auditory information, including feedback, on vocal development” [1]. Janik & Slater [2, 3] 

distinguished between (1) vocal usage learning, in which an individual can learn to produce 

an innate vocalization in a novel context (e.g., a dog can learn to bark when prompted); 

(2) vocal comprehension learning, in which an individual can learn to associate an acoustic 

signal with an action or an outcome (e.g., a dog can learn to sit after hearing the word “sit”); 

and (3) vocal production learning, in which an individual’s vocalizations are modified in 

some way as a result of social interaction with other individuals (as if a fictive dog could 

learn to repeat the word “speak,” as a parrot can, when in both cases the word if not a part of 

the species’ natural repertoire).

A lingering problem with the definition of vocal productive learning is that it is not entirely 

clear what level of vocal production plasticity qualifies a species to cross the ‘threshold’ 

to be considered a vocal production learner. How inclusive should be the set of species 

that possess the vocal learning trait (Figure 1)? In some taxa, all species are thought to 

be vocal production learners (songbirds & parrots [1]). In other taxa, conclusive evidence 

for vocal production learning exist in only a few species (hummingbirds, cetaceans, bats, 

and pinnipeds [2, 4]), and in others the evidence for vocal learning is weak (non-human 

primates, elephants, goats, rock hyraxes, and suboscine bellbirds [5–9]). In the inbred 

laboratory mouse, for example, some studies showed evidence for vocal plasticity [10], 

while other studies claim that vocalizations are entirely innate [11–13] and that variability 

in vocal production across behavioral states may be a byproduct of changes in locomotor 

activity [14]. This uneven evidential landscape presents a conundrum for researchers 

interested in performing comparative analyses of vocal behavior.

As a counterpoint to the view of vocal production learning as a binary trait, the Continuum 

Hypothesis was proposed by Arriaga, Petkov, & Jarvis [15, 16]. The Continuum Hypothesis 

states that species can be ranked according to their vocal learning ability on a linear, 

hierarchical scale ranging from vocal non-learners, through limited and moderate learners, 

to complex and high vocal learners. The most rudimentary or limited form of vocal learning 

is stated to be the ability to modify the amplitude and temporal structure of an innate 

call. Placed above this is the capacity for vocal improvisation, which may include spectral 

modifications, and at the top are species capable of spectra-temporal modification of their 

vocalizations in order to imitate (or mimic) an acquired acoustic target [16]. By allowing 

for the existence of a gray area between vocal learning and non-learning, the Continuum 

Hypothesis opened the field to investigation of a broader range of species. However, the 

Hypothesis rests under the assumption of a single dimension along which the evolution of 

vocal learning proceeds.

Wirthlin et al. Page 2

Neuron. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A Modular Hypothesis of vocal learning

We propose that rather than a binary or single continuous trait, vocal learning represents a 

multidimensional behavioral trait comprised of discrete sub-traits, which we term modules 

(Figure 2). Our use of the term module here is inspired by the mosaic model of brain 

evolution [17, 18], in which individual behavioral modules can be independently targeted 

by evolutionary selection. That is, it may be possible for a species to have a high degree 

of complexity in some modules but not others. We suggest that even if a species is a 

“poor” vocal learner on average (when considering all modules combined), it might still be a 

preferred system for studying the neurobiology of a single module in isolation. For example, 

from the perspective of studying mechanisms of human speech development, the transition 

from highly variable juvenile vocalizations (babbling) to stereotyped adult vocalizations 

can be observed both in excellent vocal learners such as songbirds (e.g., zebra finch [19]), 

but also in some vocal non-learners (e.g., the Japanese quail, [20]). Both species show a 

developmental transition from variable babbling to stereotyped calls. However, the quail 

does so without any imitative learning while the songbird acquires novel sounds learned 

from its tutors [20]. Here, the lack of other features in the quail that are traditionally 

attributed to the vocal learning trait could be an advantage, allowing studies to focus on a 

single component in isolation of other components. This is in contrast to a more complex 

vocal species, such as the songbird, where multiple features can all vary in conjunction and 

hence make it more difficult to identify the contributions of features independently. At the 

neural level, the quail does not possess the brain circuitry necessary for vocal mimicry and 

yet still retains the components necessary for vocal babbling. Thus, it can be used as an 

exquisite system for studying that specific module from the behavioral to the neural level.

