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Editorial on the Research Topic
 Songs and Signs: Interdisciplinary Perspectives on Cultural Transmission and Inheritance in Human and Nonhuman Animals



Songs and signs are learned beginning in infancy, persist and change across generations in seemingly all human societies, and may also characterize the lives of certain non-human animals, viz. the vocal traditions of songbirds and whales. Defined as shared behavior transmitted via social learning, culture is increasingly observed across disparate animal groups (Whiten, 2021), and scholarly research on animal cultures and how they change or endure is a primary focus of contemporary posthuman and non-anthropocentric approaches to the non-human animal (e.g., Mangano and Marrone, 2018). In the sciences, iterated-learning transmission chain experiments reveal that learning biases play an important role in shaping and stabilizing such diverse cultural behaviors as language and birdsong (Kirby et al., 2008; Fehér et al., 2009). Yet these convergent developments in different disciplines normally do not interface, and much remains unknown as to how social learning and genetic inheritance interact, or how different socially-inherited ways of living may be vulnerable or robust to anthropogenic changes transforming the planet.

We—an ethologist, an archaeologist/musician, and a musician/philosopher—created this Research Topic as a means of continuing the spirited conversation started at an interdisciplinary two-day conference held at Columbia University in February 2019, “The Transmission of Songs in Birds, Humans, and Other Animals,” which brought together diverse perspectives on how learned vocal traditions and other communicative systems are shaped by the ways in which they are learned. The present article collection, with less than half of the contributions authored by participants in the original conference, is the result of the efforts of over 80 referees and contributing authors hailing from traditional disciplines including psychology, biology, linguistics, anthropology, philosophy, and music, as well as inherently interdisciplinary fields: neuroscience, music cognition, music education, zoomusicology, sound studies, archaeoacoustics, and bioacoustics. Wherever possible, the articles in this collection were reviewed by at least one referee from a discipline other than the authors'. We were fortunate that many contributing authors were also willing to serve as referees, and for the extraordinary openness and good will we encountered throughout the project. Our hope with this collection is that the new space it opens up will enrich discipline-based as well as interdisciplinary work on animal cultures, and support nuanced thinking around conservation (Brakes et al., 2019).

We have organized the nineteen articles in the collection thematically into five sections, interweaving contributions from the lab and the wild: “Signal properties,” “The learner's role,” “Relational considerations,” “Sonic ecologies,” and “Modes of cultural transmission.” Each section represents multiple disciplines and an array of species and signal types: songbirds (over 25 species) appear in four sections (articles by Roeske et al.; Doolittle; Bilger et al.; Chopoorian et al.; Taylor; Williams; Lewis et al.; Garland and McGregor), as do marine mammals—dolphins (Meyer et al.) and humpback whales (Pénitot et al.; Mercado; Garland and McGregor; Sinclair et al.); two sections feature whistles (Meyer et al.; Verhoef and Ravignani). Finally, running through the collection (in particular articulated by Meyer et al.; Roeske et al.; Doolittle; Taylor; Pénitot et al.; Mercado; Rinsema and Edwards) is the cross-cutting theme of tuning our human senses to search for new ways of listening—to better hear other species, no less our own.


SIGNAL PROPERTIES

How do songs and signs become traditions? Although some cultural forms may be arbitrary [e.g., famously, words that lack iconicity (Saussure, 2011)], others may be conducive to cultural transmission. This section focuses on transmissibility and other properties of culturally-inherited signals. Meyer et al. introduce a comparative research agenda that links human whistled speech, used for long-distance communication in certain rural populations, and the long-distance, underwater whistle communication of dolphins. Whistled speech is language-specific and consists of a highly reduced version of the native language's voiced speech which nevertheless retains high intelligibility. Meyer et al. argue that studying how fluent listeners decode complex information from the degraded signals of whistled speech can help generate novel, testable hypotheses regarding the structure and function of dolphin whistles, which might turn out to be more complex than has been previously assumed. As whistles are adaptive in certain environments, their transmissibility in space is clearly related to their transmissibility in time (i.e., across generations). Socio-environmental pressures on cultural transmission are further explored in later sections of the article collection (“Relational considerations” and “Sonic ecologies”). The other three papers in this section deal with transmissibility on aesthetic grounds, following Darwin (1871), in terms of musicality. Both the universality of music and the possibility of non-human animal musicality are contested questions which have attracted attention across a number of fields in recent years (for reviews of these debates, see Verhoef and Ravignani; Taylor). Roeske et al., Doolittle, and Bilger et al. approach the musicality of birdsongs in inventive and complementary ways. Roeske et al. and Bilger et al. are multidisciplinary teams composed of musicians and scientists; Doolittle, a composer, integrates musical and ornithological perspectives in the interdisciplinary practice of zoomusicology, which she demonstrates by evaluating the songs of the hermit thrush according to nine areas in which music and birdsong can be said to overlap. The article by Roeske et al. is an exercise in perspective-taking as well: the authors deploy intuitions informed by expert listening to guide a quantitative analysis of mockingbird song, which yields the discovery of “compositional” rules at play in this species. Bilger et al. put the question of avian musicality directly to human listeners and find, intriguingly, that people perceive birdsongs from a range of species to be more musical than scrambled versions of the same sounds.



THE LEARNER'S ROLE

Why should human musical appreciation and avian aesthetic preferences converge? Aesthetics can be an important driver of sexually-selected traits (Prum, 2017); they may also play a role in cultural transmission, through the intrinsic preferences (presumably shaped, at least in part, by genetic predispositions) of learners—who, after all, receive and transmit all of the songs and signs of culture. Human civilization would look very different if all cultural transmission proceeded like the game of Telephone, where copying error fuels the fun. However, transmission chain experiments show that even when signals are serially received and transmitted by learners in a Telephone-like setting, mutations on aggregate are not random, but rather expose underlying “universals” shared across individuals, resulting in biased iterated learning that constrains the space of cultural evolution (Bartlett, 1932; Kirby et al., 2008). In their study, Verhoef and Ravignani find that sets of slide whistle gestures transmitted by chains of experimental participants evolved to exhibit properties consistent with a set of putative melodic universals (Savage et al., 2015). Chopoorian et al., on the other hand, use an agent-based modeling approach, and probe how intrinsic learner bias may be indirectly affected by direct selective pressure on cultural traits. The results of their simulations demonstrate that learner preference cannot necessarily be inferred from the cultural landscape: whereas selection for rare cultural phenotypes led to a learning bias for novelty, selection for cultural homogeneity did not yield a corresponding conformity bias (see Williams for additional theoretical background on these and other mechanisms of cultural evolution). The experimental and theoretical contributions of Pfordresher et al. and Tichko et al., respectively, reaffirm that human cultural transmission is necessarily embodied. Our bodies constrain cultural behaviors differently toward different ends and at different times across the lifespan: Pfordresher et al. report cautionary findings that individual spontaneous production rates in speech, piano-playing, and tapping are consistent within but not necessarily correlated across modalities, while Tichko et al. present a dynamical theoretical framework of the ontogeny of musical rhythm, a universal enculturation process whose mechanisms remain largely mysterious.



RELATIONAL CONSIDERATIONS

The previous section highlights various ways in which learners influence cultural transmission via non-random copying errors. The final section of the collection, “Modes of cultural transmission,” considers other, more agentic sorts of nonrandom change such as improvisation or innovation. In the present section, the authors assume learner agency, and focus on cultural transmission as a social process. Mueller, Stadler Elmer, and Taylor each take a close look at (listen to) the interaction dynamics of song teaching and learning—whether occurring in the context of popular media, formal didactics, or observed in a non-human animal—while Pénitot et al. describe an interspecies, musique concrète-inspired approach to learning about humpback whale song via an interactive human-whale interface loaded with bassoon sounds (chosen because of physical similarities between the bassoon and the humpback vocal apparatus). Mueller's history of late eighteenth-century German songs for families, which reveals how parents and children widely participated in a philanthropinist-orchestrated “knitting-together” of the family by learning scripted songs and performing them together, provides a clear example of how songs encode social relationships. Her article reminds us that while singing may have fundamental importance in human development (Trehub and Trainor, 1998), the songs sung by caregivers and infants are inescapably historical.



SONIC ECOLOGIES

This section extends the relational considerations of the previous section to include the full ecological context that songs inhabit and which may shape their transmission. Mercado's article on song morphing in humpback whales challenges the consensus view that humpback whale songs change as a result of cultural transmission (cf. Garland and McGregor). Cetaceans are one of only a few phylogenetic groups that exhibit vocal production learning (Petkov and Jarvis, 2012; Janik and Knörnschild, 2021). However, unlike in songbirds, there is so far no direct evidence that humpback whales acquire or alter their songs via social learning. As Mercado shows, songs appear to change in similar ways across years and geographically isolated populations, supporting a more parsimonious explanation of song change based on local interactions and/or other environmental conditions. Mercado concludes by breaking down the alternative predictions of the song copying vs. morphing hypotheses, with suggestions for obtaining more definitive evidence. Boren and Rinsema and Edwards also engage with the materiality of sound, exploring, respectively, how the acoustics of new liturgical spaces accompanied and even aided the Protestant Reformation, and how musical meaning and affordances for agency (e.g., in transformative pedagogies) are created by the migration of sonic materials from everyday sounds to song and back.



MODES OF CULTURAL TRANSMISSION

Just as human and non-human animal cultures vary, so too do modes of cultural transmission. The papers in this final section individually and collectively consider important sources of diversity in cultural evolution and underlying mechanisms. Species differences (Garland and McGregor; Sinclair et al.) are not the only differences considered: as Williams describes, synthesizing longitudinal studies of wild birds, different segments of the Savannah sparrow's song changed independently over the span of decades, consistent with the action of selection pressure from at least four different cultural evolutionary mechanisms. Lewis et al. also report a partitioning of variability in the song inheritance pattern of Java sparrows [a close relative of the zebra finch, a popular model organism, overrepresented in neuroethological studies of birdsong (Hauber et al., 2021)], which appear to exhibit high copying fidelity but performance differences related to their early developmental environment. Finally, Garland and McGregor and Sinclair et al. both take a comparative approach, with contributions that disentangle the factors governing, respectively, rates of cultural change, and the emergence of cumulative cultural evolution, a hallmark of human culture (Tomasello, 1999)—though, perhaps, neither uniformly important in the human cultural landscape, nor uniquely human as an achievement.
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Humans use whistled communications, the most elaborate of which are commonly called “whistled languages” or “whistled speech” because they consist of a natural type of speech. The principle of whistled speech is straightforward: people articulate words while whistling and thereby transform spoken utterances by simplifying them, syllable by syllable, into whistled melodies. One of the most striking aspects of this whistled transformation of words is that it remains intelligible to trained speakers, despite a reduced acoustic channel to convey meaning. It constitutes a natural traditional means of telecommunication that permits spoken communication at long distances in a large diversity of languages of the world. Historically, birdsong has been used as a model for vocal learning and language. But conversely, human whistled languages can serve as a model for elucidating how information may be encoded in dolphin whistle communication. In this paper, we elucidate the reasons why human whistled speech and dolphin whistles are interesting to compare. Both are characterized by similar acoustic parameters and serve a common purpose of long distance communication in natural surroundings in two large brained social species. Moreover, their differences – e.g., how they are produced, the dynamics of the whistles, and the types of information they convey – are not barriers to such a comparison. On the contrary, by exploring the structure and attributes found across human whistle languages, we highlight that they can provide an important model as to how complex information is and can be encoded in what appears at first sight to be simple whistled modulated signals. Observing details, such as processes of segmentation and coarticulation, in whistled speech can serve to advance and inform the development of new approaches for the analysis of whistle repertoires of dolphins, and eventually other species. Human whistled languages and dolphin whistles could serve as complementary test benches for the development of new methodologies and algorithms for decoding whistled communication signals by providing new perspectives on how information may be encoded structurally and organizationally.

Keywords: human whistled languages, dolphin communication, whistled speech, interspecies communication, whistle signal processing, Silbo, dolphin whistles


INTRODUCTION

Beyond humans, only a handful of species are considered to be vocal learners: cetaceans (Lilly, 1965; Herman et al., 1984; Reiss and McCowan, 1993; McCowan and Reiss, 1995a, 1997; Tyack and Sayigh, 1997), birds [passerines, psittacines (Todt, 1975; Pepperberg, 1981), and hummingbirds (Baptista and Schuhma, 1990)], bats (Esser, 1994), elephants (Poole et al., 2005), pinnipeds (Ralls et al., 1985; Stansbury and Janik, 2019), and some non-human primates (Snowdon, 2009; Lameira et al., 2013; Takahashi et al., 2015). Of these, birds, some primates, cetaceans, and notably, humans as well, employ whistled signals to communicate at long distance. Whistle communication consists of amplitude and frequency modulated tonal frequency bands that last for a certain amount of time, and the relevant information that the whistles contain resists degradation due to propagation and reverberation (see, for example, Marler, 1955; Busnel, 1966; Jensen et al., 2012).

Humans use different kinds of whistled systems, ranging from simple repertoires of codes for human-animal or human-human communication to the highly elaborate natural modality of speech commonly called “whistled language” or “whistled speech” (see reviews in Busnel and Classe, 1976; Meyer, 2015). In a human whistled language, the sender whistles syllables, words (Figure 1), and sentences (Figure 2) of the native human language, thus transposing spoken modal speech into a very different acoustic form to enable long distance dialogues as modulated whistles augment speech with properties of a real telecommunication system. This whistled modality of speech represents a natural and ancient human language practice often presented as a kind of natural ancestor for modern cellular phones. Whistled speech represents a more extreme transformation of the speech signal than shouting – the otherwise most universal natural adaptation of languages to speak from far. The transformation is much more drastic than what happens in other speech modalities, such as whispering and shouting, but the general principle of adapting speech for specific circumstances is similar.

[image: Figure 1]

FIGURE 1. Waveforms and spectrograms of the words /kapa/ (Spanish orthography: “capa”; meaning: “hat” in English) and /kata/ (Spanish orthography: “cata”; meaning “tasting” in English) in spoken (right) and whistled (left) forms. All utterances are from the same speaker. Note the clear spectral difference between the two modalities (whistled vs. spoken). The common spectral dynamics between spoken speech and whistled speech can be observed clearly in the first /a/ because it was pronounced with more power than the second one in the spoken speech modality. The coarticulation of the initial /k/ with /a/ shows that for /ka/ whistled frequencies are close in shape to the dynamics of the first formant of spoken speech, whereas for the coarticulation /at/ whistled frequencies are close in shape to the dynamics of the second formant of spoken speech (see also “General description of dolphin and human whistled communication systems” on this topic; Recordings and edition by Julien Meyer, listen to sound extracts in Meyer and Diaz, 2021).


[image: Figure 2]

FIGURE 2. Waveforms and Spectrograms of the Spanish sentence “ven aqui espavilate” expressed both in spoken and whistled forms by two different speakers (presented in phonetic transcription in the figure and meaning “come here, hurry up”). In this figure, we can follow the dynamics of the sentence in both modalities. It illustrates the spectrographic differences/similarities between spoken and whistled modalities that are explained in “General description of dolphin and human whistled communication systems” of the paper. There is also a difference between speakers in the segmentation of the two first syllables corresponding to the boundary between the two first words “ven” and “aqui.” Interestingly, this difference happens in both spoken and whistled modalities showing that the speakers were consistent in their pronunciation across modalities. The first speaker says /bena/ (/n/ is continuous between /e/ and /a/), whereas the second speaker says /ben.a/ with a clear pause between /en/ and /a/. Both forms are acceptable for a Spanish listener. Other aspects that this figure illustrates also: 1) different whistlers whistle at different general frequency levels. 2) Vowels are distributed at different frequency levels and consonants represent modulations in frequency and amplitude of the more steady frequencies of the vowels. (Recordings and edition by Julien Meyer, listen to sound extracts in Meyer and Diaz, 2021).


In 1963 René Guy Busnel, the director of the CNRZ Laboratoire d’Acoustique Animale in France, presented a seminal paper at the First International Symposium on Cetacean Research entitled “Information in the Human Whistled Language and Sea Mammal Whistling” (Busnel, 1966). In this paper, he proposed there might be some advantage in comparing the whistles of dolphins with human whistled speech as the general form of the signals from both systems were quite similar, and by doing so, we might get an idea of the potential information carrying capacity of a frequency and amplitude modulated sine wave. Busnel’s research centered on the acoustic communication of animals and much of his work focused on the whistle communication and echolocation of dolphins and other cetacean species. Notably, he also published with his colleagues some of the first monographs and descriptions of human whistled languages of different regions of the world. Among these publications on the acoustic and phonetic characteristics of whistled languages was a first paper describing how Bearnese language was whistled in the French Pyrenees (Busnel et al., 1962), a second paper proposing for the first time a pluridisciplinary collection of studies on one whistled language, whistled Turkish (Busnel, 1970), and the first book synthesizing the extant knowledge on whistled languages with a worldwide vision (Busnel and Classe, 1976). At the time of these publications, whistled languages represented a little-known form of human acoustic communication and the linguistic aspects had been described only for a few populations (whistled Mazatec, in Mexico first reported by Cowan, 1948; and whistled Spanish (locally called Silbo) first described by Classe, 1956). The majority of prior research had been done in anthropology (e.g., Lajard, 1891; Eboué, 1935; Stern, 1957). Since then, research in this domain has advanced considerably in various domains linked to language production and perception (see Meyer, 2021 for a recent review).

Of course, human and dolphin whistled communication systems differ in many respects: e.g., production mechanisms, the nature of the information encoded, the ecological milieu, and medium in which they are used (air vs. water). At the purely acoustic level, each species shows particular variations in the frequency range or the degree of frequency and amplitude modulation (see Figure 2 for a human whistled sentence, Figure 3 for a dolphin whistled sequence, and elements of comparison in Figure 4). However, some similar acoustic dynamic parameters and the functional use of whistles in natural surroundings provide biological and ecological relevance to compare these otherwise very different communication systems [in accordance, among others, with the sensory drive hypothesis (Endler, 1992) and the social complexity hypothesis (Freeberg et al., 2012)]. Humans and dolphins have in common to be highly encephalized social species, which live in fission-fusion groups, with culturally learned communication that includes acoustic signals encoding a great deal of information (Marino et al., 2007; Meyer, 2021). Notably, for both humans and dolphins, whistled communication has evolved in response to common socio-environmental pressures for communication over long distances in natural surroundings (see next “Socio-environmental parallels in the study of dolphin and human whistles”).
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FIGURE 3. Spectrogram of a whistle sequence produced by a solitary female bottlenose dolphin at Turneffe Atoll, Belize, the field site of co-authors (MM & DR). (Unpublished data, recording captured by E. Ramos in the DR & MM collaborative research program, listen to sound in Reiss and Magnasco, 2021).


[image: Figure 4]

FIGURE 4. Spectrograms of a dolphin whistle (left column), a human whistled utterance (/bena/; middle column), and a spoken utterance (/bena/; right column) represented at two different scaling levels (upper line vs. lower line). The first row highlights differences in signal types (dolphin whistle vs. whistled speech vs. spoken speech), whereas the lower row highlights well similarities in the relative variations of frequencies. Scales in the upper line have the same x and y (for all three columns). In the lower row, the representation is zoomed differently in x and/or y according to the most representative frequencies of each signal type.


In this paper, we will provide background and description of human whistled languages and dolphin whistle communication and present relevant findings from the analysis of human whistled languages that may be helpful if applied to the analysis of dolphin whistle communication. We will also review two previously published experimental studies with dolphins (Batteau and Markley, 1967; Reiss and McCowan, 1993) and discuss the relevance and implications of their findings to the analysis of dolphin whistled communication. More specifically, we propose that our understanding of how phonetic information is encoded and represented in human whistled languages can provide insights and may correct what may be our human biases in how we parse, segment, and categorize dolphin whistles. We argue that such an approach may have important implications when looking for possible structures in dolphin whistles. Comparisons of the way whistled signals and signal sequences by humans and dolphins are visually perceived in spectrograms and categorized during the process of acoustic analysis of signals can offer new insights into acoustic boundaries and the organization and combination of elements.

Please note that in this paper, we use the phonemic transcription to represent the sounds as they are categorized in the mind of human speakers; − they typically appear between slashes “/.” This choice enables us to use the same symbols to represent both the spoken form and their altered transformations into whistles. In the figures only, we will use the phonetic transcriptions corresponding to the detailed pronunciation of a word in modal spoken speech which is the reference that is tentatively transposed by whistled speech. We sometimes also use the common English or Spanish orthographies, when convenient, and they appear between “”.