More generally, our framework is aimed at facilitating integration between studies in 

songbird and non-songbird models in order to encourage a move towards a more holistic 

view of this complex trait. As with any behavior, vocal learning does not exist in a vacuum, 

but rather reflects the ways in which each species is uniquely adapted to its physical and 

social environment, and constrained by its particular evolutionary history [21]. To properly 

account for this context, comparison of a diverse set of vocal learning taxa is necessary to 

distinguish general patterns from lineage-specific features. As a starting point for further 

deliberation, we propose three initial modules: (1) vocal coordination, (2) vocal production 

variability & feedback, and (3) vocal versatility. Using these, we aim to highlight the utility 

of the modular approach in diversifying the study of the vocal learning trait.

Vocal coordination

The first proposed module refers to the ability of an animal to flexibly modify the temporal 

production of its vocal output. This may range from, at its most basic, reflexive vocal 

production in response to a stimulus, to predictive vocal production coordinated with the 

actions of a partner, to synchronized rhythmic entrainment in which the ongoing temporal 

vocal coordination becomes self-guided (Figure 3).
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Gradient of Vocal Coordination Across Species

In its simplest expression, vocal coordination takes the form of a reflexive response to a 

stimulus, such as the call-and-response behavior exhibited by multiple species, that is likely 

gated by hypothalamic and amygdalar mechanisms with very little influence from learning 

[22]. Such behavior could reasonably be described as an example of vocal usage learning 

under Janik & Slater’s definitions of vocal learning [3].

Other forms of vocal coordination can emerge as a response to different forms of “jamming” 

in the acoustic environment. In the example of call alternation, multiple vocalizing 

individuals may adjust the phase and tempo of their calls in response to neighboring callers 

in order to avoid signal interference. This has been extensively studied in anurans, whose 

breeding success depends on the precise timing of calls to maximize the chances of their 

own calls to be heard by a potential mate, or to actively interrupt the calls of their neighbors 

[23–25]. A similar ability to improve the signal-to-noise ratio of vocal signals in a noisy 

environment is also observed in group-foraging bats, where individuals can dynamically 

coordinate their echolocation calls during flight to avoid jamming interference [26]. This 

may be achieved through diverse mechanisms, including temporal vocal synchronization 

and shifting in the frequency of calls to avoid acoustic overlap [27, 28]. Here there are 

interesting mechanistic parallels with jamming avoidance in the weakly electric fish that 

present an exquisite example of non-vocal coordination and where the neurobiological 

underpinning have been extensively elucidated [29, 30]. Importantly, in both the electric 

fish, the frog, and the bat, the signals are innate, yet their temporal and spectral structure can 

be flexibly adjusted in response to the social and acoustic environment.

Evidence from songbirds suggests that vocal coordination may represent a distinct module 

of vocal behavior even in more adept vocal learners. Although in zebra finches, only the 

male naturally learns to produce a song matching that of its tutors, both sexes produce 

several types of innate calls, including short calls that can be rhythmically coordinated 

[31]. In an acoustic jamming challenge in which the normal timing of a bird’s short calls 

was interrupted by a vocal robot, the birds displayed rapid rhythmic adaptation to avoid 

their calls being disrupted. The birds were further able to avoid disruption presented by 

more complex rhythmic interruptions, demonstrating vocal coordination that is not simply 

responsive, but predictive of future calls [31]. Finally, lesions targeting to the posterior 

motor pathway (RA and HVC-to-RA projections) impaired the birds’ ability to predictively 

coordinate the precise timing of these innate calls in both female and male zebra finches, 

suggesting a neuroanatomical locus for the precise timing of these calls [31].