SOCIO-ENVIRONMENTAL PARALLELS IN THE STUDY OF DOLPHIN AND HUMAN WHISTLES

Regarding human whistled languages, there are currently approximately 80 low density and remote populations around the world that are known to have adapted their local language to this particular whistled modality, using it for long distance communication (Meyer, 2015). Around 40 of them have been studied and/or recorded. One of the most striking aspects of the worldwide distribution of whistled languages is that they are found almost exclusively in association with certain types of habitats: mountainous topography and highly vegetated landscapes. Such ecological milieux has in common to create favorable conditions for long distance communication in rural settings because dense vegetation and rough topography often lead to physical isolation and constrain spoken communication (Wiley and Richards, 1978; Meyer, 2015, chap. 6) while applying selective pressures on long distance signals (Morton, 1975). Likewise, worldwide there are approximately 90 known cetacean species, 40 of which are extant dolphin species. Dolphins use multi-modal signals, whistles, other acoustic signals, and behaviors to communicate during social interactions and for long range communication (Marino et al., 2007; Luís et al., 2021).

Among humans, whistling the spoken language has developed as a means of coping with the frequent need of individuals to communicate from far distances and this mode of communication has facilitated the organization of everyday life when ordinary modal or shouted speech forms are inadequate, particularly during traditional subsistence activities (such as shepherding, hunting/fishing, and hill agriculture) that require frequent exchange of vital information. We know very little about the origin of human whistled speech practice, which is still a matter of supposition (just like for the origin of language). The fact that nowadays whistled speech mostly functions for long distance communication associated with activities involving the acquisition or supplying of food or other forms of subsistence, in several rural populations on all inhabited continents of the planet, fuels the hypotheses, and sometimes unites them with the theories about language origin (Meyer, 2015, chap. 9).

Human whistles in whistled speech are powerful and clear signals, which propagate well despite natural ambient noise and physical obstacles: they allow high power in a frequency band of 800 to 4000Hz corresponding to the best human audibility and sound discrimination (Schneider and Trehub, 1992), they limit signal masking due to a narrow bandwidth, and they fall higher than the frequencies where natural background noise is usually the most powerful [most noise from abiotic sources has energy below 1kHz, even if rivers, torrents, waterfalls, and sea rumble are important exceptions because they show strong amplitudes in the entire frequency spectrum (much as does white noise; Busnel and Classe, 1976; Meyer et al., 2013). Moreover, some species of birds, anurans, insects, and mammals produce songs that use the same bands of frequencies as human spoken and whistled speech, but they are much more intermittent, seasonal, and/or more biotope specific (Meyer, 2020)]. These properties define a real telecommunication system adapted to natural acoustic conditions that enables interlocutors to speak from far with birdlike sounds at distances typically going from around 50m to 2km depending on the place, with common median uses of 400–500m. For dolphins, sound travels particularly well underwater and is a very effective sensory signal for sensing distant stimuli in the marine environment (Jensen et al., 2012). For example, Jensen et al. (2012) employed a calibrated GPS-synchronized hydrophone array to record the whistles of bottlenose dolphins in tropical shallow waters with high ambient noise levels and reported median communication ranges of 750m and maximum communication ranges up to 5.74km.

Another important parallel between human whistled speech and dolphin whistles is that the nature of both have long remained a mystery for the general public and for science. In the case of whistled speech, this is largely due to the fact that it requires special training to be understood. It can easily be mistaken for a non-linguistic code and people who are not trained in whistled speech perception do not readily recognize words in their whistled form, even if they are fluent speakers of the language being whistled. Thus, whistled human language long remained little known and mysterious outside the communities practicing it because it was rarely identified as a speech act by researchers and travelers, and it is still sometimes the case where it has not been turned into a tourist attraction (Meyer, 2015). Another reason whistled speech remained unknown for so long in many regions of the world is that this practice survives only in some of the most remote forests and mountains of the planet and mostly among rural populations speaking some of the less spoken and less documented languages. Finally, even for linguists, its veracity as a language is hard to apprehend at first contact because of the elimination of canonical acoustic correlates of phonemes from the spectrum. This explains why the classical phonetic annotations fail to characterize such a dramatic change in production. Importantly, and thus worth noting, a drawback was that there has been resistance by linguistics in perceiving and acknowledging human whistle language as a true linguistic form up to the middle of the 20th century (see Busnel and Classe, 1976; Meyer, 2015) due to the perceived simplicity of the whistled signals. However, it shows the same design features as spoken speech including the principle of duality of patterning (Hockett, 1960). It is even a challenging opportunity for research that whistled speech produces a different perception of a fully intelligible sentence because this change can be interpreted as an example of “perceptual insight” or pop-out of a top-down perceptual process (Meyer et al., 2017) produced by higher-level knowledge and expectations concerning sounds that can potentially be heard as speech [much like what happens in artificial Sine Wave Speech (see Remez et al., 1981; Davis and Johnsrude, 2007) given that whistled speech relies on a more drastic and natural reduction to only one sine wave].

Concerning dolphins, since the 1960s, there has been an increasing scientific effort and interest in investigating and deciphering the whistle repertoires of bottlenose dolphins. This species has been the focus of many efforts due to the fact that this is the primary dolphin species that has been in aquaria which has afforded the opportunity to observe and record their acoustic signals and concurrent behavior. Bottlenose dolphins have encephalization levels second only to modern humans (Marino, 1998), show advanced cognition including the capacity for mirror-self recognition (Reiss and Marino, 2001), live in complex fission-fusion structured social groups, and show high levels of cooperative behavior in foraging, care of young, and mating (see review in Marino et al., 2007). As previously stated, dolphins are vocal learners. Through training, they have demonstrated the capacity to vocally imitate novel sounds, learn the concept of vocal imitation (Penner, 1966; Herman et al., 1984), and demonstrate the capacity to learn to comprehend human gestural “sentences” and “grammatical” rules (Herman et al., 1984). In the absence of explicit training, dolphins have exhibited an impressive proclivity for spontaneous vocal imitation of species-specific sounds (Tyack, 1986) as well as spontaneous imitation of novel computer-generated whistles and productive use of their facsimiles in behaviorally appropriate contexts (Reiss and McCowan, 1993; Hooper et al., 2006). The social complexity of dolphins has been described as more complex than that of any non-human (Conner, 2007). For example, bottlenose dolphins in Shark Bay, Western Australia have shown second and third order alliance formations and interactions that likely require complex social cognition for the recognition of individuals and regulation of interactions between alliance members across different contexts (Connor et al., 2011). The social complexity hypothesis (Freeberg et al., 2012) advances the idea that complex social systems require more complex communicative systems to regulate interactions among individuals. Consistent with this hypothesis, dolphins are likely to have evolved a complex communication system. Thus, dolphins have been and continue to be among the most promising non-human animals for studies of complex or language-like communication competencies and there has been much interest in deciphering dolphin whistled systems. Such studies afford us a unique opportunity to document and understand the structure and function of whistle communication in another large brained social mammal with profound differences in morphology, ecology, and evolution.



GENERAL DESCRIPTION OF DOLPHIN AND HUMAN WHISTLED COMMUNICATION SYSTEMS


Human Whistled Languages

A human whistled language is in reality a natural type of speech, in which whistlers transpose spoken speech into whistles, word by word, and even syllable by syllable. This mode of speech is always based on a spoken language. Whistled Spanish or whistled Turkish is still Spanish or Turkish expressed in a different sound modality (Busnel, 1970; Busnel and Classe, 1976). The procedure at play shows some similarities with other natural speech types, such as whispered or shouted speech, in which speakers also transform/modify the phonetics of speech at the source to adapt to special circumstances of communication. While shouted speech reinforces particularly voiced sounds of spoken speech, whistled speech transposes some spoken sounds to imitate them in whistles and the vocal folds do not vibrate anymore but just participate to control the air flow (Meyer, 2020). Just as in whispered and shouted speech modalities, the whistled speech productions always refer to the phonetics of spoken speech from which they maintain and augment some acoustical features while degrading others, enabling the listeners to still reconstruct cognitively the words and their meaning because the selected salient features are enough to recall the linguistic system of the language they speak (Busnel and Classe, 1976; Meyer, 2015). A notable difference of whispered and shouted modalities with the whistled one is that the latter requires special training to recognize speech sounds in whistles.

Whistled speech production by human whistlers is generated by a stream of compressed air in the mouth that is molded by the tongue, the jaw, the lips, and eventually the fingers (Figure 5). The articulation is more constrained than in the spoken form because talking whistlers need to sustain a whistled sound source while pronouncing the words (Meyer, 2015, chap. 5). A single person can use several techniques (Figure 5), but some of them are more frequent in each place, depending on the most common distances of communication. Techniques associated with very long distances of communication generally employ fingers in the mouth to accelerate the air stream and increase amplitude levels. The range of frequencies used by a whistle depends on the whistling technique used, of the power put into the whistle and some personal physiological characteristics, such as the size of the vocal cavity and dentition.
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FIGURE 5. Some examples among the many different whistling techniques used for whistled speech worldwide. (A). bilabial; (C). linguo-dental; (B,D-F), with two fingers in the mouth and forming a V shape at the contact of pressure with the tongue. Photos (A-C) represent three different techniques shown by Mazatec whistlers of Mexico (from Meyer and Diaz, 2017). Photos (D-
F) represent three different techniques shown by some of the last traditional whistlers of El Hierro, Canary Island (Spain): the two techniques (D,E) are very characteristic of this island [Photos (D-
F) courtesy of Julien Meyer (© Julien Meyer. All Rights Reserved)].




Dolphin Whistle Communication

Vocal signaling is a primary modality of communication in dolphins and other cetaceans although they communicate using a mixture of multimodal non-vocal signals acoustic that may be used alone or in conjunction with other forms of multimodal non-vocal signals during social interactions (see reviews in Herman and Tavolga, 1980; Popper, 1980; Herzing, 2015). Bottlenose dolphins produce a wide range of vocal signals that have been broadly characterized as narrow-band tonal or frequency modulated calls termed whistles (see Janik and Sayigh, 2013 for review), echolocation clicks (Au et al., 1974), and a wide variety other wide-band pulsed calls. It has been reported that dolphin whistles are produced by “pneumatically induced tissue vibrations,” similar to the way terrestrial mammals use their vocal folds and birds use their syrinx (Madsen et al., 2012). Madsen et al. (2012) analyzed whistle production of a dolphin breathing Heliox and found a lack of frequency shift in the dolphin’s vocalizations supporting the view that sounds are produced with tissue vibrations. Madsen et al. suggest that in this way, whistles can be effectively transmitted into the water without shifts or variability in frequency due to changes in water depth, air density, and recycled air volumes – thus preserving information, such as, possibly, individual identity conveyed in whistles. There is evidence that dolphins may have the ability to control the amplitude of their signals (Richards et al., 1984) as well as precise changes in frequency (Reiss and McCowan, 1993, and see Figures 3, 6, 7).
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FIGURE 6. High-resolution consensus reassigned spectrograms of sound data captured at open sea in Bimini from wild Atlantic spotted dolphins shows three individual elements or up/down frequency modulations of a dolphin whistle presented as three subpanels. Notice the many subtle differences between them. Chief among them is the breaking of the second and third element into “steps,” which causes the whistle, if played back at a substantially reduced speed and pitch, to sound more like little “arpeggios” than smooth glides. Panels display multiband-wavelet reassigned spectrograms: temporal resolution, 12pixels/ms; frequency resolution, 1/40th of a semitone per pixel. (Recordings and edition by Marcelo Magnasco, listen to the three sound extracts as they were recorded in the wild in Bahamas. The original recording available online in Reiss and Magnasco (2021) is 1.5s long and contains the 3 whistles represented in the high-resolution spectrograms and multiple clicks and a squawk of Stenella frontalis).


[image: Figure 7]

FIGURE 7. Spectrogram of an apparent combination whistle spontaneously produced by a bottlenose dolphin. The initial element resembles the computer-generated ring whistle and the end of the whistle resembles the computer-generated ball whistle. (from Reiss and McCowan, 1993).


As previously mentioned, dolphins are vocal learners and variation in the acoustic repertoires of dolphins is thought to be due in part to social learning, other socio-ecological factors, and geographic isolation. For example, a recent comparison of acoustic signals recorded in nine dolphin populations in the Atlantic Ocean and the Mediterranean Sea indicated that all nine populations had rich and varied acoustic repertoires that included the same four broad categories of signals: whistles, burst-pulsed sounds, brays, and bangs (Luís et al., 2021). Much past and current research has focused on the dolphins’ production and use of signature whistles, defined as individually distinctive whistles thought to convey and broadcast the sender’s identity to other members of the social group [Caldwell and Caldwell, 1965, see review by Janik and Sayigh, (2013)]. Signature whistles have been reported as stereotypic whistle contours that are often produced in repetition or of loops of whistles and which comprise ~70–90% of whistles emitted by individuals (Caldwell and Caldwell, 1965; Tyack, 1986; Janik et al., 2006). From a broader perspective, vocal exchanges of whistle have been well documented in a variety of contexts including mother-calf exchanges during separations and reunions (Tavolga and Essapian, 1957; Smolker et al., 1993; McCowan and Reiss, 1995a) and the coordination of behavior (Moore et al., 2020) and appear to function in the maintenance of group cohesion (Janik and Slater, 1998). Dolphins have also been shown to imitate each other’s signature whistles and hypothesized to function as a label or name for other members of the group (Tyack, 1986). Whistle sharing and whistle convergence, the use of shared but individually distinctive rise-type signature whistles (contact calls) by dolphins in isolation, within and across social groups in aquaria have also been reported (McCowan and Reiss, 1995a,b, 2001; McCowan et al., 1998). It was also reported that social familiarity, one’s social group, and affiliations within the group may influence whistle acoustic structure in females (McCowan et al., 1998; Smolker and Pepper, 1999). Free-ranging adult male bottlenose dolphins have been reported to use similar whistles as they develop affiliative social relationships (Smolker and Pepper, 1999; Watwood et al., 2004) providing further evidence of whistle sharing and a convergence of whistle use in social groups. In terms of other aspects of the dolphin whistle repertoires beyond signature whistles, the use of other shared whistle types within social groups has been documented (McCowan and Reiss, 1995b; Jones et al., 2020).




CONSIDERING SEGMENTATION IN THE WHISTLES AND OTHER SIGNALS OF DIFFERENT SPECIES

How do we segment, categorize, and determine acoustic structure in whistle sequences produced by humans and dolphins? How may information be encoded temporally in these whistle sequences? A profound difference presently exists in how we study and describe human vs. non-human animal communication. This principally comes from the particular insight we have regarding human languages. Notably, for example, studies of human speech include the abstract notions of linguistic syllable and phoneme. For linguists, syllables are language-dependent “building blocks” of words. The syllable is described in language sciences as a unit of organization for a sequence of human speech sounds typically made up of a syllable nucleus (most often a vowel) with optional initial and final margins (typically, called consonants). Speech sounds make up the surface acoustic form (or phonetic realizations that may be described in terms of consonants and vowels) of phonemes. Phonemes are small abstract underlying units considered to constitute minimum mental categories and representations for segments of words that can distinguish one word from another in a definite language. For example, the phoneme /b/ in Spanish represents a group of different phonetic realizations: It is pronounced in a significantly different way – and thus not represented phonetically by the same symbol – if it is in the beginning of a word or in between two vowels (as illustrated in Figure 8). The “phonotactic” rules of each language explain which sounds are allowed or disallowed in each part of the syllable. For example, English allows syllables beginning with a cluster of up to three consonants (as in the word “string”), whereas many other languages are much more restricted in the number of initial consonants in a syllable (such as Japanese or Spanish). Depending on the consonants between two vowels, the speech signal may be interrupted or not (for example, stop consonants interrupt completely the air stream, as shown in Figures 2, 10). Finally, the speech rate and the speech groups (often related to breathing) also influence speech segmentation (see for example Figure 2). To properly segment the signals, we hear in a human language, it is necessary to have competencies in this particular language. Our approach to speech segmentation would be biased if we determined word or syllable boundaries only on intervals of silence preceding or following an element. This is a very different view from the term “syllable” as used in bioacoustics, mostly in bird communication studies (e.g., Geberzahn and Aubin, 2014) where it is used in a purely acoustic sense: corresponding to a sound preceded and followed by silences.
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FIGURE 8. Waveforms and spectrograms of the Spanish words “bebe” (top, meaning “he drank”) and “bebé” (bottom, meaning “baby”). In the figure, the transcription shows the details of the spoken phonetic pronunciation (note that the symbol “:” signals a long vowel. Moreover, the fact that the second “b” of these two words bears a different phonetic symbol than the first one shows a particularity of spoken Spanish that is transferred to whistling). Each word is whistled twice by the same whistler. In this figure, we thus can see differences between different repetitions of a same word that are accepted by the proficient listeners, as well as the influence of relative duration of the two vowels of these words. In “bebé” (bottom), the second syllable is longer than the first one. Note that the general duration of the words is the same because all these words are whistled in the same conditions, but for “bebé”, the first syllable is shortened in comparison with the one of “bebe” (Recordings and edition by Julien Meyer, listen to sound extracts in Meyer and Diaz, 2021).


This brings into question the relevance of how we traditionally segment and subsequently categorize whistles of other species in most bioacoustics studies, all the more as there is growing evidence of cases of merging and splitting of calls in the animal kingdom (Hailman and Ficken, 1986; Arnold and Zuberbühler, 2006; Suzuki, 2014; Engesser et al., 2015, 2016, 2019; Hedwig et al., 2015; Pardo et al., 2019). Strikingly, for example, in a recent paper investigating the process of vocal imitation and song development in Zebra finches, Tchernichovski et al. (2021) reported such merging or splitting of syllables by pupils when exposed to tutor songs. While the bioacoustics definition of syllable is an effective tool for measuring the dynamics of the signal, it may miss the sequencing due to species-specific perceptual processes.

The analysis of human whistled speech signals highlights the pertinence of this question in an original way due to the close resemblance of human whistled speech signals with the whistles of several animal species and to the particular insight provided by speech segmentation in syllables or speech sentences. One of the critical features of human language is duality of patterning (Hockett, 1960) which underlies the productivity of language. This property enables combinatorial structure on two levels: meaningless sounds (phonemes) can be combined and recombined into meaningful morphemes and words, which can be combined and recombined to form an infinite number of phrases and sentences. This may not be unique to human language as evidence for simple combinatorial structure has been already reported, for example, in the vocalizations of putty-nosed monkeys (Arnold and Zuberbühler, 2006) or of birds species, such as Chestnut-crowned babbler (Engesser et al., 2015, 2019) and southern pied babbler (Engesser et al., 2016). However, reliance on audible acoustic cues and visual inspection of spectrograms has influenced and somehow limited how we perceive and categorize animal communication in general and dolphin whistles in particular, including their temporal organization. Moreover, because little is known about how dolphins organize and structure their whistles we do not know where to draw the boundaries. This has been under-investigated in past studies due to the inherent difficulties in determining how dolphins psychoacoustically parse and organize what they hear and produce.

With dolphin whistles and human whistled speech signals, we are in a unique situation where we can compare two long distance communication systems based on whistles in two large brained social species. In human languages, speech segmentation is precisely a psychoacoustic process that requires a language competent listener to segment and parse a continuous or semi-continuous stream into meaningful speech. With whistled speech, which is the most studied of the speech surrogate practices, we have a promising opportunity to observe that it is possible to encode complex information in signals which look simple and to explore in details how it is encoded and organized in time. Importantly, we will see in the next sections that this alerts us to the fact that subtle and small transient changes or features in whistles may also encode key information in dolphins. The objective is not to infer that whistled communications of dolphins or other species encode the same type or the same complexity of information. Rather, we argue that a better understanding of how information is acoustically encoded in human whistled languages, which may appear as simple non-linguistic calls when represented in spectrograms, can provide insights as to how information may be encoded in the whistled communication of dolphins and other whistling species. Looking more closely at the details will obviously require using other analysis approaches than just using silent intervals between elements as indicators of meaningful boundaries.



HUMAN WHISTLED SPEECH ACOUSTIC STRUCTURE: ENCODING AND PERCEPTION

Whistled speech profoundly modifies the phonetics of modal speech, applying a reduction at the source and in the frequency domain: the complex, multidimensional frequency spectrum of spoken speech is transformed into an imitation based on a simple unidimensional variation of the whistle (Figure 1 provides illustrations of this reduction on two Spanish words and Figure 2 provides an example on one Spanish sentence spoken and whistled by two different whistlers).

During whistled speech production, certain phonetic details present in modal speech are inevitably lost due to the simple melodic line encoding the words. However, to efficiently exchange messages with such whistles, there is a functional need of maintaining sentences intelligible, which is achieved by emulating/transposing salient phonetic cues of the language, as just explained, but also by choosing sentences that fit well to the context of the communication. Interestingly, it has been measured that whistled sentences remain intelligible to trained speakers in spite of the drastic frequency simplification at play (for a review, see Meyer, 2015, Ch. 8). For example, in whistled Turkish, Busnel and colleagues showed that isolate words are recognized at a rate of approximately 70%, whereas common whistled sentences are recognized at a rate of approximately 80–90% (see Busnel, 1970; Moles, 1970). As we will see in the next paragraph, intelligibility rates are also dependent on the tonal/non-tonal structure of the language that is transposed. But anyway, the combination of abridgment and sound iconicity highlights some salient features of the language through which the interlocutors can cognitively reconstruct the meaning of the message based on many of the same types of contextual cues as in human modal speech (phonetic cues of neighboring phonemes, words, and sentences, but also thema and rhema). For example, listeners show “phonemic restoration,” the filling in or reconstructing of missing or ambiguous sounds within a word or words within a sentence (Conway et al., 2010).

The significant diversity of whistled languages that have been found enabled research to highlight that whistled transpositions of speech conform differently to some essential aspects of language structures because languages of the world use different sets of sound inventories to code their linguistic systems and because whistling adapts to these sets and to the rules of organization of sounds that characterize each language. This naturally results in a language-specific selection of some of the salient features of consonants, vowels, and/or tones of a given language. Two main strategies of transposition in the spoken-to-whistled substitution have been observed, depending on a major typological distinction: tonal vs. non-tonal languages (see details on this distinction in Busnel and Classe, 1976; Rialland, 2005; Meyer, 2015).

In tonal languages – in which the spoken pitch can change the meaning of a word – whistles transpose primarily the phonemic tones carried by the acoustic pitch of the voice in each syllable and their specific modulations/contours within or between these linguistic tones (“pitch whistling” strategy). Thus, the possibility of transmitting complex sentences to a trained listener depends on the informational load carried by tonal prosody in the language. For this reason, in tonal languages with low informational load on tones (such as Surui of Rondônia), whistled sentences are more formulaic and therefore more predictable, while high levels of intelligibility can be reached in unpredictable sentences in tonal languages with rich tonal systems for lexical load, such as Hmong (Meyer and Gautheron, 2006) or Chinantec (Sicoli, 2016).

By contrast, in non-tonal languages (such as Turkish, Greek, or Spanish), whistles transpose primarily the spoken amplitude and frequency dynamics produced in the acoustic resonances of the front oral part of the mouth – where whistling is also produced – and thus corresponding to the upper part of the timbre of spoken speech. During the whistled articulation, the whistle is captured by the resonance frequency of the cavity situated between the smallest hole in front of the mouth and the smallest hole between the tongue and the palate (i.e., approximately corresponding to the middle of the tongue). When referring to spoken modal speech this would generally include what is called in linguistics the second formant cavity and eventually another neighboring cavity, but the correspondence is not direct because in whistling this cavity is smaller and more constrained than in modal speech. Note that a formant is a concentration of energy produced by a resonance cavity and made of several harmonics of spoken speech. For front vowels, such as /i/, the whistle jumps to the cavity corresponding to the third formant, particularly in vowels which already have close spoken formants 2 and 3 in this area (Shadle, 1983; Meyer, 2015). Mid vowels, such as /e/, are mostly transposing the second formant of modal speech. For several back vowels, such as /a/ and /o/, spoken formants 1 and 2 are close and thus corresponding whistles may sometimes transpose the dynamics of formant 1 due to the reduced articulatory space remaining to produce a whistle (Meyer, 2008; Meyer et al., 2017).

In both types of transposition strategies (pitch and formants), the different vowel qualities (e.g., /i/, /e/, /a/, /o/, and /u/) or phonemic tones (e.g., high, low, and rising) of the spoken languages are whistled at different relative frequencies [see for example Figures 2, 9 where the Spanish /i/ is acute, /o/ is low, and /e/ and /a/ are in between with /e/ higher in frequency than /a/; see Meyer (2021) for details on different languages]. In parallel, in all languages, whistles conform to the way these tones (in tonal languages) and vowel qualities (in non-tonal languages) are influenced by the articulation of surrounding consonants, termed coarticulation in human speech production (Conway et al., 2010) and eventually by other prosodic aspects, such as stress. The consonants of spoken speech are created by air blockages and noise sounds formed by the passage of air through the throat and mouth, particularly the tongue and lips. As whistled speech articulation tends to approach the same process, except that it is done in a more closed mouth and without the vibration of the vocal folds, it also results in changes of the airflow which imitates the continuous/interrupted character and/or the celerity of an acoustic attack/release when whistlers try to render the different articulation manners of spoken consonants. Whistled consonants are always produced by performing fine combinations of frequency and amplitude modulations of the whistled frequencies that surround them (which correspond to the tones and vowels of the nucleus of the syllable), reproducing some key phonetic aspects of their spoken equivalent. Thus, between two syllables, whistled consonants are represented by either continuous, near-continuous, or interrupted modulations of the whistles. For example, when the amplitude modulation shuts off the whistle to emulate rapid amplitude modulations of modal speech, whistled consonants are characterized by silent gaps (such as /t/ or /p/ in Figures 1, 2, 9, 10). Signal segmentation inside words is thus made by consonants. In whistled tonal languages, it is more the rear part (larynx and laryngopharynx) of the spoken consonant articulation that is imitated by whistling, whereas in non-tonal whistled languages it is more the front part of the spoken articulation that is whistled (front oral cavity).

[image: Figure 9]

FIGURE 9. Waveform and spectrogram of /titi/, /tete/, /tata/, and /toto/ as articulated by a Spanish whistler of the Canary Islands. These illustrate first the four different levels of vowels of a same whistler, but also the coarticulation with /t/ of these different frequency levels (see detailed explanation in “General description of dolphin and human whistled communication systems;” Recordings and edition by Julien Meyer, listen to sound extracts in Meyer and Diaz, 2021).


[image: Figure 10]

FIGURE 10. Waveforms and spectrograms of 8 different Spanish words in their whistled form, with the phonetic transcription corresponding to how words were pronounced in spoken speech (International Phonetic Alphabet). From left to right, beginning in the upper line, words are as follows in Spanish orthography: “caba,” “caca,” “cada,” “caga,” “capa,” “casa,” “cata,” and “calla.” This figure shows how the 8 different consonants are encoded differently in whistled speech, resulting in a fine combination of amplitude and frequency modulations defining different frequency profiles: continuity profiles between the two vowels, steepness of the attack of the consonants, and consonantal gap duration in the amplitude envelope. (Recordings and edition by Julien Meyer, listen to sound extracts in Meyer and Diaz, 2021).


Finally, human whistlers commonly use a form of phatic communication (Jakobson, 1960) to tune to a channel in frequency and to open the conversation by beginning a sentence with a call, such as “aaaa” or “oye” (both are common in Canary Islands, see Classe, 1956; Busnel and Classe, 1976; Rialland, 2005; Diaz, 2008) or “oooo” [common in Atlas, the village where whistled Bearnese of the Pyrenees was documented by Busnel et al. (1962)] or simply a rising tone (observed in some Tamazight villages of the Moroccan Atlas). These initial calls are often followed by the name of the person to which the sentence is addressed. Sentences also often begin in the Canary Islands with common words, such as “mira” (meaning “look” or “pay attention”). The common use of the words hello or hi in spoken English is another example of such phatic communication in that it serves to get the attention of the recipient and identify the sender. In whistled speech, the exact words or simple interjections that are used vary depending of the language but also vary with the place as each village has its own preferences of uses.



DOLPHIN WHISTLE COMMUNICATION ACOUSTIC STRUCTURE

Studies of bottlenose dolphins and other dolphin species in the wild and in aquaria indicate they have large and complex whistle repertoires (Dreher, 1961; Dreher and Evans, 1964; Kaznadzei et al., 1976; McCowan and Reiss, 1995b) and some results suggest whistle repertoires contain some higher-order internal structure (McCowan et al., 1999). For example, dolphin species, such as the bottlenose dolphin, Atlantic spotted dolphin (Stellena frontalis), and saddle-back dolphin (Delphinus delphis), to cite some of the best studied species, emit whistled signals that are often produced in whistled sequences that acoustically resemble successions of human whistled short words transposed to higher frequencies (see Figures 2–4, 7). There is evidence that the sequential order of whistle production may be an important feature of these cetacean communication systems (McCowan et al., 1999, 2002). Biphonation, the production of two simultaneous sounds by an individual, has been reported in cetaceans (Tyack and Miller, 2002; Kaplan et al., 2018) as well as in a range of other mammals. Kaplan et al. (2018) reported the production of bitonal and burst-pulse contact calls (signature whistles) by Atlantic spotted dolphins and suggested such biphonal components may serve to convey additional information as to identity, age, or other factors to conspecifics. Whistled frequency contours vary according to the species and range greatly in frequency parameters (Kaplan and Reiss, 2017).

In attempts to decipher dolphin whistle communication, early studies as well as contemporary studies have traditionally approached the problem of segmentation and categorization by using a small number of human-defined whistle categories (e.g., whistle contour and intervals of silence between contours; Dreher and Evans, 1964; Caldwell and Caldwell, 1965; McCowan and Reiss, 1995b). The repetitive characteristic of signature whistles and the predominance of their use relative to other whistle types as discussed in “Dolphin whistle communication” has suggested that they may differ from other whistle types within dolphin repertoires. This informed the development of a method for the identification of signature whistles in free-ranging dolphins termed (SIGID) that is based on the temporal production of these repetitive calls, the inter-whistle or inter-loop intervals of the calls, and the intervals of silence within these repetitive call sequences (Janik et al., 2013). It has been further suggested that such variations may be used by dolphins in differentiating between individuals and populations (Esch et al., 2009; Janik et al., 2013). Variation and categorization of signature whistles have been generally determined by the visual inspection of spectrograms or automated categorization (Buck and Tyack, 1993; McCowan, 1995; Esfahanian et al., 2014) of whistle contours, which vary to different degrees, between individuals and populations. Traditionally, the measurement of acoustic parameters of whistles includes start, end, minimum, or maximum frequency measurements.



EXPERIMENTAL APPROACHES TO INVESTIGATING DOLPHIN WHISTLE FUNCTIONAL USE AND PERCEPTION

Past experimental studies have been conducted to investigate and gain insights into the communicative and vocal learning capabilities of dolphin and their perception of whistles. In this section, we discuss two specific studies and the results that are relevant to our understanding of the structure of dolphin whistles.


Using an Artificial Whistled Derivative of Human Speech to Teach Dolphins an Acoustic Code and Test Their Perceptual Capabilities

One experiment of particular interest for our paper was inspired in part by Busnel’s proposal suggesting the potential relevance of human whistle languages to the study of dolphin communication and his idea that a derivative of a human whistled language could be used to teach dolphins an acoustic code. It was conducted by Batteau and Markley (1967) from 1964– to 1967 to investigate whether they could develop a whistle-like artificial language that could facilitate communication between humans and bottlenose dolphins. This original electronic whistled system consisted in the automatic transformation of spoken English words and nonsense words into whistles. It was based on two artificial transformations impossible in human whistled languages. Firstly, they removed frequencies above 1kHz from the spoken signal. By doing so, they artificially excluded speech information important for phoneme identification in frequency (see research on low pass filtering at 1kHz in Scott, 2001; Baer et al., 2002). Secondly, they used this filtered signal to generate a frequency modulated signal with constant amplitude [see appendix A of Batteau and Markley (Moshier, 1967)], whereas human whistled speech tends to imitate the spoken speech amplitude envelope dynamics even if it simplifies it (see “Human whistled speech acoustic structure: encoding and perception” and Figures 1, 2). Although this methodology of spoken-to-whistle transformation departed from the suggestion of Busnel (1966) to follow the dynamics of a natural whistled language signal, it had the advantage to filter and transform English language phonemes into whistle contours similar in structure to the dolphin’s natural whistled sounds.

This pioneering experiment investigated 1) if dolphins would respond to human speech sounds electronically transformed into whistles, 2) if the dolphins would distinguish between frequency modulated whistles that were derived from the articulated voiced sounds primarily represented by vowels (e.g., several of the artificial nonsense words pronounced by the experimenters in the study, composed of English language vowel and consonant sounds, differed only in vowels – such as /bip/, /baiep/, /baep/, to cite only a few – to determine whether dolphins could differentiate their whistled electronically transposed differences when only the vowels varied), and 3) if dolphins could imitate the modulated whistles.

Note that the whistles presented to the dolphins were in the 5–19.5kHz range to better match the frequency range of bottlenose dolphin whistles. Note also that this voice-to-whistle translator was a one-way system but the ultimate goal was to develop a two-way vocal system to mediate communication between humans and dolphins by inversely transforming dolphin whistle imitations of these sounds back into human words. But this was not pursued as Batteau died before this could be realized (Busnel and Classe, 1976).


Batteau and Markley (1967) reported that through the use of standard operant techniques, two bottlenose dolphins, a male named Maui and a female named Puka, were trained to respond to different whistled sequences that represented mostly 4-word object-action commands structured as (dolphin name – do – object action – go) in which the words for “object action” were represented by one or two whistle(s) and the training set included commands, such as “hit ball with pectoral” (represented by the artificial word /bip/) or “jump out of water” (/jump/), “roll over” (/uweiap/), “swim through hoop” (/baiep/), “make sonar sound” (/baep/), and “raise the fluke” (/beiap/). In the anticipation of creating a bilateral communication system in which the dolphins could productively use the same whistles, one of the dolphins was also trained to imitate the four electronically generated whistles corresponding to the four words /bip/, /baep/, /baiep/, and /uweiap/ when listening to sentences with the following structure: (dolphin name – repeat – object action – go). All in all, it was reported that “a channel of communication was established which provided necessary transformations of acoustically carried information” (Batteau and Markley, 1967, p. 78). The authors concluded that “a basis for the development of a language between man and dolphin has been established” (ibid., p. 80) basing such an optimistic conclusion on the fact that animals learned to respond behaviorally to these complex commands expressed as sequences of acoustic signals that were direct whistled transformations of simple human spoken phrases.

Two other findings reported in the Batteau and Markley study of particular relevance to this paper and to the deciphering of dolphin whistled communication are as: 1) dolphins could comprehend a command even if part of the sound of the object-action word was missing (/bei/ instead of /beiap/, for example, given that no other invented word in the experiment began by /bei/). This is termed phonemic restoration in human language (Conway et al., 2010). And 2) both dolphins responded correctly when two trainers gave spoken commands transformed into whistles through two different electronic transformation systems (based on the same principle) and despite individual differences in the trainers’ whistled production. This means that the information carried by the invented words and sentences persisted and was transmitted independently of the variation between individual characteristics in the speakers’ voices (or more precisely what remained of this in their electronic transformation). These two points highlight essential features of acoustic languages.



Affording the Dolphin Degrees of Choice and Control Over Whistle Exposure as a Means to Investigate Vocal Imitation, Learning, and Whistle Perception

In spite of the several advanced technical tools recently developed to analyze bioacoustic signals, how dolphins perceive, segment, and organize their whistles within their interactions remain unclear. We are still far from understanding much about the detailed structure of individual whistles and the temporal organization of dolphin whistle sequences (e.g., are there predictable rules of combination) and the eventual semantic or pragmatic function of whistle sequences during social interactions. What do we really know about how information may be encoded and represented in dolphin whistles based on what we perceive psychoacoustically and visually from spectrographic and other visual representations of dolphin whistles? For example, what are the smallest meaningful units of sound? Are dolphin whistles composed of smaller units of sound analogous to phonemes in human spoken or whistled languages? Are dolphin whistles combinatorial?

On occasion, we get glimpses of possible encoding schemas. In another study, two young captive born male bottlenose dolphins spontaneously imitated novel computer-generated whistles and produced them in behaviorally appropriate contexts [e.g., during interactions with corresponding toys (e.g., balls, rings, or activities; Reiss and McCowan, 1993). Notably, the dolphins began producing novel combinations (e.g., ring-ball and ball-ring), in the form of one continuous whistle composed of the two discrete computer whistle, ball and ring (see Figure 7) and emitted them when engaging in a novel game they created, double toy play in which they held a ball and ring in their mouths simultaneously, tossing them into the air and re-catching them in their mouths. The use of the novel combination whistles increased in frequency during the second year of the two-year study. The dolphins were never exposed to two whistles combined by the computer. In this case, it was possible to discern the composite or combinatorial structure of these novel whistles thus providing a clue to the possible structure of dolphin whistles.

The combining or merging and splitting of calls are not at all well understood in dolphins or in other animals. However, evidence for combination calls has been reported in some other species. This has led to much interest in possible parallels between features of human language and patterns in the ways other species, such as elephants, primates, and birds, may combine or merge their calls (Hailman and Ficken, 1986; Arnold and Zuberbühler, 2006; Suzuki, 2014; Engesser et al., 2015, 2016, 2019; Hedwig et al., 2015; Pardo et al., 2019; Tchernichovski et al., 2021). In addition, because the dolphins were not trained to imitate the computer-generated whistles, it was possible to document which acoustic features were salient during the vocal learning process. The dolphins’ facsimiles of the model sounds revealed that they preserved the whistle contour of the model sounds and produced both absolute matches of the time and frequency parameters and signals expanded or compressed within in the frequency-time domain. Such observations give ground to the possibility that the information dolphins encode in whistles are different and more complex than we previously thought. Although we are gaining insights into the possible acoustic features that may be important to dolphins, we are in the infancy of the decoding process. As we will discuss in the next section, these are important features in human speech and human whistled languages. Words vary in acoustic parameters but information is still conveyed. Variations in time-frequency domains in the acoustic communication signals by humans and other species can also convey additional important information associated to – for example – individual identity, group membership, sex, age, emotional state, and physiological state (e.g., Marler and Slabbekoorn, 2004; Dellwo et al., 2007; Pell et al., 2009; Khanna and Sasikumar, 2011; Briefer, 2012). In light of not possessing a Rosetta Stone or a cryptographer’s crib to aid us in deciphering how information is encoded in dolphin whistled communication, we propose that a deeper exploration of how information can be encoded in whistle form as evidenced in human whistle languages may provide important insights to inform the analysis of dolphin whistles.




TECHNICAL APPROACHES FOR A COMPARATIVE ANALYSIS OF BIOLOGICAL WHISTLES

The application of similar bioacoustics measures and algorithms to dolphin whistles and human whistled speech is possible due to several common aspects between these two whistle systems. As shortly noted above, in the majority of studies of dolphin whistled communication, multiple variables and acoustic parameters are measured – either visually, semi automatically, or automatically – including whistle duration, the number of whistles in a bout of repetitive or differing whistle contours, the number of inflections, start and end frequencies, minimum and maximum frequencies, and ratio of start to end frequency. Whistle boundaries are determined based on the continuity of energy and how it is bounded by intervals of silence. The same acoustic parameters are relevant to measure on human whistles, but as we have previously discussed, other linguistically germane points are considered, which not necessarily correspond to parameters commonly taken into consideration for the dolphins, such as point of median duration of a whistled vowel, for example. Other purely acoustic specificities characterize human whistles when compared to dolphin whistles: They have stronger harmonics and a larger bandwidth relative to their fundamental frequency. When whistling, some flow noise is also generated in humans. This requires an adaptation of the tuning of the detection and frequency estimation parameters (Figure 4) but does not require drastic algorithmic change.

A common problem in the study of dolphin whistle communication and other animal whistled vocalizations is determining the similarity of acoustic signals produced by the same individual, by members within the same social group, and between social groups. For example, as previously mentioned, it was shown that dolphins spontaneously imitated novel computer whistles and their productions of whistle facsimiles of the model sounds revealed that they matched the absolute acoustic parameters of the models but also expanded and compressed the temporal and frequency domains while maintaining the whistle contour. This finding suggests the saliency and potential importance of contour and the plasticity of the temporal and frequency domains (Reiss and McCowan, 1993) and has had significant implications for the analysis of dolphin vocal repertoires. Studies have used time warping also called normalization techniques for the analysis of whistle similarity within dolphin repertoires (Buck and Tyack, 1993; McCowan, 1995). Time-warping techniques have the advantage to allow for the comparison of signals that may differ in absolute acoustic parameters by comparison with relative changes in frequency over time.

Machine learning including unsupervised machine learning offers new perspectives of parallel applications to dolphin and human whistled signals in which they have not been extensively applied yet. Such tools have already had a profound and lasting impact in all of biological data processing all the more as the early and sustained interest of telecom and internet companies to develop speech recognition made machine learning particularly impactful in bioacoustics (Bianco et al., 2019). Because whistled signals have the advantage to be composed of distinct curves in the time-frequency plot of a spectrogram, machine learning can be used to recognize details of such curves or to match them to templates, which is a well-developed area (Tchernichovski et al., 2001). For example, in Gardner et al. (2005), the whistles of canaries were analyzed through an algorithm that first traced the spectrogram contours as individual curves and then applied time-warping techniques to analyze how distinct a given recorded song was from a collection of templates. Because of the similarity between canary, dolphin, and human whistles, this general program is of evident applicability for our case.