Several animal species, including ‘vocal non-learners’, can synchronize the timing of vocal 

exchanges with a partner with greater degrees of precision, e.g. antiphonal calling, vocal 

turn-taking, and duetting [32, 33]. In mammals, neotropical singing mice (Scotinomys 
sp.) engage in agonistic countersinging behavior that is tightly temporally coordinated, 

comprised of simple notes that are identifiable from birth [34, 35]. As a further example, 

mate-paired gibbons sing elaborate and extensive duets comprised of complex sequences of 

individually simple calls [36, 37]. In pairs of siamang gibbons, the proper timing of their 

great-call duet sequence takes months to develop [38]. In one example, a newly formed pair 

performed frequent temporal sequencing errors, leading to premature termination of the duet 
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in all but 24% of these initial bout attempts. After 18 weeks, the pair achieved successful 

coordination of 79% of duet bouts, suggesting that learning the temporally coordinated 

structure of their duet was accomplished through extensive social feedback and practice 

[38]. Other species of gibbon have been shown to match the rate of singing of a simulated 

conspecific played via tape [39].

In birds, vocal duetting is observed in all three taxa traditionally considered vocal production 

learners—songbirds, parrots, and hummingbirds—but also in vocal non-learners such as 

swans, owls and woodpeckers [40, 41]. Extensive learned temporal vocal coordination is 

also observed in suboscine Passerines, the sister taxon of songbirds (i.e. oscine Passerines). 

The suboscine clade consists of over 1,000 species that are widely regarded as being vocal 

non-learners on the basis of deafening and hand-rearing experiments performed in just 3 

closely related species of a single family, Tyrannidae [42–44]. In other suboscines, there 

is evidence for learning in the temporal domain: male long-tailed manakins (suboscine 

family Pipridae) develop coordinated duet songs over time as part of their cooperative lek-

breeding displays [45]. Mate-paired horneros (family Furnariidae) sing a highly structured 

duet with a complex rhythmic time signature, in which the male and female must match and 

coordinate their tempo with that of their partner’s on a subsecond level [46, 47]. Pair-living 

Peruvian warbling antbirds (family Thamnophilidae) not only develop coordinated duets, but 

also display remarkable temporal vocal flexibility: females will respond to the signals of 

unpaired female sexual rivals by jamming their own male partner’s song, which the males 

will attempt to circumvent by adjusting the tempo of their own song in order to avoid 

jamming interference [48].

Duetting may exist on a continuum with the phenomenon of vocal turn-taking, where 

species’ vocal interactions display ongoing synchronized rhythmicity [32, 33, 49]. In 

marmosets, vocal turn-taking is learned during the first year of life, and may be facilitated 

by directed social feedback from the parents [50]. Turn-taking is not exclusive to the vocal 

domain, being evident also in human sign language as well as the gestural turn-taking 

observed in great apes [49]. Vocal and gestural coordination in primates has been widely 

proposed to be a fundamental precursor to human speech [22, 49].

Neural Mechanisms of Vocal coordination

Neurobiological evidence supports the existence of brain areas involved in temporal vocal 

coordination. In the case of human speech, strokes in various speech areas can result in 

“acquired arrhythmia,” the selective disruption of the ability to reproduce a rhythm or 

entrain to a beat, even in cases where rhythmic perception and melodic production are 

unaffected [51, 52]. Various cortical structures have been specifically implicated in the 

temporal coordination of vocal output in humans. Electrophysiological recordings during 

speech indicate that a high degree of temporal coordination is present within the laryngeal / 

orofacial sensorimotor cortex [53, 54]. It has been further proposed that this sensorimotor 

activity is guided primarily by a higher-order motor area for temporal processing, likely 

Broca’s area and the supplemental motor area (SMA), with additional roles for the basal 

ganglia and cerebellum [55, 56].
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In songbirds, a very similar pattern is observed. As a zebra finch sings, neuronal activity 

in the primary motor output nucleus RA is tightly time-locked to specific song motifs [57]. 