Other approaches involve more general machine learning frameworks in which the explicit separation of features is learned. While less sensitive to details, they may be more resilient to noise in recordings in the wild (Kohlsdorf et al., 2016; Jansen et al., 2020; Allen et al., 2021). Similar machine learning approaches have also recently been applied to the bioacoustically relevant case of localizing where a sound came from in a complex acoustical environment (Woodward et al., 2020). Such advanced methods are relevant for the environments that foster dolphin whistled communications and human whistled languages because they are necessary in environments where sound is obstructed by obstacles or where there are massive reflections (reverberation).

Many of these approaches commence by using a spectrogram and treating it as an image, applying image recognition techniques for learning. However, it is well established that the spectrogram per se has intrinsic resolution limitations that can be overcome for specific signal classes; two methods that have been used are spectral derivatives (Tchernichovski et al., 2001) and reassigned spectrograms (Gardner and Magnasco, 2006). For example, the reassigned method uses phase information present in the signal to track fast temporal modulations of frequency to high accuracy and thus reveals subtle details of modulation in real recordings that are otherwise difficult or impossible to highlight with classical spectrograms. Studies on automatic and behavioral human speech recognition have shown that details associated with phase information are important in certain circumstances. Although they may not be needed in simple listening tasks and/or at short time scales (e.g., Liu et al., 1997), they are critically needed in challenging tasks (i.e., in noise or with competing speakers, Zeng et al., 2005) and their importance increase as time scales of listening or of analysis increase (Liu et al., 1997; Alsteris and Paliwal, 2005). As suggested by Oppenheim et al. (1979), this happens because phase information associated to frequency modulation highlights the relative location of salient events characterized by rapid frequency variations in syllable edges (such as consonants associated to quick openings, closings, constrictions, and coupling/decoupling of oral cavities).

For dolphin communication, methods of reassigned spectrograms begin to be applied to whistles because their production mechanism has been shown to be able of fine control (see “Dolphin whistle communication”; Reiss and McCowan, 1993). An example of application from Gardner and Magnasco (2006) is available in Figure 6 where rapid jumps in the frequency modulated line of the signal are visible. Such methods could be also applied to human whistles for comparison and for tracking rapid whistled changes that may be perceptually relevant by the human ear but not sufficiently well represented in classical spectrograms. Whistled speech which supposes a challenging perceptual effort, and which is efficient for intelligibility principally in large scale sentence contexts preserves frequency and amplitude modulations from the spoken signal. All these aspects justify why such type of new approach could help to analyze the acoustics/phonetics resulting from the perceptual insight that whistled speech produces into spoken language structures and psycholinguistic processes (Meyer et al., 2017).

Finally, one alternative automatic whistle analysis method completely independent from spectrographic representations of audio files has been developed on dolphin whistles and also already tested on human whistled speech signals (Johansson and White, 2011). It is based on detection and frequency estimation with adaptive notch filters, and it was shown to be applicable to real-world whistle recordings of different characteristics recorded in different settings.



THE COMPLEXITY OF HUMAN WHISTLED SPEECH ILLUSTRATED

In this paper, the complexity of the whistled speech signal in relation to its linguistic content is presented more in details for Spanish language because it is the most studied whistled language, but also because the Spanish language pertains to the category of non-tonal whistled languages, the category within which English – the language used as a basis in the Batteau and Markley (1967) report – would fall if it was whistled (note that it is completely possible to whistle English, see examples of audio track of simple sentences provided in Meyer and Diaz, 2021). Coarticulation is specifically shown for 8 different consonantal contexts coarticulated with the vowel /a/ on each side (VCV contexts; see Figure 10). More particularly, effect of coarticulation with consonant /t/ appears for the four different vowels /i/, /e/, /a/, and /o/ in Figure 9. An explanation of what happens in terms of articulation is as follows: the “target” toward which the tongue tends to point in order to articulate each consonant corresponds to a specific area of the palate called “locus” of articulation. For /t/, it corresponds to the front part of the palate (just like for spoken speech). When the tongue moves up to this area, the acoustic chamber in the front oral tract is reduced and the whistle thus rises in frequency. The resonance of the front vowel /i/ occurs in the same area, which explains a lesser frequency modulation than with /e/, /a/, and /o/ (as the recordings show in Figure 9). The lower the frequency of the vowel, the more the tongue is retracted in the mouth, which increases the resonance cavity (again as in spoken Spanish or English) and thus lowers the frequency of the whistle. For each of the eight consonants presented in Figure 10, an explanation based on similar considerations can be provided for the associated frequency modulations. Duration: some linguistic aspects might be encoded in the relative durations of sounds and silences (the relative aspect is important to let people use different speech rates, for instance). This applies to both vowels and consonants. For vowels, for example, this is the case in Spanish for the “tonic stress” as shown in Figure 8, where the Spanish word “bebé” (meaning “baby”) is encoded differently than the word “bebe” (meaning “he drank”) through the relative duration of the vowels, imitating exactly what is done in spoken Spanish [note that other languages encode three distinct durations of vowels that are mirrored in their whistled form, such as in Siberian Yupik (Meyer, 2015, Chap. 7)]. Note that whistlers tend to articulate slower when communicating at very long distances and prolongation is mostly made on vowels, and especially stressed vowels. For consonants, duration differences were previously measured in the difference of silent duration between voiced and unvoiced consonants positioned between two vowels (Rialland, 2005; Meyer, 2015) see, for example, here an illustration of such differences in the pairs of Spanish words “caba/capa,” or “cata/cada” in Figure 10. There are even other languages in which more consonantal duration categories exist, such as for geminate consonants in Berber Tashelhiyt language of Moroccan Atlas encoded with an even longer silence (Ridouane et al., 2018). A certain tolerance to variability not due originally to linguistic reasons applies in all parameters of speech across different whistlers (Figure 2), repetitions of the same word (Figure 8), or different techniques (bilabial whistle, finger whistle…). Moreover, at word boundaries, there is also a tolerance to variability linked to whether the speaker connects the words or not, just like what happens in spoken speech. A very striking example of such a case is presented in Figures 2, 4 where the first syllables /bena/ are effectively pronounced /bena/ by the first speaker (where /n/ is continuous between /e/ and /a/), whereas the second speaker says /ben.a/ with a clear pause between /en/ and /a/.



DISCUSSION AND CONCLUSION

In this paper, we extensively revisited the current knowledge on human whistled speech, a natural modality of human communication presents worldwide across a great diversity of languages and its potential relevance to the study of dolphin whistle communication. For human listeners, language sciences in general, and scientists studying non-human animal communication, whistled forms of human languages provide a provocative and alternative point of view on what can be encoded in a simple frequency and amplitude modulated whistled message. Strikingly, based on what is now known about the production, perception, and the nature of the human whistled speech communication, complex information can be encoded in what may appear to be simple calls.

We also revisited literature on dolphin whistle communication from field studies and observational and experimental studies conducted in aquaria. The cognitively complex and highly social dolphins have demonstrated a high level of complexity of their productive, computational, and perceptual capacities including their proclivity for vocal imitation and vocal learning, evidence for spontaneous combinatorial production of combined elements and behavioral concordance in their use, and comprehension of human generated grammatical “sentences. In this context, we suggest, based on what is also now known about the representation of complex information in human whistled speech, that more complex information may be encoded in dolphin whistled communication than previously thought and shown. We are not proposing, though, that the whistles of dolphins (or other complex whistling species) encode similar types of information as human whistled languages but rather that the way information is structured in whistled speech may inspire research on dolphin whistled communication.


Exploring Dolphin Whistle Structure and Segmentation

A major challenge to decoding dolphin whistle communication is that we lack an understanding of the structure of dolphin whistles. Are they comprised of smaller subunits? Might they be combinatorial (e.g., in comprised of two discrete units) similar to the combination whistle in Figure 7 reported by Reiss and McCowan (1993)? Also, little is known regarding the temporal organization of dolphin whistles. Thus, advances in deciphering dolphin whistle repertoires will ultimately require elucidation of the structure of the smallest segments of sounds (akin to phonemes in humans) or meaningful sounds (akin to the morpheme) and how they are structurally and temporally organized and how they are used pragmatically (functionally) in social transactions between dolphins. Although most approaches to classifying and categorizing dolphin whistles generally segment the vocal sequences by relying on the intervals of silence between whistle elements (Dreher and Evans, 1964; Caldwell and Caldwell, 1965; McCowan and Reiss, 1995b; Esch et al., 2009; Janik et al., 2013), it remains unclear where dolphins perceive the boundaries between elements. Such an approach, although the most accessible way to presently observe and analyze dolphin whistled signals may not accurately represent whistle boundaries, the finer structure of whistles nor their temporal organization is in sequences.

Of particular relevance and potential importance to the analysis of dolphin whistled communication, is how human whistle sequences are represented spectrographically and how, in parallel, they are segmented by the listeners. Looking at spectrograms of human whistled speech, a naïve observer might also assume that each whistle bounded by intervals of silence is a specific whistle and would rely on this means of categorization. However as is evidenced in human species, this approach does not match how words are segmented psychoacoustically by the human whistler or those listening and decoding. Just as for spoken modal speech, in representations of human whistled phrases and sentences, segmentation between words (word boundaries) is not always clearly demarcated by inter-word intervals of silence (as seen in Figure 2). It is well known that speech segmentation during speech perception is largely a psychoacoustic process (Davis and Johnsrude, 2007) and the listener’s knowledge about language facilitates placing word boundaries in appropriate locations and making sense of a stream of sounds. This holds true for the perception of human whistled speech as well. As previously discussed, what may appear as one continuous whistle may be comprised of more than one word or a word and the beginning syllable of the next word. Interestingly, segmentation of acoustic sentences, categorization, and parsing of words are less clear for whistled speech than is the case for spoken speech. This because in whistled speech there are less acoustic cues available to help segment the consonants from their surrounding vowels and there are closer similarities between some types of consonants and vowels in each language.



The Perspectives Opened by Behavioral Psychoacoustic Tests

As discussed earlier, psychoacoustic behavioral experiments have addressed the issue of intelligibility of words and phrases in human whistled speech showing that even if it eliminates canonical acoustic correlates of phonemes from the spectrum, it keeps essential and sufficient speech signal modulations in amplitude and frequency to enable high intelligibility levels of around 70% for words and 80–90% for sentences. This demonstrates the amazing productive flexibility present in human speech relying on the fact that the referent modal spoken speech form is encoded in a large amount of acoustic cues that contribute to compensating for signal distortions and noisy interferences (Assmann and Summerfield, 2004). But, such a simplification of speech encoding is only possible because humans also have a great capacity in terms of perceptual flexibility, i.e., the ability to recognize a stimulus as belonging to a category even if partly deviant from the acoustic form to which they are used (i.e., speech in noise and foreign accents). Thus, strikingly, the whistled natural type of speech exploits the fact that speech recognition by human listeners is very resilient: It remains possible even after large amounts of the signal have been removed because our human perceptual and cognitive systems are adapted to overcome speech degradations (Miller and Licklider, 1950; Remez et al., 1981; Warren et al., 1995; Arai and Greenberg, 1998; Palmer and Shamma, 2004). Several recognition tests on finer degrees of linguistic cues have also been performed on vowels and consonants in Consonant-Vowel or Vowel-Consonant-Vowel contexts and in various different conditions: with trained human whistlers or naïve human listeners of different language background (Meyer, 2005; Rialland, 2005; Meyer et al., 2017, 2019; Ngoc et al., 2020a,b). The protocols that have been designed for such perceptual studies are of the type of the ones that can be run on simple keyboards (4-AFC, AXB, or same/different tasks, for example). The fact that multiple choice keyboard experiments were already run with dolphins (Reiss and McCowan, 1993) shows that such approaches could be adapted for dolphins. Presenting whistles encoding the complexity of human language to dolphins would represent a unique opportunity to profit from a common acoustic mean of communication to test more abstract representations than what has been done so far. It is necessarily an anthropocentric view, but it is a point of departure.

The relevance of previous experimental studies with dolphins in this domain is also supported by the results of the early study by Batteau and Markley (1967) which advanced our understanding to some degree about the ability of dolphins to perceive and comprehend a spoken-to-whistled transformation. Although the methodology of artificial electronic transformation used by Batteau and Markley resulted in whistled stimuli presented to the dolphins that differed significantly from those of natural spoken languages transformed into human whistled languages (artificially excluding speech information important for phoneme identification (e.g., Scott, 2001; Baer et al., 2002) among which frequencies above 1kHz corresponding to the area of whistled articulation in non-tonal languages], the experiment showed important results. It found that dolphins demonstrated the ability for signal restoration in a way that evoked phonemic restoration in language – a phenomenon in which the brain restores the missing information and the individual reconstructs the referential meaning of the corresponding intact stimuli. This perceptual ability enables individuals to process information that is degraded due environmental noise or signal distortion and we now know that dolphins are able to modify their calls in the face of noise (Fouda et al., 2018), which suggests the ability of dolphins to perceive noise pollution and sound degradation of their communicative signals in their environment. The dolphins were also able to differentiate whistled transformations of words like /baiep/ and /baep/ which differed only in one additional frequency level of /i/ in a continuous whistle, or words like /baiep/ and /beiap/ in which the difference was in inverting the relative frequency levels of /a/ and /e/ in a continuous whistle. Finally, the dolphin’s ability to correctly respond to whistled commands spoken by two trainers and transformed into whistles through two different electronic transformation systems also suggests a tolerance for whistle variability.



Variability and Coarticulation

How dolphins perceive acoustic variability in the vocalizations of conspecifics and the type of information it may or may not convey is hard to determine. Studies of human whistled languages provide interesting tracks to follow as they have reported that the duration of whistles and relative durations of sounds and silences can convey information (see for example Figure 10). Different speech rates are tolerated and these may even change whistled segmentation between different whistled units (see /bena/ in the beginning of Figure 2 for example). This may be a means of conveying information in dolphin whistled communication as well and needs further investigation. As discussed in the section on dolphin whistle communication, Reiss and McCowan (1993) reported that dolphins transposed, expanded, and compressed their whistles in the time and frequency domain yet the overall whistle contour remained stable. This has important implications for sound analysis programs when tracking and comparing whistle contours of the same and different individuals. Furthermore, in terms of the fine structure of whistles, it is unclear whether information is conveyed in what may appear to us as subtle variations in the whistle contour, such as small steps and small jumps in frequency as seen in Figure 4.

The phenomenon of coarticulation is present in human spoken and whistled speech. The documentation of the variability in the acoustic parameters of whistles of individuals could enable an assessment of coarticulation by examining dolphin whistle sequences produced by individuals to determine if there is evidence for variability due to coarticulation (e.g., variability due to the preceding and following whistles). As previously discussed, in a non-tonal language, such as Spanish coarticulation is when vocalic frequencies are influenced by a neighboring sound or syllable.



Phatic Communication

Finally, phatic communication is an important part of human communication whether it is spoken in person, via a cell phone or whistled. The phatic function of language serves a socio-pragmatic role to open and maintain communication channels in whistled languages as it does in spoken languages. Words such a “hello” or “bonjour” are such examples. Although aspects of the voice can convey identity and other information about sender, such as sex/gender, physiological state, and nationality/ group identity such phatic expressions are not considered to be communicative in terms of informational content but they function in establishing, maintaining, and managing bonds of sociality between participants (Malinowski, 1923). The use of phatic communication may be more widespread in non-human animals as a similar function may be found in their contact calls. For example, in the case of dolphins, the broadcasting the one’s contact call (e.g., signature whistle in dolphins; Caldwell and Caldwell, 1965; McCowan and Reiss, 1995a,b, 2001; Janik and Sayigh, 2013; Luís et al., 2021) that is thought to convey whistler identity and establish and maintain contact and group cohesion may also serve an additional role as well in opening a channel of communication and focus the attention of conspecifics on information that will follow. This would necessitate the ability to track and attribute vocalizations to specific individuals and examine the types of whistles and the temporal organization of whistles within sequences.



Conclusion

To conclude, natural human whistled speech can be seen as a kind of intermediate for the analysis and decoding of dolphin whistles. To proceed in decoding at a deeper level than what is already done in dolphin whistle communication requires an understanding of dolphin whistle structure and the temporal organization of whistles within whistle sequences. Thus, we propose that some of the characteristics found in human whistled communication may be worth considering in the analysis of whistled signals of dolphins. Viewing dolphin whistle repertoires through a lens that allow us to focus on the characteristics of the acoustic structure and organization found across human whistled languages coupled with what is known about the dolphins’ own capacities and proclivities may provide new insights and help to develop new analytic tools and approaches that will advance deciphering whistle communication in dolphins. Further applications of information theory to the analysis of dolphin whistle vocalizations as previously conducted by McCowan et al. (1999) offer a promising approach for future comparisons of the informational structure of human and dolphin whistle communication and whistle repertoires. For this, an extensive curated database of whistle sequences produced by single individuals as well as whistle sequences produced during vocal exchanges between two or a few individuals would be optimal. This type of database would also be optimal for future studies to take a deeper dive into the structure and perhaps finer details of individual whistles and their temporal organization in whistle sequences and exchanges. Analytic approaches and tools used to decipher dolphin whistled communication may benefit and advance from the consideration of what is known about how information is encoded in the case of human whistles – for which we have a translation.
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The song of the northern mockingbird, Mimus polyglottos, is notable for its extensive length and inclusion of numerous imitations of several common North American bird species. Because of its complexity, it is not widely studied by birdsong scientists. When they do study it, the specific imitations are often noted, and the total number of varying phrases. What is rarely noted is the systematic way the bird changes from one syllable to the next, often with a subtle transition where one sound is gradually transformed into a related sound, revealing an audible and specific compositional mode. It resembles a common strategy in human composing, which can be described as variation of a theme. In this paper, we present our initial attempts to describe the specific compositional rules behind the mockingbird song, focusing on the way the bird transitions from one syllable type to the next. We find that more often than chance, syllables before and after the transition are spectrally related, i.e., transitions are gradual, which we describe as morphing. In our paper, we categorize four common modes of morphing: timbre change, pitch change, squeeze (shortening in time), and stretch (lengthening in time). This is the first time such transition rules in any complex birdsong have been specifically articulated.
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INTRODUCTION

Among songbirds, the mockingbird has an extraordinarily variegated song that is much more complex than most species’ songs. Mockingbirds have enormous repertoires of song elements (Derrickson, 1987, 1988; Kershenbaum et al., 2015) which are arranged in a particular way: individual “syllables” (which can be a single sound, as in phrase 3 in Figure 1A, or a small group of sounds, as in phrase 1) are repeated to form short phrases, which, in turn, are strung up into long songs that can go on for minutes (Figure 1A). As indicated by their name, mockingbirds are also famous for their ability to mimic the sounds of other species or their acoustic environment (Whittle, 1922; Laskey, 1944; Baylis, 1982; Farnsworth et al., 2011; Gammon, 2013; Gammon and Corsiglia, 2019).


[image: image]

FIGURE 1. Spectrogram (top) and waveform (bottom, green) of mockingbird song, illustrating its hierarchical structure, and mallard and blackbird calls for comparison. (A) 14 s of male mockingbird song. Dotted lines mark phrase transitions. Both spectrogram and waveform illustrate the organization of Birdsong material in distinct phrases of repeated syllables (e.g., phrase 3) or syllable groups (e.g., phrase 1). (B) A series of mallard quacks (XC613266, recorded by Jack Berteau in the Vendée, France) and (C) a blackbird’s alarm call (XC622587, recorded by Pierre Foulquier in Le Mans, France) that both contain a specific kind of acoustic morphing: one repeated note/syllable gradually slows down and descends in pitch (after an initial rise for the blackbird call). We argue here that the variegated morphing modes observed across mockingbirds’ phrase transitions are distinct from these cases of stereotyped within-phrase morphing, less easily explained by muscular constraints, and surprisingly similar to certain strategies in music. The mallard quacks and the blackbird call in Figure 1 were obtained from the Xeno-Canto database. The mallard was recorded by Jack Berteau in the Vendée, France (recording XC613266) and the blackbird by Pierre Foulquier in Le Mans, France (recording XC622587).


A single audio file is included in the Supplementary Material which covers all the figures in this paper. We have also made a video that demonstrates the basic morphing techniques used by this species, compared with examples of human music1. A second video shows a longer clip of a single mockingbird singing2, revealing a longer series of the transitions we categorize in the paper.

While all of this mimicry and complexity presumably evolved for bird ears, it has long fascinated humans as well, and even inspired us to create our own aesthetic productions from poetry to music (examples reach from the lullaby “Hush little baby” and the “Out of the Cradle Endlessly Rocking” of Walt Whitman to Suzanne Collins’s dystopian young adult novel Mockingjay; Rothenberg, 2005). When humans listen to mockingbird song, they often notice that successive song phrases are acoustically related, similar to what musicians call variations of the same theme. In other words, the transition from one mockingbird phrase to the next often represents a gradual acoustic shift, keeping most features the same, but changing one or more acoustic features, such as pitch or tempo. We call this phenomenon morphing (note that we use this term here to describe spectral relatedness between individual notes, not within continuous sound units). This morphing is easily grasped by human listeners, even to the untrained ears of non-ornithologists who might recognize less of the mimicry. We suspect that one major reason mockingbird song so fascinates humans lies in the fact that morphing is also a central quality in human music.

Morphing may be a prominent feature of mockingbird song, but it has rarely been investigated. Instead, studies on the structure of mockingbird song have focused on determining repertoire size (Howard, 1974; Derrickson, 1987; Kershenbaum et al., 2015), overall temporal and frequency characteristics (Wildenthal, 1965), seasonal differences in song structure (Logan and Fulk, 1984; Gammon, 2014), and particularly the extensive vocal mimicry (Gammon and Altizer, 2011; Gammon, 2014; Gammon and Lyon, 2017; Gammon and Corsiglia, 2019). For other songbird species, acoustic relationships between adjacent or near-adjacent notes have rarely been a research focus either—despite their saliency in some species. Among the few studies that touch upon acoustic relationships within sequences are the descriptions of themes and variations in the song of the Bachman’s sparrow (Hartshorne, 1973), general claims that such sound structures are common in birds (Baptista and Keister, 2005) and evidence for mathematical properties of thrush nightingale rhythm (namely, multifractality) that may point, albeit indirectly, to variations as well as gradual modifications in rhythm (Roeske et al., 2018). Transitional relationships between adjacent (or near-adjacent) elements have been studied extensively in terms of syntax—i.e., transitional probabilities in note sequences (e.g., Kershenbaum et al., 2014; review by Berwick et al., 2011) or focusing on memory (Hultsch and Todt, 1989)—but not in terms of the spectral properties or similarity between those notes. We cannot rule out, based on our analysis, that the mockingbirds’ acoustic morphing might reflect a functionless byproduct of how song phrases are stored in the brain and produced by the syrinx. However, when compared to acoustic morphing observed in many birds’ calls (see examples in Figures 1B,C) that are seamlessly explained by motor constraints (muscle fatigue and constraints on breathing), the modes of morphing we observe in mockingbird song are considerably more variegated, span longer sequences, are less stereotyped, and often operate not on repetitive same-syllable trains but higher-order groups, with morphed syllables often interspersed by spectrally very different syllables (see examples in Figures 5B, 6B, 7C). Given the variability and prominence of acoustic morphing in mockingbird song transitions, as well as the importance we attach to morphing-like transition strategies in our own music, we find it fruitful to examine mockingbird song through a more musicological lens. We argue here that the variegated modes of mockingbird phrase-transition morphing are closer to those musical strategies than the stereotyped syllable morphing in mallard quacks, blackbird warning calls, or the like (see Figures 1B,C), which is more in line with efficiency-based explanations.

Why has morphing not been studied in mockingbirds? Perhaps putting animal communication too close to a human behavior that centrally aims at subjective pleasantness or interestingness has been too suspicious for a science like biology that strives for objectivity. Interestingly, however, Charles Darwin himself wrote of species-specific qualities in birdsong as representing an “aesthetic sense,” (Darwin, 1871) apparently accepting birds’ subjective judgments as potentially shaping singing behavior.

We are far from anthropocentrically claiming that the same evolutionary, cognitive, and emotional drivers underlie mockingbird song that have shaped human music. Nevertheless, the subjective qualities of birdsong are a central ingredient of the sexual selection processes that drive birdsong evolution (Prum, 2017): Being subjectively intrigued by a song is probably a key step for a female in considering the singer as a mate, but the subjective side has largely been ignored in research. We suspect that female mockingbirds pay close attention to male song, given that a male’s song output closely correlates with the fertility of his mate (Merritt, 1985; Wright, 2014), given that a male triples his song output if his mate is removed (Logan and Hyatt, 1991), and given that copulations are always accompanied by male song production (Merritt, 1985; Gammon, unpublished data). Existing research on female preference for male song properties (like particular vocal elements or repertoire size) does, of course, assume the same—that females attend to male song features. However, the main perspective of this research has usually been that song aspects which trigger female readiness for mating—rather like in a stimulus-response loop—are probably honest signals for male quality, and the females’ attention for it is therefore adaptive. The difference in our approach is that we simply turned our attention to sounds that are subjectively intriguing (to us), without having to assume honest signaling, or adaptivity. Our focus is not on how singing may stand for something else (i.e., male quality), but on how sounds raise human (and perhaps bird) listeners’ interest and attention. And given that birdsong is complex, variable, and intriguing across species boundaries—instead of just being a continuous repetition of the one “sexiest” sound—we think that understanding what acoustic structures in particular are able to intrigue listeners is essential for understanding birdsong evolution (Roeske et al., 2018). Of course, we are aware that this hypothesis rests on assumptions that are far from proven: a mockingbird’s perception of note sequences might differ from that of humans. What we perceive as morphs may not be morphs for them (and vice versa). There is a chance that the birds are perceptually oblivious to morphing, and future research on morphing perception is needed to clarify its potential roles and evolution.

We do not yet have any tools to investigate subjective qualities in animals (or humans) directly. But we can systematically investigate song structures that are likely candidates for transporting relevant subjective qualities, because they are known to play such a role in our music. To understand where parallels between human and animals signaling exist, how far they extend, and where the similarity breaks down, a careful description of the possibly similar phenomenon is essential.

In this exploratory analysis of mockingbird phrase transitions, we explore morphing as an acoustic property that may potentially be salient to the birds and making their songs more effective. To provide some context to our description of morphing, we start by giving an overview over other known structural aspects of mockingbird song.

Next, we give a detailed qualitative description of the phenomenon of morphing, from a musicology-inspired perspective: This first description is based on subjectively listening to adjacent phrases, as well as visual inspection of spectrograms. We identify four different modes of morphing: (1) Pitch-based morphing, (2) timbre-based morphing, (3) temporal stretching, and (4) temporal squeezing. We relate these four modes to human musical examples with similar properties. Note that these modes are not exclusive; they can be overlapping, and alternative classification systems are conceivable. We therefore do not consider this qualitative description as an objective, exhaustive classification system, but rather as a heuristic. As such, however, it leads to specific predictions that can be objectively tested: If morphing indeed exists in mockingbirds song—i.e., if it is more than just a pattern suggested to us by our biased human auditory system—we expect

• Instances of morphing to be common throughout the song.

• The average similarity between adjacent phrase pairs to be higher than between random, distant pairs of phrases, and this effect should be measurable for different acoustic features that capture pitch, timbre, and temporal structure of syllables.

Finally, we present quantitative (albeit exploratory) evidence to test these two predictions: Using sample songs from four birds, we quantify their use of the different modes of morphing. Analyzing acoustic similarity between phrases, we test whether morphing is more common in their songs than expected by chance.

Ultimately, our study aims to understand better what kinds of mockingbird sound sequences elicit their listeners’ subjective interest. We describe here one such candidate structure, the morphing of phrases into new, but acoustically related phrases. Our results can serve as a basis for future studies that test experimentally whether the presence or absence of morphing in song indeed affects its listeners’ reactions.


Background: the Structure of Mockingbird Song

Mockingbird song is repetitive; mockingbirds usually repeat each syllable three to five or more times before switching to a new type of syllable (Wildenthal, 1965). Each syllable can be a single note or a cluster of notes. Repeated syllables are normally separated by tiny breaths (“minibreaths”), which physiologically constrains the rate of syllable delivery to some extent (Zollinger and Suthers, 2004). Wildenthal (1965) has provided a careful description of general temporal and frequency properties of mockingbird song, from number of syllables per phrase and syllable grouping to overall frequency range. She provides mean values or distributions over entire song performances, but did not focus on the dynamic succession of elements with specific acoustic features.



Mimicry

Mockingbirds are particularly famous for their ability to mimic. They will mimic the sounds of birds and other environmental sounds, as long as these sounds are acoustically similar to the typical acoustic feature range of mockingbird vocalizations (Gammon, 2013). Studies of model selection show, for instance, they mimic blue jay calls but not raven calls, American robin calls but not American robin songs, tree frogs but not bullfrogs (Gammon, 2013; Gammon and Corsiglia, 2019). About half of all song utterances are mimetic (Gammon, 2014), but it remains unclear whether mimetic songs are normally learned from heterospecific models or conspecifics already singing the mimetic song. The mockingbirds’ inclination to imitate a model is thus much less restricted than that of most other species: Most songbirds only learn to imitate the songs of conspecifics, sometimes even just their fathers (Grant and Grant, 1996).



Repertoires and Sequential Progression of Song Elements

Overall repertoire sizes of mockingbirds are enormous, with individuals each producing hundreds of phrase types (Derrickson, 1987, 1988; Kershenbaum et al., 2015). After classifying thousands of song phrases from four birds, Derrickson (1987) showed that although mockingbirds produce hundreds of syllable types, the vast majority of syllable types are produced very rarely, with 25% of syllable types appearing just once in his sample. Similarly, most mimetic syllable types are also produced rarely (Gammon, 2013). Although most song-learning in mockingbirds takes place during the first year of life (Gammon and Tovsky, 2021), there is some evidence that mockingbirds continue to learn new syllable types throughout adulthood (Derrickson, 1987; Gammon, 2020).

How mockingbirds pick which syllable type from their repertoire to sing after completing phrase X, is poorly understood. Contrary to assertions from early studies (e.g., Wildenthal, 1965; Derrickson, 1987), mockingbirds do not sample randomly from their repertoires when ordering their sequences of song phrases (Gammon and Altizer, 2011; Kershenbaum et al., 2015). For example, the syllable types used in sequential phrases are often taxonomically related at a level several times higher than would be predicted by randomly ordering syllable types (Gammon and Altizer, 2011). These “taxonomic doubles” exist on multiple levels and are produced two to four times as often as chance would predict (Gammon and Altizer, 2011). Their function is unknown, but their production likely reflects the neural organization of song memories within the brain (Gammon and Altizer, 2011). For example, a bird might produce a sequence of taxonomically-related syllable types because the syllable types were all learned from the same model and might thus be stored in close proximity to each other, similar to the way human brains lump together songs that come from different tracks of the same music album.

Taxonomic doubles exist on multiple levels (Gammon and Altizer, 2011). A Type I taxonomic double consists of sequential syllable types that both represent mimicry of the same vocalization category of the same species, e.g., the two syllable types both classify as the “loud” song of the eastern bluebird (see Figure 6B). In contrast, a Type II taxonomic double consists of two sequential syllable types that classify as different vocalization categories of a mimicked species, e.g., a syllable classifies as an eastern bluebird “loud” song, followed by a syllable that classifies as an eastern bluebird “tuawee” call. The distinction is important for our paper because Type I taxonomic doubles are acoustically similar, whereas Type II taxonomic doubles are often acoustically dissimilar. Therefore, the production of Type I taxonomic doubles overlaps some with morphing. Just as taxonomic doubles likely reflect the neural organization of song memories, morphing might also reflect one song phrase triggering the neural release of an acoustically-similar song phrase.



MATERIALS AND METHODS


Mockingbird Song Material

Mockingbird song material analyzed in this exploratory analysis is from five individual birds. Three of them were recorded in mid-spring by Dave Gammon, and two more were obtained from the publicly available birdsong database xeno-canto3 (see Table 1 for recording details).


TABLE 1. Recording details on the five birds analyzed in this study.

[image: Table 1]In our analyses, we used these recordings as follows:

The qualitative analysis is based on bird A. Dave Gammon has listened to this particular bird for many years, and annotated the recordings by imitation/non-imitation.

For quantification of occurrence of the four morphing types (Figure 9), we used birds A, B (2-min excerpt), and C.

To quantify similarity between adjacent vs. distant phrases (see below), we used recordings of four birds, birds A, B, D, and E. We dropped bird C from this analysis due to inconsistent recording quality.



Analysis


Segmentation of Mockingbird Song

Acoustic feature extraction from audio and segmentation of song into syllables was carried out in Matlab_R2018b (The MathWorks, Inc., Natick, MA, United States), using the package “Sound Analysis for Matlab” (by Sigal Saar). Amplitude envelopes were extracted in 10 ms time windows and steps of 1 ms. They were then normalized in time windows of 4 s, to minimize the influence of intensity fluctuations (e.g., due to changes in singing position) on the amplitude distance measures. Wiener entropy and frequency contours were extracted with the help of Sound Analysis Tools for Matlab from Sound Analysis Pro 2011 (Tchernichovski et al., 20004). Frequency contours were based on mean frequency per ms, a pitch measure that assesses the center of the distribution of power across frequencies.

Segmentation was performed based on an amplitude threshold combined with a Wiener entropy threshold (as syllables were identified sounds that were louder than the amplitude threshold and had lower Wiener entropy than the Wiener entropy threshold). This procedure provided robust segmentation of all mockingbird recordings.



Qualitative Analysis of Morphing

Spectrograms were made with Martin Hairer’s program Amadeus Pro, which we use because it has great flexibility in adjusting the resolution and appearance of the spectrogram itself. This helps in visualizing aspects of the song that we hear and consider relevant for this analysis. The spectrograms were then coded and interpreted to further illustrate the “objectivity” of the morphing modes we identify, and to help with the statistical analysis that we then undertook.

We first described our auditory impression of morphing modes in the mockingbird song in a qualitative way, based on listening to recordings and visually inspecting spectrograms. The morphing modes we identified express the acoustic relationship between pairs of similar-sounding adjacent phrases (Figure 1A). We concentrated in this analysis on phrase transitions with salient similarity between the pre- and post-transition phrases, ignoring dissimilar transitions. We judged a phrase pair’s similarity/dissimilarity based on our auditory impressions and subjective saliency. In an iterative, but informal process, the authors converged on four modes of morphing that are named after and describe the most clearly changed quality. Science thrives on simplicity. At first, we heard 12 specific modes of morphing, then 10, then eight. We argued and wrestled, compared our listening skills: the naturalist, the analyst, the musician, and all decided we should reduce, reduce. So in this paper we emphasize four basic modes of morphing. We know these categories are oversimplified, and that almost every transition involves a mixture of more than one of these modes. We have quantified the frequency of the four modes of morphing using sample songs of the three birds A, B, and C.



Example Quantitative Analysis: Testing Whether Syllable Similarity Is Higher in Adjacent vs. Random Phrases

To provide a quantitative way of telling whether morphing—i.e., transitioning from one phrase of sound elements to a phrase of related sound elements—is a true feature of mockingbird song, as opposed to a human heuristic created by biases of our own auditory system, we investigated whether measurable acoustic similarity of adjacent phrases is higher than expected by chance. To this end, we compared pairs of adjacent phrases with random pairs of random, distant phrases (Figure 2A). The distant-phrase comparison serves as a proxy for what is expected by chance (i.e., if acoustic similarity is not an organizing principle of mockingbird song). “Comparing phrases” means we compared acoustic features of individual syllables in a pairwise fashion between both phrases (Figure 2B).
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FIGURE 2. Schematic explaining how pairs of adjacent phrases vs. pairs of random, distant phrases are compared, to determine whether adjacent-phrase similarity is higher than expected by chance. (A) Every phrase (e.g., here phrase A) is compared to its following phrase (B), and to 10 different non-adjacent phrases from outside of a 10-phrase range around phrase A. (B) For each phrase pair, all syllables of the first song phrase are being compared to all syllables in the second phrase in a pairwise fashion. (C) Distance scores are calculated separately for five acoustic features. For each feature, the distance score of a phrase comparison is the mean from all syllable comparisons.


To measure acoustic similarity, we chose four different metrics designed to reflect acoustic properties that play a role in the different perceived modes of morphing (Figures 2C, 3):
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FIGURE 3. Distance metrics used in this study. The distance metrics were designed to reflect the different kinds of acoustic syllable similarities/differences obtained from qualitative analysis. Acoustic features captured by our analysis are amplitude envelope, frequency (a measure of pitch), Wiener entropy (a measure of timbre), and syllable duration. We performed dynamic time warping (DTW) on the two syllables’ amplitude envelopes (upper gray panel), using the same warping path on amplitude, frequency, and entropy contours. Then we calculated mean Euclidean distance between the two syllables for each feature (bottom gray panels). To describe differences in syllable duration, we calculated their duration ratio (shorter syllable: longer syllable; bottom).


1. The amplitude envelope that captures overall syllable shape (e.g., reflecting whether it is a complex, two-note syllable or a uniform whistle)

2. Syllable frequency which captures the pitch contour

3. Wiener entropy which captures timbre (it is high in noisy and low in tone-like sounds)

4. Syllable duration.

To compare a syllable pair’s millisecond-wise time series of amplitude envelope, frequency, and Wiener entropy, we first applied dynamic time-warping (DTW) of the two amplitude envelopes (Figure 3, top left). We then calculated mean Euclidean distance between the time-warped syllable features (Figure 3, middle). We compared syllable durations (which are single values, no time series) by calculating their ratio (shorter duration: longer duration; see Figure 7, bottom). For each pair of phrases, a distance score was calculated for each feature by averaging across all pairwise-syllable comparisons. For example, to make the phrase comparison illustrated in Figure 2B, the distance score would be calculated by averaging 20 bioacoustic measurements.

We expect that morphing affects Euclidean distance of these features in specific ways (see also Table 2): squeezing and stretching will lead to different durations before and after the phrase transition. This will result in low duration ratios (the more different the durations, the lower their ratio). At the same time, Euclidean distances in amplitude, frequency, and entropy will be lower than between the syllables of random phrase pairs. Further, we expect morphing modes pitch change and timbre change to result in low Euclidean distances in all features but frequency and Wiener entropy, respectively. Finally, we expect all morphing modes to result in lower Euclidean distance between amplitude envelopes than between random pairs of phrases.


TABLE 2. How the four morphing modes would affect the expected syllable similarity between adjacent phrases.

[image: Table 2]


Statistics

To assess significance of the difference between Euclidean distances of adjacent vs. distant phrases, we performed t-tests and applied Bonferroni correction for multiple testing.



RESULTS


Qualitative Analysis: Four Categories of Morphing

We present here the four modes of morphing that resulted from auditory evaluation of a 10-min song performance of one male bird, visual inspection of the spectrogram, and several rounds of informal communication on possible ways to cluster our subjective listening and visual impressions. The three authors have agreed on these modes not as a strict classifying system, but as a heuristic tool: We use this as the basis from which testable hypotheses can be derived.

Also, the four modes are not exclusive, and combinations of two or more modes were common. Also, alternative classifications were conceivable to us, both more coarse and more fine-grained.

These four modes represent something akin to “minimal pairs” in phonology (i.e., word pairs that are distinguished by just one single phoneme, such as “house–mouse and “pull–pool”): For phrase transitions of the morphing category “timbre,” only timbre is changed from pre- to post-transition, while pitch and temporal properties stay the same (and accordingly for the other three categories).

All modes of morphing are set apart from a class of high-contrast transitions. These are characterized by a lack of similarity between sounds/sequences before and after the transition.


Type 1: Timbre

In this mode, most acoustic features of the syllable (syllable length, dynamic structure, pitch, etc.) stay similar, but the timbre, or tone quality changes. Since the mockingbird song is often based out of imitations of many different other species’ songs and calls, to accomplish this kind of transition, he often finds a sound from a completely different species that has the same rhythm, but a different texture or spectral character:

To the untrained human ear, the two phrases in Figure 4A sound remarkably similar. They are each from a series of several rhythmic repetitions of each sound, something characteristic of how the mockingbird uses his imitations. Gammon, with his years of listening experience, identifies the second sound as the blue jay’s “pumphandle” call. The bird gets there via a non-mimetic sound that sounds intriguingly similar to the pumphandle call: He basically “morphs” into his blue jay imitation. In the next example (Figure 4B), Gammon identifies the first sound as the alarm call of the American robin. The second is the “rubberducky” sound of the brown-headed nuthatch. Why does the mockingbird transition from the robin to the nuthatch? We do not know. But sonically we may identify a quality of morphing which we aim to show is one of the characteristic qualities of mockingbird song, to our knowledge, a quality that has not been examined before: Rhythm roughly constant, timbre changes.
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FIGURE 4. Examples for the mockingbird morphing mode “timbre change,” and example for a similar musical strategy. (A,B) Spectrograms and waveforms for three examples of phrase transitions representing “timbre” morphing, in which a phrase is followed by a phrase with similar syllables and temporal structure, the main difference being a modification in timbre. Small spectrograms on top show the song context with a clear transition from one song phrase to a new song phrase, which is also clearly evident when listening to the song files. Large spectrograms underneath zoom in to the section around the transition. Panels to the right show an overlay of the pre-transition (red) and post-transition (gray/black) syllables. Similarities between pre- and post-transition syllables become particularly clear in the overlay pictures. (C) Similar illustration for a musical example of Tuvan throat singing from the group Huun-Huur-Tu, in which a whistling phrase (pre-transition) is picked up again (post-transition) in a different timbre.