The temporal encoding of this ensemble activity derives from descending projections from 

premotor nucleus HVC [58, 59]. The hypothesized role of HVC in temporal control over 

song has been suggested by cooling experiments, in which focal cooling of HVC leads to an 

overall slowing of song production, further implicating this nucleus in the temporal aspects 

of learned song [60]. Remarkably, in humans focal cooling of speech-associated premotor 

Broca’s area leads to a specific slowdown in overall speech timing without significant 

loss in speech quality, while cooling of speech-associated ventral motor cortex results in 

a breakdown in the spectral quality of speech, with little effect on timing [61]. Finally, 

recordings in HVC of wild songbirds demonstrate that HVC encodes not only the temporal 

pattern for their own part in a coordinated duet, but that of their partner’s as well [62, 63].

Taken together, these examples suggest that vocal coordination is a complex behavior 

involving varying degrees of learning, which is not imitative per se. Nevertheless, it has 

clear mechanistic overlaps with imitative vocal learning: both are guided by feedback, and 

both may be controlled by overlapping brain centers.

Vocal Production Variability & Feedback

The second modulate related to how vocal learning species dynamically change the acoustic 

variability of their vocal output, either during critical periods of development or seasonally 

in adulthood [19, 64, 65]. In particular, vocal learning typically begins with a highly variable 

babbling phase, which has been studied extensively in human infants and in songbirds [64]. 

The role of babbling is to promote vocal exploration, which allows the animal to learn how 

to use its vocal apparatus to produce a variety of vocal sounds, and then to match its vocal 

production to an external model in adulthood. This later consolidation of vocal sounds is 

guided by auditory and social feedback. Feedback can shape vocalization at multiple levels: 

most essential is the role of auditory feedback from the animal’s own vocalization [66, 67]. 

Auditory feedback allows a self-evaluation of production errors [68] and may be influenced 

by an external auditory input, sometimes referred to as a sensory template [69]. Finally, 

vocal learning may be guided by higher level social selective pressures. For example, social 

feedback from a parent, or from adult conspecific, may reinforce the production of a call by 

its young in the correct context. (Figure 4).

Vocal variability with and without feedback

The ability to dynamically control variability during vocal production is not limited to vocal 

learners. For example, stages of vocal babbling resembling the dynamics by which subsong 

utterances are transformed into adult syllables and motifs in songbirds have been observed 

in quail [19, 20]. In its most rudimentary form, vocal babbling includes an initial phase 

of juvenile vocal variability, which largely disappears by adulthood without an apparent 

influence of any auditory or social feedback [2, 70, 71]. In juvenile Japanese quail, the 

precise spectral and temporal trajectory by which noisy initial calls develop into adult 

crows varies greatly between individuals, and yet the outcome of vocal development is 

nearly identical across individuals. Although we do not understand why vocal babbling 
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exists in some vocal non-learners, but not in others, it is a fascinating case of potential 

pre-adaptation for vocal learning. Importantly, it further provides an opportunity for studying 

the transition from vocal exploration to consolidation of structure in animal models that lack 

the complexity of an external feedback influences.

Similarly, in other species external sources influence vocal variability, but do not influence 

the vocalization ultimately learned. For example, parental interactions influence vocal 

production variability in the juvenile marmoset, who undergo a ‘babbling’-like phase of 

highly variable output [72, 73]. However, although these parental interactions affect the 

developmental rate of calls, they do not affect the final outcome of vocal development [74].