Timbre change, however, is a common strategy in many kinds of human music. Here we see it used very clearly in a solo performance of Tuvan throat-singing by the group Huun-Huur-Tu (Figure 4C), where a single human voice changes the quality of the upper overtone partials so it sounds like more than one person is singing.



Type 2, Pitch Change

In this category (Figure 5), the primary quality noticed in the morph is a similar phrase, where the pitch or frequency is the most clearly changed quality. Pitch change could apply to the specific pitches used in Hz (Figure 5A), to the pitch contour (Figure 5B), or both. In Figure 5A, mockingbird A sings the long call of the Northern flicker and then takes it up a few notes with the same rhythm in a non-mimetic phrase. A little later, he combines a melodious whistle with a “chk” sound and then tries out another, even more melodious variant of that whistle with the same “chk” (Figure 5B).
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FIGURE 5. Examples for the mockingbird morphing mode “pitch change,” and example for a similar musical strategy. (A–C) Spectrograms and waveforms (as in Figure 4) for three examples of phrase transitions representing “pitch” morphing, in which a phrase is followed by a phrase with similar syllables, the main difference being a modification in pitch. (D) The beginning of Beethoven’s fifth symphony follows a similar strategy, with a four-note sequence repeated with a different pitch.


Some minutes later, he moves from a Carolina wren call to a non-mimetic, connected by pitch morphing (Figure 5C).

This is probably the most familiar of the four types from human music. The beginning of Beethoven’s Fifth Symphony (Figure 5D), heard as quite radical in its time, is a clear example of this that most of us know well.



Type 3: Stretch, or Half-Time

The third strategy commonly used by mockingbirds is to slooooow down, or stretch the syllables they are singing (Figure 6). Here, mockingbird A takes a summer tanager pitituck and stretches it out slower than half time into a fragment from a northern cardinal (Figure 6A):


[image: image]

FIGURE 6. Examples for the mockingbird morphing mode “stretch,” and example for a similar musical strategy. (A,B) Spectrograms and waveforms (as in Figure 4) for two examples of phrase transitions representing “stretch” morphing, in which a phrase is followed by a similar, but slowed-down phrase. Note that both examples also include additional changes in timbre and/or pitch. (C) The end of the song “Show yourself” from the Disney film Frozen 2 follows a similar strategy, with a four-note sequence repeated at half the tempo (this example also includes a pitch change).


Next is an extraordinary moment: the “loudsong” of the Eastern bluebird (Figure 6B), first at regular speed, then slowed down in an easy-to-hear decelerando, a relaxing of tempo from allegro to andante. A beautiful, musical movement. These are two related songs of the Eastern bluebird, the second much slower than the first. Figure 6C illustrates how the stretching technique is used by Idina Menzel toward the end of the song “Show Yourself” from the Disney movie Frozen 2.



Type 4: Squeeze

Very simply, this is the opposite of stretch. Take one phrase, and have the next phrase be similar, but much faster.

The pre- and post-transition sounds in Figures 7A,B have many acoustic aspects in common: contour, pitch, and timbre. The post-transition syllable is basically faster. Morphing tends to change one or a few aspects of the sound, not all. This one: Timbre/pitch constant, rhythm faster. Squeeze.
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FIGURE 7. Examples for the mockingbird morphing mode “squeeze,” and example for a similar musical strategy. (A–C) Spectrograms and waveforms (as in Figure 4) for three examples of phrase transitions representing “squeeze” morphing, in which a phrase is followed by a similar, but sped-up phrase. (D) Kendrick Lamar’s song “Duckworth” contains a section that uses a similar strategy of speeding up (here, however, the acceleration is more continuous than in the mockingbird examples).


Later on, still in the same song, a phrase of uniquely syrinxian beauty (Figure 7C), where this single bird’s ability to make at least two highly contrasted sounds at the same time produces rhythmic and tonal relatedness, from three to two to three to six—four, interspersed by high antiphonal whistles. This image is so much like a musical score. While none of the sounds are imitations, Gammon says some of their elements are recycled from mockingbirds’ own functional calls, e.g., from fledglings’ begging calls and from calls used in other social contexts, like fighting or contact calls. Morphing mode: squeeze.

Once the four morphing modes have been identified, we find them often, sometimes clearly just one, other times combined with each other.



Sequences of Morphs

The composite example in Figure 8 shows several morphs in a row at work.
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FIGURE 8. Example sequence of several morphs in a row. A train of syllables separated by longer pauses is repeated and morphed in several steps. From part 1 to part 2, syllables become denser and noisier, and pitch rises. From part 2 to 5, syllables are successively stretched, accompanied by slight pitch and timbre changes. This juxtaposition of elements seems to reflect sonic relationships, regardless of status of mimesis (the bird uses both non-mimetic and mimetic elements).


While the first three phrases are non-mimetic, the fourth is a white-breasted nuthatch and the fifth a tufted titmouse song. But besides their mimetic origins, they are clearly sonically related. Between each change, some acoustic aspects are altered and others stay the same. We will stay focused on the transitions: Onetwothreefour (first arrowhead). Onetwothreefourfive (second arrowhead). Syllable length half a second. Take the same length, rise the pitch, make it a steady noisier complex sound, and repeat three times. It is common for non-mimetic elements to keep similar “time lengths” before vs. after a transition—clear example of morphing (divided into 13, 14, 13 tiny tones if you stretch). Two repetitions of six more tonal each, each one stretched out in overall length again. Morphing modes: squeeze, stretch, stretch, stretch, with a bit of timbre change along the way. First he speeds up, then he stretches, streeeetches, streeeeeeeeeetches.

For an example from human music this is also a compound one, where squeezing is combined with pitch morphing from Kendrick Lamar’s album Damn, the song is “Duckworth,” the conclusion of the album (Figure 7C). This did not win the Pulitzer Prize in music composition for nothing… Lamar uses a whole series a compositional strategies that have worked wonders for mockingbirds for millions of years.



Quantification of Morphing Type Occurrence in Three Birds: Morphing Seems to Be Common

Figure 9 shows how often the different morphing types occur in mockingbird song, based on categorization by human ear of a subset of data from birds A, B, and C (for the number of transitions analyzed, see the figure legend). Note that because the goal was merely exploratory, only one observer collected these data. He classified the transitions as either contrasting or morphed, and the morphed ones according to their most salient mode of morphing. Despite the small sample size, the different transition types as detected by one observer were surprisingly consistent across the three birds. Roughly half of all transitions were morphing based on timbre, and only in about 20% of phrase transitions, there was little acoustic similarity between pre- and post-transitional syllables (“contrasting” transitions, as opposed to morphing). Note that the relative proportions of the four morphing modes may have to be taken with a grain of salt, as “combo morphing” is common, and the high share of “timbre” morphing may be partly due to what humans happen to find most salient. However, the overall occurrence of morphing vs. contrasting patterns suggests that morphing is ubiquitous in the song (more than three times as common as contrasting transitions).
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FIGURE 9. Occurrence of modes of morphing in song excerpts of three birds. Based on human auditory judgment (exploratory quantification by one observer), every phrase transition was assigned the most fitting morphing category, or the label “contrasting” if there was no salient morphing, i.e., low similarity between the pre- and post-transition phrase. Morphing mode “Timbre,” in which timbre is changed from pre- to post-transition while other syllable features stay mostly similar, was the most common, covering around 50% of all transitions. In only around 20% of transitions, pre- and post-transition syllables were dissimilar/contrasting. n indicates number of phrase transitions analyzed. Note that this analysis was based on a subset of phrases from birds A, B, and C (number of transitions analyzed are indicated in the legend).




Quantitative Pilot Analysis of Adjacent-Phrase Similarity: Is the Morphing Really Happening?

Is our strong subjective impression of morphing actually an acoustic property of mockingbird song—i.e., something that the birds actively do and control—or could it be an illusion, created by biases in the human auditory system? We conducted an analysis of acoustic similarity between adjacent phrase pairs vs. random phrase pairs, with the goal to collect quantitative evidence for (or against) morphing as a singing mode in mockingbirds. Our hypothesis is that the birds’ tendency for morphing results in higher acoustic similarity between adjacent as compared to distant phrases. We assessed acoustic similarity in terms of four acoustic features:

1. The syllable amplitude envelope, representing the syllable’s internal temporal structure, as apparent in waveforms in Figures 4–7.

2. The syllable frequency contour (representing pitch progression of a syllable, as apparent in the spectrograms in Figures 4–7).

3. The syllable Wiener entropy contour [a measure for tone- vs. noise-like-ness that would be high in a syllable that sounds like “fiuuuuu” (e.g., the last, whistle-like part of note “B” in Figure 6A) and low in a noisy syllable that sounds like “chk” (e.g., the broadband short note “B” in Figure 5B)].

4. Syllable duration.

To compare syllable amplitude, frequency, and entropy, we calculated Euclidean distance between the millisecond-wise time courses (high similarity between syllables means low Euclidean distance; see section “Materials and Methods” for details). Syllable durations were compared in relative terms, as duration ratio (shorter syllable’s duration: longer syllable’s duration; see section “Materials and Methods”).

Table 2 illustrates how each of the four modes of morphing would affect adjacent-phrase similarity/distance if our hypothesis of morphing as a true strategy is correct. Note that the presence of each of the morphing modes would increase similarity (decrease distance) between adjacent phrases. Since every transition is not characterized by morphing—contrasting transitions happen as well, and often—we do not expect the effect to be large. However, if morphing is not just an illusion of our own biased perceptual system, we should expect that it lowers adjacent-phrase Euclidean distances to some degree.

Figure 10A shows that for bird A, three out of four acoustic syllable features are indeed more similar between adjacent phrases than expected by chance (i.e., between random phrases). Bird A kept especially syllable frequency similar in adjacent phrases, but also internal syllable structure (amplitude) and syllable timbre (represented by Wiener entropy) are more similar than expected (for p-values, see Table 3). After Bonferroni correction for multiple comparisons, differences are significant for syllable amplitude, frequency, and entropy, but not for duration ratio. Birds B–D show a similar overall pattern (Figure 10B; see Table 3 for statistics). Together, this suggests that when producing a train of phrases, mockingbirds pick phrases with similar acoustic properties. When we hear them morphing between phrases, this is not just due to biases in our auditory system, but due to actually higher acoustic similarity between adjacent phrases.
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FIGURE 10. Acoustic syllable similarity between adjacent-phrase pairs vs. random-phrase pairs. (A) Four metrics for acoustic distance between syllables of adjacent (blue) vs. random distant (orange) phrases, for bird A. Sampling methods are illustrated in Figure 2. Mean Euclidean distances for (1) syllable amplitude (reflecting internal syllable dynamics), (2) frequency (reflecting syllable pitch), and (3) Wiener entropy (reflecting syllable timbre. (4) Syllable duration ratio (shorter syllable:longer syllable), reflecting whether the syllables are of similar or different length. Bird A’s amplitude, entropy, and frequency are significantly more similar between adjacent than between random phrases (Bonferroni-corrected for multiple comparisons). Syllable durations are not significantly different. (B) Same comparisons for four birds (including bird A, in blue). Error bars show SEM.



TABLE 3. Statistics for adjacent-phrase vs. distant-phrase comparisons for birds A, B, D, and E.

[image: Table 3]


DISCUSSION

In this exploratory analysis of mockingbird song—a song that’s intriguing and beautiful to human ears—we approached our topic under a dual perspective: from a “musicological” angle, we first analyzed our own subjective listening experiences. Then, we took on a behavioral-quantitative perspective: based on our auditory impressions, we formulated a (testable) hypothesis about acoustic structure, namely, that syllable similarity of adjacent phrases should be higher than expected by chance. To collect quantitative evidence for (or against) this hypothesis, we analyzed the acoustic structure of mockingbird song in a quantitative way by measuring similarity of acoustic features between the syllables of adjacent vs. non-adjacent pairs of phrases.

The quantitative evidence in this exploratory analysis is based on a small sample, and we cannot claim to have tested our hypothesis in a thorough way. Nevertheless, the evidence we gain from analyzing four birds’ songs is telling: Syllables are more similar between pairs of adjacent than between random phrases in the song of four tested birds. This suggests that our subjective listening impressions of morphing do not only originate from biases in our auditory processing mechanisms, but that morphing is a part of mockingbird song that may be as salient to the birds themselves as it is to us. The hypothesis we have is that mockingbirds are inherently interested in the sonic relationships between a plethora of bird songs. They form their songs based on these four morphing modes, and find from among the other species’ songs they have heard phrases that follow their rules, like human composers following voice leading and rules of harmonic motion. But the birds do not use human rules, but those endemic to their own species, honed over the generations through sexual selection. Our analysis tries to make explicit those rules in human terms, to help answer the question, “What specifically in that song tells us it is the song of a mockingbird?”

Once we admit this structure, it is possible to suggest reasons such structure might have evolved. On the proximate level, morphing might be driven in part by the physical and physiological constraints associated with switching between song phrases. Producing acoustically-similar phrases requires fewer adjustments to the muscles of the syrinx (Podos and Nowicki, 2004; Zollinger and Suthers, 2004), as well as fewer adjustments to the underlying song nuclei within the brain (Sober et al., 2008). Morphing might therefore, in part, be a behavioral strategy shaped by proximate mechanisms that reduce the energetic demands of singing (Laughlin et al., 1998). While we cannot rule this out, we think that two aspects of mockingbird morphing make this explanation through energetic efficiency lacking: First, morphing also occurs between syllables that are not directly adjacent, but can be interspersed with other, often contrasting syllables, as in the examples in Figures 5B, 6B, 7C. In these examples, energetic benefits of low-contrast progressions are likely limited. Second, morphing takes on a broad range of different modes, as we detail in Figures 4–8. Sometimes, mainly pitch is changed; at other times, individual syllables in a repeated syllable-group are being replaced, while others are not. This means that the morphing can take place on higher-order levels in the hierarchical sequence, not only as a first-order relationship between adjacent syllables. We suspect that this distinguishes the mockingbird’s morphing from the more stereotyped, predictable acoustic morphing in many birds’ calls (Figures 1B,C)—which may be an interesting question for future research. But whether or not morphing sequences are favored by a particularly high efficiency of their neural or muscular control, their distribution suggests that there might be some kind of neural representation of spectral and temporal similarity. This aspect has not played a role in the research on neural control of birdsong as we are aware of.

On an ultimate level, the functional reasons behind morphing and other potentially aesthetic aspects of the mockingbird remain unclear. Darwin suggested all aesthetic aspects of birdsong result from sexual selection: The idea is that females prefer song with certain aesthetic features, and will procreate more likely with singers who produce those features, which makes them more pervasive within the entire species over time. Indeed, mockingbirds’ singing behavior is consistent with a strong role of sexual selection in shaping song structure: Although female mockingbirds will sing on rare occasions (unpublished data of Christine Stracey, and Gammon and Stracey, In Prep), the vast majority of song is produced by males and directed at females rather than other males (Merritt, 1985). The use of mockingbird song correlates strongly with whether a male is mated or not, and the timing of the reproductive state of his mate (Merritt, 1985; Logan and Hyatt, 1991; Wright, 2014). We also know that mockingbirds use more mimicry in their songs during the breeding season, particularly late in the breeding season when females are more physiologically exhausted and need more stimulation if they are going to be motivated to breed (Gammon, 2014). While the behavioral context of mockingbirds’ singing thus supports the notion of sexual selection shaping the song, it remains as yet unclear how any specific song feature may become a target of sexual selection. There have been many attempts to identify specific birdsong features that females prefer (like the famous “sexy syllables” of canaries, Vallet and Kreutzer, 1995). Such studies have often selectively focused on short, specific acoustic elements, ignoring the fact that they are part of complex songs. We suspect underlying this focus is the simplistic (and usually implicit) idea that individual acoustic elements have a fixed biological value recognizable to females and that the quality of an entire song could in turn be determined as some summary value of its elements. While a helpful heuristic for some research questions, this approach suffers from being unable to explain the structural complexity and inherent variability of birdsong: It would rather predict that the most successful song consists of endless repetitions of one or very few elements that have the best quality (like the bellowing of a stag), and adding any more, lower-quality elements should be strictly suppressed through sexual selection (Prum, 2017). When we are interested in a birdsong of high complexity and variability as the mockingbird’s, this model is therefore unlikely to further our understanding of song structure, evolution, or function(s). This is where adopting a slightly different heuristic—such as starting from our own listening experience to identify candidate structures that may be able to affect a listener’s interest or emotions—may help formulate more helpful research hypotheses (Rothenberg et al., 2014; Roeske et al., 2018). With this heuristic, we identified morphing as such a candidate strategy, or rule. Note that morphing is a considerably more abstract acoustic concept than elements like “sexy syllables” or features like trill tempo: it covers a broad range of different similarity-based relationships and operates on multiple hierarchical levels of the sound sequence.

In the case of mockingbird song, we as human listeners perceive as salient and attractive the complex acoustic phenomenon that we here termed “morphing.” It describes a strategy of similarity-based progression that can take on many different acoustic shapes: pitch-based transitions, syllable-structure-based transitions, timbre-based transitions, etc. Morphing thus describes an entire class of different and variegated acoustic phenomena, and thus resembles a rule rather than a particular acoustic element. Interestingly, this “rule” strongly overlaps with how we structure our own music. Where could this similarity come from? After all, sexual selection is less likely to play a major role in the cultural evolution of musical structure (Mosing et al., 2015; Bongard et al., 2019). This is a puzzling and important question for further research: If the evolution of mockingbird morphing and its human musical equivalents have been driven by similar forces, sexual selection is a poor explanation, since it applies to mockingbird song but not (or much less so) to music. Perhaps other selection processes that drive the cultural evolution of music can play an equivalent role to sexual selection in mockingbird song. In both cases, the proximate function of raising a listener’s interest and changing his or her emotional state, together with some selection process, might have led to similar acoustic strategies (Rothenberg et al., 2014).

Of course, it is entirely possible that alternatively, mockingbird morphing is strongly driven by the “sexual” part of sexual selection, and its overlap with music structures is more accidental than equivalent. This can be tested: For example, it would be enlightening to investigate whether morphing is more prominent when females are fertile, and whether females, but not other males, respond differently to song with a lot (as opposed to little) morphing in it.

Until such behavioral studies have been performed, there is a chance that studies like ours on the aesthetic aspects of mockingbird song might say more about humans than they say about the birds themselves. Acoustic structures that are most salient to us might not be the same ones that are most salient to the birds. Since mockingbirds’ own perception of the dynamics of song transformation remains unexplored as of yet, it is still an open question what acoustic structures sound intriguing to the birds. Investigations of behavioral, hormonal, or neural responses to playbacks are needed for a better understanding of this question. It would be naïve, however, for scientists or musicologists to assume that mockingbirds do not have an aesthetic sense until the relevant studies have been performed. Indeed, given the widespread evidence for birdsong aesthetics in other songbird species (Doolittle and Brum, 2012; Doolittle et al., 2014; Rothenberg et al., 2014; Janney et al., 2016; Taylor, 2017; Roeske et al., 2018; Rothenberg, 2019), it seems more likely that mockingbirds have an aesthetic sense. And it is conceivable that morphing is a common aesthetic strategy that may apply to many species: For instance, Black-capped chickadees are known to transpose pitch of their fee-bee song (Horn et al., 1992; Gammon and Baker, 2004); Field sparrows speed up their syllables (similar to the morphing mode “squeeze,” Nelson and Croner, 1991), and Canyon wrens slow their syllables down (as in morphing mode “stretch,” Benedict et al., 2013).