Juvenile begging calls present a further example where external feedback influences vocal 

variability. In many birds and mammals, infants engage in vocal begging to solicit parental 

food provisioning. Although these calls are innate, competing nestlings and littermates alter 

the variability of their calls, and at least in some cases, this variability is guided by social 

and auditory feedback. This includes established vocal learning taxa such as songbirds [75–

78] and parrots [79], but also taxa not otherwise appreciated for their capacity for vocal 

learning, including cuckoos [80], pigeons [81], pigs [82, 83], meerkats [84], and pygmy 

marmosets [72]. In songbirds, nestlings are able to modify their begging calls to more 

closely match the acoustic parameters of their parents’ song, the capacity for which is 

reduced with lesions to the developing song system, suggesting that variable nest begging 

behavior could represent a prerequisite for the evolution of song learning [85].

On the other end of the developmental spectrum, some species retain vocal variability in 

adulthood. In many cases, this maintenance or reopening of vocal plasticity does not occur 

as a result of social learning, but rather as a result of changes in neuroendocrine factors, as 

in the case of the seasonal singing of many species of songbirds and vocalizing fish [65, 86]. 

In other cases, experimental disruption of auditory feedback leads to a dynamic increase in 

vocal variability of a previously fixed vocalization, revealing an ongoing role for this module 

in the experience-dependent maintenance of adult vocalizations [87].

Neural mechanisms of vocal variability

Interestingly, exploratory variability is not a passive feature of neural systems, but rather 

one that is dynamically regulated to facilitate motor learning [19, 88]. During juvenile song 

learning in zebra finches, the forebrain nucleus LMAN—a component of the cortico-basal 

ganglia-thalamo cortical forebrain loop required for song learning [89]—acts as a driver of 

vocal behavioral variability by injecting a variable spiking signal into the premotor output 

nucleus RA [90]. Over the course of learning, this variable output is refined by the influence 

of auditory feedback-based error correction, which ultimately enables the consolidation of 

the vocal motor pathway’s control of the learned adult song [68, 87, 91, 92]. In mammals, 

cortico-striatal-thalamo-cortical loops are known to play an essential role in flexible motor 

behavior [93–95], and likely play a similar role in the context of vocal production variability. 

However, the precise neuroanatomical substrate for the active regulation of vocal variability 

in human speech learning and other mammalian vocal learning systems has not been well 

elucidated.
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Integrating these findings, we suggest that vocal production variability represents a distinct 

behavioral module supported at least in songbirds by a distinct neurobiological substrate. 

The observation that species dynamically regulate vocal production variability through a 

diversity of mechanisms motivates a comparative approach to identify its diverse underlying 

mechanisms as well as their influence on vocal plasticity.

Vocal Versatility

Lastly, we propose a two-axis module which we refer to vocal versatility. This module 

is defined as the combination of two related traits: vocal plasticity, the degree to which 

a species repertoire can be altered as a result of experience and, vocal diversity which 

is the repertoire size of vocal sounds a species is capable of producing (Figure 5). Vocal 

versatility thus ranges from species that produce only a few innate calls, such as humming 

fish or crocodilians, to species with advanced interspecific mimicry and the ability to 

imitate novel sounds not part of the species’ natural repertoire, as exemplified by many 

songbirds and parrots. However, this two-dimensional framework also includes species 

with diverse vocal repertoires that are largely innate, such as in the domesticated chicken 

and the macaque monkey, as well as species with fairly limited natural diversity of vocal 

sounds that are nevertheless amenable to learned modification, such as harbor seals. Such 

uncoupling between vocal plasticity and diversity is in turn linked to the evolution of 

peripheral structures for sound production, which expand the vocal repertoire, versus the 

evolution of the central nervous system, which expands vocal plasticity.

Peripheral Components of Vocal Versatility: Source and Filter

Broadly across vocalizing vertebrates, a primary structure serves as the ‘source’ of vocal 

output (the larynx, and additionally the syrinx in birds), which is ‘filtered’ spectrally through 

the vocal tract (including the trachea, pharynx, and nasal cavity) with a set of supralaryngeal 

structures that can dynamically change the length of the tract and its resonance frequencies. 