We admit that at the basis of our approach is a deeply anthropocentric assumption: that our human perceptual experiences may be similar to those of other species, possibly even where phenomena of high cognitive, social, and cultural complexity are concerned, as in music or language. Of course, this assumption needs to be questioned and tested for every case in which it is tentatively adopted (our article attempts to be an example for this). It is therefore crucial to make falsifiable predictions based on the assumption of similar experiences between species, and to test them. The alternative assumption that biologists have embraced more readily in the past has been the idea that other species (and sometimes even our own species) should, by default, be assumed to be automata whose subjectivity is of no interest for biology. We think that it is at our peril if we adopt this idea in the context of birdsong, in which sexual selection based on subjective preference judgments is known to be a crucial driver of acoustic structure.



CONCLUSION

This paper has been written by three people deeply engaged in birdsong from quite distinct perspectives. The lead author is a neuroscientist steeped in the traditions of statistical analysis of animal signals endemic to much of the literature. The second author is a musician and philosopher who has been investigating the connections between music and nature for many years, actively combing the historical record and applying this knowledge to his own musical development. The third author is a field biologist who is a true connoisseur of mockingbird songs, having listened to and cataloged them in the wild for quite some time.

We would like to think that our study shows the value of combining different forms of human knowledge in the investigation of a single problem: When confronted with a complex mockingbird song, a musician will hear one thing, an ornithologist another, and a signal analyst something else. The most complete human knowledge of any natural phenomenon comes from combining distinct human forms of knowing—no one perspective negates the others. They are strongest when applied together. (Rothenberg, 2019).

Though it is easy enough for a human listener to distinguish a mockingbird from his relatives the catbird and the brown thrasher (Boughey and Thompson, 1975), or from other mimicking birds like the starling, the blue jay, or the yellow-breasted chat, no one has until now tried to qualify or quantify the specific compositional strategies used by this unique species of bird that are so similar to our own music.

Our paper elected just to look at transitions from one syllable to the next; we see this as a first step toward a more comprehensive analysis of the way mockingbird song is assembled. Simply counting the species a mockingbird imitates is not the most salient method to make sense of his song, and neither would be picking individual recurring elements and test whether females respond to them in specific ways. We need to learn more about how the birds move from one syllable to the next, and how they assemble groups of syllable phrases together in very stylized ways that present songs that are specifically characteristic of this species. It is this very specific characteristic, or original aesthetic sense as posited by Charles Darwin, that we ought to be able to articulate and identify in the song of this species.

To those readers who feel we have overstepped the bounds of science by hearing music in the mere functional sounds of a bird, we offer these wise words from the poet and Zen master Norman Fischer, from his book-length poem Nature (Fischer, 2021):

Science lacks humanity when it misses a sense of play and rhyme—when it forgets that eye and world are one and there is no knowledge only discussion; when it loses sight of humankind as Nature’s extrusion, Nature’s way of creating paradox, linguistic pleasure, and novel modes of distraction and destruction which were engraved, as potential, in the first molecule of rugged and ragged life; when it fails to see itself in every rock and tree and star.
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Birdsong is widely analysed and discussed by people coming from both musical and scientific backgrounds. Both approaches provide valuable insight, but I argue that it is only through combining musical and scientific points of view, as well as perspectives from more tangentially related fields, that we can obtain the best possible understanding of birdsong. In this paper, I discuss how my own training as a musician, and in particular as a composer, affects how I listen to and parse birdsong. I identify nine areas of overlap between human music and birdsong, which may serve as starting points both for musical and scientific analysis, as well as for interdisciplinary analysis as practiced in the developing field of “zoomusicology.” Using the hermit thrush (Catharus guttatus) as an example, I discuss how the song of a single species has been described by writers from a variety of disciplines, including music, literature, and the sciences, as well as how we can contextualise these varied perspectives in terms of broader cultural thought trends. I end with discussion of how combining approaches from multiple fields can help us to figure out new questions to ask, can help us identify how our own cultural biases may affect how we hear birdsong, and ultimately can help us develop richer and more nuanced understandings of the songs themselves.

Keywords: zoomusicology, ecomusicology, blackbird, hermit thrush, pentatonic scale, birdsong, music, music composition


INTRODUCTION

Musicians and ornithologists alike have a long history of listening closely to, analysing, and writing about birdsong, but they typically do so in very different ways. Musicians are more likely to focus on the subjective or visceral experience of hearing the song, or to look for points of comparison with human music. Scientists, on the other hand, tend to focus on objective description, gathering quantifiable data, and finding functional explanations for song structure and singing behaviour. Both approaches provide valuable insight, but I argue that it is only through combining musical and scientific points of view, as well as perspectives from more tangentially related fields, that we can obtain the best possible understanding of birdsong. In this paper, I discuss how my own training as a musician, and in particular as a composer, affects the way I listen to and interpret the songs of birds and other non-human animals. I identify nine areas of potential overlap between human music and birdsong, which can be used as starting points for both musical and scientific analysis, as well as for interdisciplinary analysis, as practiced in the developing field of “zoomusicology.” Finally, using the hermit thrush (Catharus guttatus) as an example, I discuss how the song of a single species can be understood from a variety of perspectives, including musical, poetic, naturalistic, and scientific, as well as how we can contextualise these perspectives in terms of broader cultural thought trends. I end with discussion of how combining approaches from multiple fields can help us to figure out new questions to ask, can help us identify how our own cultural biases may affect how we hear birdsong, and ultimately can help us develop richer and more nuanced understandings of the songs themselves.

I have been interested in birdsong since 1997, when I heard a Eurasian blackbird (Turdus merula) for the first time, shortly after I had moved from Canada to the Netherlands to study music composition. I was fascinated by the way small bits of what it sang sounded a lot like human music – clear, pure notes, repeated phrases, scale‐ and arpeggio-like passages, and so on – even though the structure of its song as a whole was very different than any of the human musical forms I was aware of. I decided to explore blackbird song through writing a piece of music based on a series of blackbird motifs (short sequences of sounds): I would arrange these motifs first in a blackbird-like way, and then gradually transform their organisation into something more typical of the human music I knew. I began by transcribing the song of the blackbird outside my window into musical notation and making a list of the differences between the ways, I thought the blackbird and a human might arrange the same collection of motifs. Here are a few (Figure 1).

[image: Figure 1]

FIGURE 1. Blackbird-like vs. human-like arrangements of motifs. Figure adapted from Music Theory is For The Birds (Doolittle, 2015).


At that time, I was studying with the composer Louis Andriessen. When I showed him my list, he looked at the blackbird column and said “that sounds like Stravinsky!” And of course, he was right that while blackbird song might not sound much like the “common practice era” music (Western classical music written between 1600 and 1900) that still makes up the bulk of a classical music education, there are many kinds of music that do sound like birdsong (Mâche, 1983/1992; Head, 1997; Martinelli, 2002, 2008; Rothenberg, 2005, 2019; Bowden, 2008; Doolittle, 2008, 2015; Taylor, 2011, 2017; Feld, 2017, and others). Indeed, it has been speculated that Igor Stravinsky’s distinctive style of juxtaposing contrasting blocks of material without using developmental or connecting passages, as exemplified in The Rite of Spring (1913), was influenced by the songs of birds native to Ustilug (Ukraine), where he spent his summers (Mâche, 1983/1992, p. 121).

As I was working on my piece, the bird which had initially attracted my interest left my neighbourhood and was replaced by a (presumably) younger blackbird with a simpler, more repetitive song that would not have been at all suitable for my piece. To finish it, I had to transcribe the song of the blackbird in a friend’s garden instead. That song was just as interesting as, but completely different from, the song of the original blackbird. I had not known that the songs of different birds of the same species could vary so much. I started reading ornithological literature and learned about vocal learning, imitation, and dialects in songbirds (known scientifically as oscine passerines). Though the sound and motivic structure of Eurasian blackbird song is what had initially piqued my musical interest, it turned out there were behavioural and cognitive similarities between music and birdsong too. Birdsong, like my own composing, was a cultural activity (Slater, 1986).



ZOOMUSICOLOGY

Of course I am not the first person to be interested in the relationship between animal songs and human music. Humans have incorporated the songs and calls of non-human animals into their music for as long as we have oral and written records (Mâche, 1983/1992; Gioia, 2006; Levin and Süzükei, 2006; Doolittle, 2008; Rothenberg, 2016, 2019). Similarly, there is a long history of describing animal songs using human musical terms (Kircher, 1650; Barrington, 1773; Hawkins, 1776; Catchpole and Slater, 1995; Head, 1997; Baker, 2001; Mundy, 2018). Some of these comparisons seem superficial: a birdsong may have a “flutey sound,” but so does a tea kettle whistling, which would only be considered “music” under the broadest of definitions (Doolittle, 2007, p. 63). Others are wrong. For example, Canyon Wrens (Catherpes mexicanus) are frequently described as singing “in the chromatic scale” (Baptista and Keister, 2005; Hartshorne, 1973, p. 84), which they do not.2 But at their best, comparisons may point to deep-seated similarities in structure or function. Indeed, a growing body of zoomusicological literature explores these similarities.

The term “zoomusicology” (“zoomusicologie”), typically defined as the study of the “aesthetic use of sound communication among animals” (Martinelli, 2002, p. 7), was popularised by French composer François-Bernard Mâche in his 1983 work Musique, mythe, nature, ou, les dauphins d’Arion. A highly interdisciplinary field, zoomusicology draws on research practices and analytical techniques from music, philosophy, and the sciences alike to better understand the songs of non-human animals, as well as human musical practices which may be related to or influenced by them. Currently active zoomusicologists include Martinelli (2002, 2008), who draws on his background as a musicologist and semiotician to develop zoomusicological methodologies; Taylor (2011, 2013, 2017), who brings her experience as a composer and performer to a long-term study of the song of the pied butcherbird (Cracticus nigrogularis), and of animal musicality in general; Rothenberg (2005, 2010, 2013, 2016, 2019), who explores the connection between non-human animal songs and human music through philosophical writing and performance (Rothenberg et al., 2014); and South (2020), who combines musical and scientific approaches to the study of humpback whale (Megaptera novaeangliae) song. Introductions to zoomusicology as a field include texts and online resources by Mâche (1997), Martinelli (2001), Taylor (2012a,b), Keller (2012), and Doolittle and Gingras (2015). Related research may also sometimes be described as “biomusicology” (Wallin et al., 1999), “ecomusicology” (Allen, 2011), or “multispecies ethnomusicology” (Silvers, 2020), or conducted under the auspices of more traditional academic fields.

Though there is no universally agreed upon definition of music, and no universal criteria for an animal song to be considered “aesthetic,” there are many points of potential overlap between human music and non-human animal song.3 The following are some that I find particularly compelling (labelled for reference in subsequent sections of this paper).



AREAS OF OVERLAP BETWEEN NON-HUMAN ANIMAL SONG AND HUMAN MUSIC

a. Vocal learning: Humans are born with the ability to learn to make music (and speech) from other humans. Vocally learning birds [songbirds (oscine passerines), parrots, and hummingbirds; Catchpole and Slater, 1995], as well as the small number of vocally learning non-human mammals (including whales and dolphins, bats, seals, and elephants), must also learn their songs from other members of their species (Janik and Slater, 1997; Deecke et al., 2000; Rendell and Whitehead, 2003; Poole et al., 2005; Janik, 2014; Knörnschild, 2014). By contrast, non-vocally-learning species are born with the ability to develop their expected species vocalisations without needing exposure to other members of their species (Kroodsma and Konishi, 1991).

b. Culture: Vocally learning species learn the music/vocalisations of conspecifics around them, rather than of their genetic ancestors. For example, just as humans learn the music they hear or are taught, songbirds of the same species in different regions may sing different versions of their songs, called “dialects” (Catchpole and Slater, 1995, p. 193–218). Humpback whales in the same ocean basin usually sing the same, constantly changing song, though they also occasionally have song “revolutions” in which they learn a new song from neighbours or from conspecifics from another ocean basin (Noad et al., 2000; Garland et al., 2017).

c. Pattern creation: Both humans and non-humans may use fixed or variable sequences of pitches, intervals (ratios between adjacent pitches), timbres, durations, and other sound elements to create recognisable motifs or phrases, which may recur within or between pieces/songs, or may be varied throughout the piece/song (Nettl, 1999; Baptista and Keister, 2005; Doolittle, 2007, p. 161–189).

d. Structure/Form: Human music often fits into culturally-determined structures: one example is “sonata form,” which was common in late 18th‐ and 19th-century Europe (Rosen, 1980). Similarly, different species may have characteristic song structures. For example, plain-tailed wrens (Thryothorus euophrys) sing in repeated four-part form (ABCD), with males singing the A and C parts and females the B and D parts (Mann et al., 2009, p. 21). Other species, like the sedge warblers (Acrocephalus schoenobaenus), continually order and reorder a fixed or variable set of motifs, more akin to improvisatory forms of human music (Beecher and Brenowitz, 2005).

e. Individual variation within a given style: Two human musicians trained in the same tradition and performing the same piece will nonetheless perform it differently. In many vocally-learning non-human species, individuals are also readily distinguishable, though species-specific stylistic patterns, such as number of repeats, types of sounds used, range, timbre, ratio of sound to silence, and so on usually make the species readily identifiable (Mâche, 1983/1992, p. 141; Martinelli, 2008, p. 140–158).

f. Functional identity with non-functional stylistic change: While variation sometimes exists only in an individual song, it may also lead to change over time. According to cultural theorist Peckham (1967, p. 71), one sign that an object may be aesthetic is if “a chronologically arranged sequence of such objects shows both functional identity and non-functional stylistic dynamism.” In human music, an example might be the continual variation in the style of orchestral music over the past 200 years, while the context – an evening performance in a concert hall – has remained largely the same. Humpback Whale song, too, continually changes, but its context – performed by males, primarily during breeding season – stays constant (Payne et al., 1983; Noad et al., 2000; Garland et al., 2017).

g. Play with pattern and surprise: Philosopher and ornithologist Hartshorne (1956) proposed the idea of a “monotony threshold”, hypothesising that animal songs need a certain amount of variety to keep the listener engaged. He theorised that aesthetic qualities arise in both human and non-human song as the singer strives to find the right balance between “expected repetition and the unexpected, that joint avoidance of monotony and chaos on a sufficient level of complexity, which is beauty” (Hartshorne, 1973, p. 9). The unexpected may be heard in relation to what has come previously in that piece or song, or in relation to what is expected for that musical style, or species, or both (Goehr, 1990, p. 141).

h. Connection with physical and/or emotional state: The music we make varies according to activity and emotion: for example, a lullaby is likely to sound different than a dance (Mehr et al., 2017, p. 256–268). Similarly, non-human animal vocalisations vary according to context (such as whether they are singing to young in the nest or to rivals) and emotional state (such as whether they are calm or aggressive; Martinelli, 2008, p. 126–127).

i. Singing for intrinsic reward: Musicians have long suspected that some non-human species may sing not only for functional reasons like attracting mates, defending territory, or reinforcing group bonds, but also for enjoyment. Whereas we have previously only been able to infer this from observation of singing behaviours or through comparison of animal song structures with human musical structures, recent research on the connection between singing behaviour and hormones in starlings (Sturnus vulgaris) supports the idea that some non-human species, too, may sing in part for “intrinsic reward” (Kubikova et al., 2010; Rothenberg et al., 2014; Stevenson et al., 2020).

Of course this is only a partial list, and others might emphasise other aspects – for example, Martinelli (2008, p. 133–214) gives a comprehensive list of “zoomusicological universals” in Of Birds, Whales, and Other Musicians, while Taylor (2013) emphasises the importance of comparing not only sound objects, but also music-related activities, such as warming up, practicing, improvising, or composing. When I began researching animal song, I wanted to convince everyone that some non-human animal songs should be considered music, but I no longer feel this is important – or even possible. What is clear is that there are enough similarities between some non-human animal songs and some human music that we can use some of the same perceptual skills and theoretical tools to look at both (Doolittle, 2007, 2015).



THE HERMIT THRUSH

The hermit thrush is a small (14–18 cm) North American songbird with a song that is widely considered beautiful (Rothenberg, 2005, p. 116; Doolittle, 2020). They live in a wide range of habitats, including boreal forests, deciduous woods, and mountain forests, across southern and central Canada, the United States, and northern Mexico, making them one of the commonest songbirds, though their reclusive nature means that people are not always aware of their presence (Cornell Lab of Ornithology, 2019). Each male sings 7–12 different “song-types,” with several seconds of silence following each song-type (d). Each song-type consists of a long “introductory whistle,” followed by one or two phrases of cascading shorter notes. The song may also contain some trills, multi-pitches, and noise sounds, but clear notes with a measurable pitch (“steady-pitch notes”) predominate (c, d, e; Roach et al., 2012; Doolittle et al., 2014). Song-types are highly stereotyped, though occasionally a segment of the final phrase may be repeated (d, e, g; Figure 2).

[image: Figure 2]

FIGURE 2. A hermit thrush song-type. (A) introductory whistle, (B) slide, (C) trill, and (D) some steady-pitch notes. Figure reprinted from Music Theory is For The Birds (Doolittle, 2015).


Song-types are presented with immediate variety in a semi-fixed, semi-unpredictable order, reminiscent of a second order Markov chain (d, e, g; Dobson and Lemon, 1977; Roach et al., 2012), with songs with a higher frequency introductory whistle typically alternating with songs with a lower frequency introductory whistle (c, d; Kroodsma, 2005, p. 262–266). There are minor differences in song structure between eastern and western populations of hermit thrushes, with the average introductory whistle of eastern birds being lower in frequency and shorter in duration than the average introductory whistle of western birds (Roach and Phillmore, 2017). These geographical differences in song structure, combined with song-learning studies in the closely related wood thrush (Hylocichla mustelina; Lanyon, 1979), suggest that hermit thrushes, like other songbirds, learn at least certain aspects of their songs from conspecifics (a, b; Roach and Phillmore, 2017). Lack of the sharing of specific song-types between neighbouring birds (Jones, 2005; Roach et al., 2012), however, suggests that while the overall song structure may be learned, there may also be individual variation in the details of the cascading phrases (a, d, and e). Further research is needed to determine whether or not there are adaptive reasons for the divergent song characteristics between eastern and western populations, and whether these differences are perpetuated genetically or culturally (Roach and Phillmore, 2017). If these song differences turn out to be culturally perpetuated and non-adaptive, this raises the intriguing possibility that aesthetic preference, whether on the part of the male singers, the female listeners, or both, might be a driving force behind the different eastern and western “styles” of hermit thrush song (f).

Naturalists, musicians, poets, and scientists have all written extensively about the hermit thrush since the early 1800s4. As such, hermit thrush song provides a perfect case study into both the insights and the limitations of each of these perspectives. For the first half of the 19th century, the European explorers and settlers who wrote these guides were unaware of hermit thrush song. But as settlers and their descendants became more deeply embedded in their surroundings, they learned that the hermit thrush not only sang, but sang beautifully. Whereas the “Father of American Ornithology” Alexander Wilson could write in 1831 that the hermit thrush made only an “occasional squeak,” by 1840, English-American zoologist Thomas Nuttall described the bird as “scarce inferior to (the Nightingale) in its powers of song” (Coues, 1878, p. 33–34).

Catskills-born naturalist John Burroughs (1835-1927), whose seminal “nature essays” were formative in the developing American conception of nature and the wild (Walker, 1997, p. 278), gave the hermit thrush a central role in his writings:

This song appeals to the sentiment of the beautiful in me, and suggests a serene religious beatitude as no other sound in nature does. “O spheral, spheral!” he seems to say; “O holy, holy! O clear away, clear away! O clear up, clear up!” interspersed with the finest trills and the most delicate preludes. It is not a proud, gorgeous strain. Suggests no passion or emotion, – nothing personal, – but seems to be the voice of that calm, sweet solemnity one attains to in his best moments. It realises a peace and a deep, solemn joy that only the finest souls may know. Listening to this strain on the lone mountain, with the full moon just rounded from the horizon, the pomp of your cities and the pride of your civilisation seemed trivial and cheap (Burroughs, 1866, p. 51).

In this, as well as in many similar passages published between then and his death in 1921, Burroughs emphasised the hermit thrush’s reclusive nature (“on the lone mountain”), the music-like beauty of its song (“the finest trills and the most delicate preludes”), and the song as a potential conduit to the holy (“a serene, religious beatitude”).