The set of articulatory filtering mechanisms exhibit wide phenotypic diversity across 

taxa, and include the tongue, lips, jaw, palate, beak, and trunk. The source-filter theory 

distinguishes these physical structures based on their role in shaping acoustic output as well 

as by their anatomical separation [96, 97]. Importantly, it provides a helpful framework 

for conceptualizing how different species achieve different levels of vocal versatility. For 

example, whereas in songbirds vocal complexity is achieved largely by controlling the 

source (i.e. their syrinxes), in human speech, acoustic output is extensively shaped by 

filtering (e.g., using our tongue). We organize our description of this module to focus 

separately on the source and filter structures and their related neurobiological mechanism in 

each section.

Source: Evolution of Structure Complexity and Forebrain Control

At the source level, several species have evolved unique adaptations in their primary vocal 

organ to enable a more flexible and elaborate forms of vocal output. The syringeal anatomy 

of parrots and songbirds is more complex compared non-learning birds such as ducks and 

ibises [98, 99] and songbirds have further evolved “superfast” syringeal musculature as well 

as the ability to independently control sound production in each of the two branches of 
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the syrinx. This in turn, allows for the production of more complex vocalizations, with the 

degree of anatomical complexity possibly also correlating with the species’ capacity for 

vocal imitation [98–102]. Similarly, great diversity in source complexity are evident across 

mammals. The laryngeal anatomy of some bats has also been found to contain superfast 

muscles [103] while in other vocal learning mammals, however, there is little evidence 

for increasing complexity at the source level. Yet, many animals have also found creative 

ways of achieving vocal diversity by utilizing different features of the source. Such is the 

case for the screams of macaques and pant-hoots of chimpanzees, where harmonic calls are 

transformed into a graded series of increasingly complex and noisy calls through relatively 

simple additive application of respiratory pressure [104, 105].

However, the complexity of the vocal organ alone may not be sufficient to enable an 

advanced form of vocal versatility. Recent support for this notion comes from anatomical 

studies in non-human primates. While in the past it has been claimed that the human 

‘descended larynx’ is uniquely evolved to enable complex speech [106], more recent 

work has disputed this claim, suggesting that even the vocal tract of macaques may be 

‘speech-ready,’ missing only the necessary neural structures for learning rather than the 

physiological capacity for more complex vocal production [107]. Thus, in humans as in 

other vocal learners, it is believed that at the level of the central nervous system, higher brain 

structures must gain control over the brainstem in order to facilitate higher vocal versatility. 

Experimental work in humans and songbirds has illuminated many of the neurobiological 

mechanisms underlying the flexible cortical (or pallial in the case of avians) control over 

sound production [54, 108, 109]. Nevertheless, further work is needed to bridge the gap 

between findings in the avian and mammalian brains. One potential approach is to search 

for shared mechanisms underlying the capacity for modifying vocal pitch, a trait shared by 

several avian and mammalian species including songbirds [110], parrots [111], cetaceans 

[112], pinnipeds [113], bats [114, 115], and New World primates [116, 117]. Identifying 

common neural mechanisms facilitating this capacity would first require detailed delineation 

of forebrain structures that enable the adaptive modification of pitch in the mammalian 

brain. However, this challenge is becoming more tractable with novel genetic and anatomical 

tracing approaches for identifying homologous brain structures and cell types across taxa 

[118, 119].

Filter: Evolution of Structure Complexity and Forebrain Control

While major research focus has been devoted to laryngeal and syringeal control, we know 

relatively little about the diverse mechanisms mediating articulatory filtering in vocalizing 

animals. Considering the crucial role of supralaryngeal structures in enabling more refined 

spectral shaping during vocal production (including in human speech), this topic deserved 

far more attention. For example, parrots display high dynamic control over their tongue, 

which plays a prominent role in the production of their extensive natural vocal repertoire 

as well as their expert imitative abilities [120, 121]. Parrots have been shown to have more 

extensive forebrain circuitry for learned vocal behavior than songbirds [122] but the extent 

to which this circuitry plays a role in the control of vocal articulatory structures beyond 

the syrinx remains unexplored. Among primates, control of the tongue via direct motor 

cortex projections to the hypoglossal nucleus appears to be absent in saddle-back tamarin, 

Wirthlin et al. Page 9

Neuron. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



present to a degree in squirrel monkey and rhesus macaque, and most densely innervated 

in humans, suggesting that the density of this representation may be correlated with the 

degree of tongue-mediated vocal behavior in these species [123]. Among bats, the Egyptian 

fruit bat (Rousettus aegypticus) similarly displays an exceptional degree of control over 

the tongue: whereas most bats’ echolocation calls are produced from the larynx, in R. 
aegypticus they are exclusively tongue-based [124, 125]. More recently, these bats have 

been demonstrated to exhibit a capacity for long term and persistent vocal plasticity of their 

social communication calls across multiple spectral parameters [115], further supporting a 

potential link between the degree of control over the articulatory filtering structures and the 

capacity for vocal plasticity.

Coordination of Source and Filter

Lastly, nearly all animal vocalizations involve some degree of coordination between 

these various source and articulatory filtering mechanisms (as well as respiratory output), 

which is reflected in their increasingly integrated representation at higher levels of 

vocal control circuits [126–128]. However, as the precise mechanisms for the neural 

control of source and filter structures are seldom examined in combination, the possible 

mechanisms for integrating and controlling them remain largely unexplored. In humans, 

electrophysiological recordings during speech production have demonstrated that the diverse 

articulatory structures as well as the larynx each have distinct somatotopic representations 

and temporally coordinated activity in the sensorimotor cortex [53]. Based on the vocal 

learner convergences observed for laryngeal / syringeal control, it is likely that other vocal 

learners could possess similar shared specializations for the coordinated cortical control of 

the articulatory structures that enable vocal versatility. We suggest that comparative work to 

address this possibility represents a rich domain for future neurobiological inquiry.

Conclusions

We formulate a framework for the study of vocal learning, in which the behavior is proposed 

to be a multidimensional trait comprised of distinct but interdependent subcomponents, 

which we term modules. Within this framework, we suggest three potential modules— vocal 

coordination, vocal production variability & feedback, and vocal versatility. The modular 

approach proposes that incorporating species along the different axis of district modules 

will facilitate a better mechanistic and evolutionary understanding of the building blocks 

which together comprise the vocal learning trait. The three modules discussed here benefited 

from positioning species along these individual axes, starting from the origin (or most 

rudimentary level) and advancing towards the champion species that best exemplify each 

module. The broadly comparative work that will be necessary to assess species across 

these dimensions is greatly facilitated by rapid advancement in modern genomic tools and 

computational approaches [129–134] that can enable linking behavioral and neurobiological 

components along each axis. Ultimately, we believe a modular, multidimensional framework 

will allow for a more efficient inclusion and comparisons of traits between human and 

animal models, as we may ask not which species represents the singular best model for vocal 

learning, but rather which particular aspects of vocal learning can best be studied across a 

diverse plurality of model systems.
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Figure 1. A phylogeny of vocal learners.
As vocalizations are thought to be innate in vocalizing fish, amphibians, and reptiles, most 

studies of vocal learning focus on birds and mammals. The canonical set of taxa widely cited 

as being vocal production learners [2–4] is fairly restricted (in blue). However, some limited 

evidence has led to claims that a much broader range of taxa may possess some capacity 

for vocal learning (in red) [6–9, 135, 136]. In many cases these examples rely on highly 

anecdotal examples, in others the evidence has been contested [137]. The remaining taxa are 

largely assumed to be vocal non-learners, although this has been conclusively demonstrated 
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(classically, through deafening, hand-rearing, or cross-fostering experiments) in remarkably 

few taxa.
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Figure 2. Vocal learning as the intersection of several component sub-traits.
Vocal production learning has traditionally been viewed, explicitly or implicitly, as a binary 

trait that is either present or absent. More recently it has been proposed to be a continuum, 

with species increasing linearly in ability from ‘low’ to ‘high’ vocal learners [16]. An 

alternate view, presented here, suggests that vocal learning may be a multidimensional 

trait, in which species exhibit varying capacities for learning across a set of interrelated 

behavioral trait modules, which do not necessarily vary co-linearly. This view enables 

a neuroethological approach, in which species that excel in a particular module could 

represent ideal model to disentangle particular aspects of the vocal learning phenotype in 

isolation. As a starting point, we present three example modules, listed here with (in black) 

related concepts from the broader vocal learning literature. Species discussed in relation 

to each module in this review include, for vocal production variability, common marmoset 

(Callithrix jacchus); for vocal coordination, warbling antbirds (Hypocnemis sp.); and for 

vocal versatility, Egyptian fruit bat (Rousettus aegypticus).
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Figure 3. Vocal coordination.
As with any social signal, vocal communication signals must be appropriately timed and 

coordinated in order to produce their intended effect on their recipient(s). (A) In marmoset 

antiphonal calling (adapted from [138]), adults engage in ongoing bouts of rhythmically 

coordinated calling, a phenomenon known as turn-taking that is also exhibited in human 

speech. (B) Bats use the acoustic reflections of echolocation calls to navigate and detect 

prey. While flying and foraging in a group context, the echolocation of conspecifics then 

threatens to “jam” the signal of a caller, a possibility that much be avoided. One of several 

solutions to this problem, exhibited by the European free-tailed bat (Tadarida teniotis), is for 

individuals to dynamically shift the acoustic frequency of their calls to avoid overlap (blue 

and red dots indicate the minimum frequency of echolocation calls of two bats, adapted from 

[28]). (C) During vocal duetting, conspecifics tightly coordinate their vocal production as 

means of defending territories or maintain social bonds, among other possibilities. In some 

cases, as in the Rufous hornero (Furnarius rufus), these duets are refined over time between 
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partners to match a highly-structured pattern with subsecond temporal precision (adapted 

from [46]).
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Figure 4. Vocal production variability & feedback.
During the plastic period of vocal development, diverse sources contribute to variability in 

vocal output, and the neural motor signal that underlies it. This exploratory variability is 

dynamically regulated to facilitate motor learning. (A) Juvenile Japanese quail exhibit an 

initial period of vocal variability that wanes over the course of the development of their 

adult crow [20]. (B) Juvenile zebra finches similarly experience an initial period of high 

vocal variability (subsong), which gradually (via plastic song) crystallizes into the adult 

song type. Uniquely in the finch relative to the quail, this decrease in vocal variability 

coincides with increasing similarity to the song of a tutor it was exposed to during this 

critical period [139]. Vocal learning is then in some respects the process by which internally 

guided developmental processes (as in the quail) are exposed to external influences (as in the 

finch).
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Figure 5. Vocal versatility.
A fundamental concept in the study of animal vocalizations is the complexity of its vocal 

repertoire. In some cases, as in vocalizing fish and crocodilians crocodilians (A, adapted 

from [140]), a species may present a very small set of calls used under a limited set of 

circumstances. Other species may present a more diverse acoustic repertoire with a range 

of categorically discrete call types, as in the case of the macaque monkey (B, adapted 

from [141]. Expanding the complexity of the vocal repertoire can be accomplished through 

various means, including increasing the dynamic motility of the vocal apparatus and taking 

advantage of nonlinear vocal phenomena. Vocal repertoires may also be made more versatile 

through the influence of learning. At its most basic, this may involve small modifications 

to pre-existing vocal signals to match a template, as in the case of a harbor seal trained to 

imitate a sequence of human vowel formants (C, adapted from [113]). In its most advanced 

instantiation, species may present the ability to mimic other species, novel sounds, and 

complex series of syllables, motifs, and phrases, as in the common starling (D, adapted from 

[142]).
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