Burroughs became friends with poet Walt Whitman (1819-1892) in 1865, and shared with him his enthusiasm for the hermit thrush. Whitman made prominent reference to hermit thrush song in his poems When Lilacs Last in the Dooryard Bloom’d (1866) and Starting from Paumanok (as published in the 1867 version of Leaves of Grass), using imagery borrowed directly from Burroughs. The bird is solitary: “The hermit withdrawn to himself, avoiding the settlements” (Burroughs, 1866, p. 4). It is a remarkable singer: “O wondrous singer” (Burroughs, 1866, p. 11). And its song can connect us with the divine: “Covering the earth and filling the spread of the heaven/As that powerful psalm in the night I heard from recesses” (Burroughs, 1866, p. 16). Together, Burroughs and Whitman popularised not only awareness of hermit thrush song, but also of a particular set of symbolic values to ascribe to it. This transcendentalism-tinged symbolism suited the zeitgeist of late 19th and early 20th century English-speaking North America: between the 1860s and 1940s, hermit thrush song featured in no less than 128 poems, including the poem of Cheney (1905), which gives this essay its title, as well as in dozens of nature essays by then-well-known writers, including Bolles (1891), Tolman (1900), and Kirkham (1908), and a pair of piano pieces by American composer Amy Beach (Von Glahn, 2013, p. 40–46; Mundy, 2018, p. 33–34; Doolittle, 2020).

Late 19th and early 20th century poetic and naturalist writing about the hermit thrush were thus deeply intertwined. But while poets typically stuck to emotive and symbolic representation of hermit thrush song, those writing nature essays and guides often attempted to record and communicate the sound of the song itself. For this, they turned to musical terminology, in what might retroactively be seen as some early essays into zoomusicology. In Wood Notes Wild, musician-turned-naturalist Cheney (1892, p. 59–60) used Western music theoretical terms to describe the intervals (ratios between adjacent pitches) and rhythmic patterns in hermit thrush song: “The hermit, after striking his first low, long and firm tone, … bounds upwards by thirds, fourths, fifths, and sometimes a whole octave, gurgling out his triplets with every upwards movement.” Cheney clearly understood the structure of hermit thrush song, and used the most accurate language available to him to describe it. Though “third,” “fourth,” “fifth,” “octave,” and “triplet” are terms borrowed from Western music theory, Cheney simply used them descriptively to refer to the frequency ratios 6/5 or 5/4, 4/3, 3/2, and 2/1, respectively, as well as to three-note rhythmic groupings: he did not try to fit hermit thrush song into any Western classical musical forms or structures. But other writers not only described hermit thrush song using Western theoretical terminology, but also ascribed to it the tonal hierarchies and structures of Western classical music. Historian Smith (1903, p. 372), for example, noted that the “keys” of the Hermit Thrush’s song “form part of the scale of A flat major.” Mathews (1904, p. 241), author of a popular series of field guides, including Field Book of Wild Birds and Their Music, believed that the hermit thrush had a sense of harmonic progression. “Not content with a single key, he deliberately chose several in major and minor relationship….” He went on to compare hermit thrush song to Beethoven’s Moonlight Sonata, as well as to passages from Wagner and Strauss (240–244). Biologist Oldys (1913, p. 540) heard complex harmonic relationships, describing one song that “…completely satisfies the requirements of human music… (with) a very attractive, and at the same time a very human, harmonic progression – from B to E minor, then to A with the minor seventh (C# being the basal note), which leads naturally into D.” Lest we be tempted to read these musical analyses as merely metaphorical, Oldys (1913, p. 541) stated directly that “in the case of the Hermit Thrush, we must discard the untenable theory of coincidence and declare that the bird expresses itself in human music.”

From today’s vantage point, most would agree that although a birdsong might sound like human music – and might even be its own kind of music – it is vanishingly unlikely that it would be organised according to the principles of Western classical music, or indeed the music of any specific human culture (Kivy, 1990, p. 24). Even two kinds of human music that sound superficially similar may be conceptualised completely differently. Unfortunately, as researchers began to realise the unlikelihood of hermit thrush song being structured according to the principles of Western classical music, this idea was supplanted with an even more troubling set of beliefs: that animal song must be equivalent to “primitive” human music (Sully, 1879, p. 619; Weismann, 1890, p. 358; Wallaschek, 1893, p. 237–241; Roberts, 1932; for further reading see Mundy 2018); that the pentatonic (five note) scale was “the musical mode instinctively adopted by primitive man” (Hopkins, 1922); and that hermit thrushes – regarded by many as the finest North American singer (Minot, 1880) – must therefore sing in the pentatonic scale. This is problematic on multiple fronts: no people are “primitive”; no extant music is “primitive” (and we have no way of knowing what the music of the first humans was like); even if there were such a thing as “primitive” human music there is no reason to believe a bird would sing it; pentatonic scales are by no means universal in human music, “primitive” or otherwise5; and, as will be shown, hermit thrushes do not sing in pentatonic scales!.

Successive versions of Mathews’s Field Book of Wild Birds and their Music provide clear evidence of how belief informed the supposedly objective finding of pentatonic scales in hermit thrush song. Whereas in the 1904 version of Field Book Mathews enthusiastically described the song in terms of the major and minor scales of Western classical music (see above), in the preface to the 1921 version he stepped back from his earlier analysis. “It may seem rather extravagant praise to sum up the song of the Hermit Thrush in the unqualified terms I have used on pages 256–257…” (Mathews, 1921, p. xxxvii), and went on to reinterpret the song as being based on pentatonic scales, which he calls the “primitive mode common to all folk-song” (xxxviii). “To sum it up in a few words, no other bird has developed what is plainly an intelligent use of a musical scale aptly fitted for expressive song – the so-called Pentatonic Scale.” And later: “Our Hermit has not progressed beyond that quaint primitive scale; just there he has reached his own limitation, why should we expect more?” (xxxix). Whereas Mathews had previously compared hermit thrush song to the works of canonical Western classical composers, Beethoven, Strauss, and Wagner, he now compares it to the music of the “Scotch piper” and the “southern Negro” (Mathews, 1921, p. xxxix).

Naturalist Wing (1951), inspired by Mathews’s idea that hermit thrush songs were based on the pentatonic scale, provided the most extensive attempt at a “proof” of this theory, in her otherwise keenly observed Notes on the Song Series of a Hermit Thrush. Wing’s transcription of the song of a single hermit thrush (Figure 3) may well be accurate enough (insofar as pitches can be perceived reliably by ear at full speed and transcribed precisely within the constraints of Western music notation). But her argument that the song is based on the pentatonic scale is convoluted and unconvincing at best (Figure 4).
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FIGURE 3. Wing’s transcription of five hermit thrush songs, and the pentatonic scales she believes them to be based on (Wing, 1951).


[image: Figure 4]

FIGURE 4. Wing’s justification of the pentatonic scale as the basis of hermit thrush song (Wing, 1951).


Even setting aside the questions of whether just any collection of five notes can be considered a “pentatonic scale,” or why a hermit thrush would follow a culturally-specific human music theory, most of these songs do not even have five notes in them. One uses six pitches (though this does include an octave repetition), two use three pitches, and one was un-notable, leaving only one that actually uses five notes. The idea that hermit thrush song was based on the pentatonic scale comes not from observation, but from ideology. As ornithologist Kroodsma (2005, p. 268–270), who is similarly skeptical of the hermit thrush pentatonic theory, puts it, this is a prime example of the maxim “I would not have seen it if I had not believed it.”

A book preface from 1921 or a one-off paper from 1951, which misinterpret hermit thrush song would be little more than a historical curiosity, had they not somehow captured the imagination of not only the general public, but also of numerous subsequent researchers. To give just a few examples, A. A. Hopkins repeated Mathew’s belief that hermit thrushes sing pentatonic scales in a 1922 Scientific American article, claiming that “The hermit thrush has the distinction, above all other birds, of having developed the Scotch, or pentatonic scale… the musical mode instinctively adopted by primitive man,” and Wing’s research was cited in work by Halafoff (1968), Ogborn (1976), Hartshorne (1973, p. 95), Gray et al. (2001), and Baptista and Keister (2005). The article by Gray et al. (2001), The Nature of Music and the Music of Nature, was published in the prestigious and widely read journal Science, lending new credibility and visibility to the myth of the hermit thrush pentatonic scale. Subsequent writings such as articles by Natalie Angier (2001) and Bossomaier and Snyder (2004), attribute the pentatonic hermit thrush song idea to Gray et al. (2001), without reference to Wing’s original paper (or to the Mathews’s preface which inspired it). Numerous popular books and web pages, including the Cambridge Dictionary online, now simply state that the “hermit thrush uses a pentatonic scale” (Cambridge Dictionary Online, 2020) without attribution. The hermit thrush pentatonic theory is now thus “common knowledge,” even though there has never been any credible evidence that this is true.

It is not surprising that European and North American writers before the mid-20th century used Western classical music theory as a framework for understanding birdsong. Lack of recording equipment meant they had to make on-the-spot analyses based on one-time hearings of the songs, and an anthropocentric and Eurocentric worldview was so deeply ingrained as to be invisible to its adherents. Those who understood the world from a non-Eurocentric point of view would have had less access to publishing, especially in a scientific or scholarly context. These early naturalists mapped what they heard on to what they knew, and described the song as accurately as they could with the limited set of tools and contextual knowledge available to them. But as mid-century technological advances began to allow repeated listening, listening to the song in smaller sections and at reduced speed, visualisations of sound, and more objective measurement, and as researchers began to understand that a Western outlook was not the only one possible, the belief that hermit thrush song should be based on either Western classical music or its imaginary other, “primitive” music, became increasingly untenable.

Perhaps in an effort to avoid the now-glaring errors of anthropomorphism and Eurocentrism made by earlier writers, recent scientific writing about hermit thrush song has tended to avoid substantive musical comparisons (though the timbre is sometimes referred to as “flutey” or “flute-like”). The following descriptions are typical:

Each song began with the characteristic introductory whistle, followed by a distinctive, complex series of fluty warbles (Rivers and Kroodsma, 2000, p. 468).

Their song frequency band was 1.4–8.6 kHz… The song begins with an introductory note… followed by a series of flute-like body notes. Many songs also contain structures like the upsweeps. The bird… had an 11-song repertoire that contained about 350 notes and structures (i.e., upsweeps and downsweeps; Jones, 2005, p. 14–15).

Overall, introductory note frequencies among all song types observed ranged from 1,617–5,062 Hz. However, in each population there was a distinct gap in the distribution of introductory note frequencies (ranging between about 3,000 and 3,400 Hz), such that introductory note frequencies were not normally distributed throughout their range (Roach et al., 2012).

These descriptions are objectively true, but are also less evocative of the sound and structure of the song than the earlier descriptions which fit it into a human musical framework. They also serve to distance us from our emotional, visceral, and aesthetic reactions to hearing birdsong and from our sense of connection to other species. As Taylor (2017, p. 37) puts it, “Despite the best effort of their authors, dry facts convey more than just facts. Metaphor is language’s essential anchor, and thin language distances us from animals, impoverishes our understanding of animal abilities, and disguises how songbirds serve the human imagination.”6 Kroodsma (2005, p. 255–267), alone among the modern ornithologists, does write about the music-like aspects of hermit thrush song in his general readership book The Singing Life of Birds, published after his retirement from academia, but this kind of musical comparison never makes it in to his scientific publications.

Abandoning inappropriate frameworks for understanding birdsong is essential if we wish to understand the songs on their own terms. But to ignore entirely our subjective apprehension of the songs is to discard one of the most important tools, we have for making sense of the world around us. We can never know exactly how a bird thinks about or hears its own songs, but as living beings with the ability to make and interpret our own complex vocalisations, we may be able to bring insight that is lacking in purely objective analyses. Indeed, automated categorisation of sounds is still calibrated against human aural and visual categorisation as a measure of accuracy (Deecke and Janik, 2006). Though the history of interpreting birdsong according to the structures of Western classical music is both fascinating and problematic, there is nothing inherently Western-centric about looking at the specifics of pitch relationships, rhythmic relationships, timbre, and/or the patterns created by these relationships. Many kinds of music worldwide give patterns and the relationships between patterns an organisational role and musicians may be ideally placed to perceive music-like patterns and structures in the songs of other species. If I approach my own zoomusicological research from the point of view of someone trained in Western classical music, this is only because it is the kind of music I know best, not because it is inherently any more likely to provide zoomusicological insight than any other kind of music.

In 2008, I embarked on a collaborative research project with evolutionary and cognitive biologist (and accomplished amateur musician) Tecumseh Fitch, music theorist, and cognitive biologist Bruno Gingras, and computational psychologist Domink Endres (Doolittle et al., 2014). We wanted to understand the structure of hermit thrush song, as well as why it has been such an enduring source of fascination for human listeners, but we found the earlier theories unconvincing and improbable and the more recent scientific analyses incomplete. Our intent was to bring together the subjective perception of relationships and patterns that is typical of musical analysis (Cook and Clarke, 2004, p. 3–14), with the more objective measurement tools, statistical methods, and predictive modeling techniques that are essential in scientific analysis. We strove to be aware of any cultural biases we had that might affect how we understood the song, while also recognising that it would be impossible for us as researchers to be entirely uninfluenced by (or even fully aware of) the cultural milieu in which we operate.

We began our research by listening to hermit thrush songs as we would listen to music, searching for any patterns or processes that might give insight into the structure of the songs. After first listening to hermit thrush recordings at full speed, we slowed them by a factor of four (using the software Raven Pro) to bring them into a more comfortable frequency range and tempo for human auditory processing. We heard immediately that most of the song-types seemed to follow the overtone (or harmonic) series (the series of frequencies in which each frequency is an integer multiple of an underlying fundamental). The birds never sang the fundamental of the series (which would be too low for a bird of that size to produce), but for each overtone-based song-type, all the pitches in the song (except the introductory whistle) were drawn from harmonics three through 12 above an unvoiced fundamental (c, d, and e; Doolittle et al., 2014). Our finding is similar to Cheney’s perception that the hermit thrush uses “thirds, fourths, fifths, and sometimes a whole octave” in its song, as all of these intervals can be found within the overtone series (as the ratios 6/5 and 5/4, 4/3, 3/2, and 2/1) – though ours goes further, in describing not only the intervals used, but also the relationship they have with each other. The unvoiced fundamental was different for each song-type, which likely accounts for the earlier listeners’ perception that the songs were following “harmonic progressions” or were in different “keys” (d; Smith, 1903; Mathews, 1904; Oldys, 1913; Figure 5).
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FIGURE 5. (A) A spectrogram of a hermit thrush song (Borror Laboratory of Ornithology), created on RavenPro 1.5 (Center for Conservation Bioacoustics, 2014), with the harmonics labelled above the sustained pitches. (B) An approximate musical transcription of the song. (C) The measured frequencies above the predicted unsung fundamental, compared with what the frequencies would be if the hermit thrush were singing perfectly in tune above that fundamental.


We were not the first to hear that many hermit thrush song-types are constructed from the overtone series over different fundamentals – naturalist Ingraham (1938, p. 618), too, had mentioned in passing that hermit thrush song consists of a “piling up of overtones on shifting fundamentals,” without any further evidence or elaboration. But until now his observation had gone unnoticed beside the more colourful claims about hermit thrush song as an exemplar of either Western classical or “primitive” music.

As a musician, I was used to relying on my ear, and trusting my intuition when it came to determining which patterns were present and structurally significant in a piece of music. I was also used to reading papers, or indeed entire books, analysing a single piece of music. I was ready to publish immediately! But my scientific collaborators held me back. We “knew” that we had heard the harmonic series in hermit thrush song, but similarly, Oldys had “known” that it was based on the principles of Western classical music and Wing had “known” that it was based on the pentatonic scale. We were confident in our musical insight, but we needed to do more to make sure we were not just projecting patterns we were familiar with onto hermit thrush song, as some of the earlier zoomuicologists had done. In order to see whether our intuition would be supported by more rigorous analysis of data, we gathered recordings of 114 different hermit thrush song-types, sung by 14 hermit thrushes (Borror Laboratory of Bioacoustics, 2014; Colver, 2014; Krause, 2014). From these, we selected the 71 song-types that had 10 or more steady-pitch notes, and used the sound analysis software Praat (Boersma and Weenink, 1992-2010) to measure the frequencies of all the steady pitches. We then used both a Bayesian generative model (created by Endres) and a linear regression model (created by Gingras) to analyse the measured frequencies in each song. Both models independently confirmed our aural impression, that about 70% of the song-types follow the overtone series (c, d; Doolittle et al., 2014). Of the song-types that did not follow the overtone series, many used large numbers of noises and/or sliding pitches, suggesting that of the song-types consisting exclusively of steady-pitch sounds, substantially more than 70% were based on the overtone series. By contrast, in our control group of 1,000 “songs” generated from random pitches following a similar distribution to the hermit thrush songs, fewer than 5% followed the overtone series (Doolittle et al., 2014).

The overtone theory fits the data better than the pentatonic theory. The hermit thrushes showed no preference for a using five-note collection of pitches (over three, four, or six-note collections), and the pitches used follow a harmonic rather than scalar distribution – that is, the intervals sound closer together as they get higher, rather than being fairly equally distributed across an octave and repeated at each octave (c). And just as importantly, the overtone theory is plausible. While many cultures have some music which uses only five pitches, there is no culturally independent “pentatonic scale”: each culture that uses five note scales constructs, conceptualises, and/or uses them very differently. In other words, while there may be multiple kinds of pentatonic scale, there is no such thing as “the pentatonic scale.” The overtone series, on the other hand, is a physical phenomenon, present in many kinds of pitched sound, both natural and human-made. Many human musical cultures derive scales, melodies, or harmonies from the overtone series (Trehub, 2000), but there is nothing inherently human, or culturally specific, about the presence of the overtone series itself. Because many kinds of human scales – including some formations of the pentatonic, major, and minor scales – can be constructed using intervals from the overtone series, it is easy to understand why earlier listeners, without the benefit of recording equipment or analysis software, mapped what they heard onto what they were already familiar with. It is harder to understand why the myth of hermit thrush pentatonic scales has persisted for so long when there has never been any evidence that it is true!

Our finding is significant from both a musical and a biological point of view. The use of the overtone series in itself is neither a necessary nor a sufficient condition for something to be considered music: plenty of musical cultures give no special attention to the overtone series, and the overtone series can be heard in many pitched sounds, whether or not they are used in music. But as humans coming from a culture in which the overtone series does play an important organisational role, we were fascinated to hear how another species, too, structures its songs using some of the same sonic building material as we do. From a socio-musicological point of view, it was also interesting to discover the underlying pitch structure that had suggested so many different interpretations to people listening to it with such different sets of expectations. From a biological perspective, the presence of the overtone series opens up tantalising questions about commonalities of song construction and auditory processing between two such distantly related species. Does the hermit thrush use the overtone series because it is easier or more pleasurable to produce the pitches, because it makes the song easier to remember, or because it makes it easier to judge the quality of the song? Do “in-tune” hermit thrush songs correspond with the health and/or social status of the singer, as they do in the great tit (Parus major; Richner, 2016)? Are there any homologous auditory processing structures that are at the heart of humans’ and hermit thrushes’ shared interest in the overtone series? Did our two species converge on our use of the overtone series as a material for song construction for adaptive reasons? Or is just a coincidence that both humans and hermit thrushes are attracted to the overtone series? It is important to note, too, the limitations of our findings. Just because hermit thrushes base their songs on the overtone series does not mean other species do, and just because we have found the overtone series in hermit thrush song says nothing about whether or not the song is or is not music. Most importantly, we must disavow any kind of theory, which suggests music (or birdsong) that is based on the overtone series is somehow more “right” than any other kind of music (or birdsong), as this kind of thinking has in the past been used to support a Western classical music-centric devaluation of music’s that did not privilege overtone series-derived harmonic systems.

Finding the overtone series in hermit thrush song is of course only a first step towards understanding it. We heard other structural patterns too – song-types, which were used interchangeably (noticed also by Kroodsma, 2005, p. 256–267 and Nesbitt, 2020), and song-types which are transposed (frequency-shifted) versions of each other but are not used interchangeably, but as these were rare occurrences, we would need considerably more data to write about these observations in a scientific context. Further musical analysis may help us to understand the rhythmic structures, timbres, and non-pitched sounds that are also part of the song. Further biological observation may help us understand how hermit thrushes learn their songs and how they use them. My listing of nine key areas of potential overlap between human music and non-human animal song is not intended to be exhaustive, but rather suggests a number of potential starting points from which zoomusicological analysis may proceed. And as we have seen, most of these points are indeed embodied in hermit thrush song: it is vocally learned (a) and regionally varied (b); it uses a limited selection of pitched and non-pitched elements to create individually distinctive songs (c, e, and f), which are presented in a species-characteristic, semi-unpredictable order (d and g), primarily during breeding season (h). We do not yet know if the hermit thrush enjoys its song (i), but research on other songbirds (Kubikova et al., 2010; Stevenson et al., 2020) suggests that this appealing possibility may yet prove to be true.

In advocating for interdisciplinary research into hermit thrush song – and into animal song more generally – I do not mean to suggest that we should abandon disciplines altogether. Indeed, it is extremely valuable to be able to look at an animal song through as many disciplinary lenses as possible. We need to be able to listen to non-human animal song and make free associations with other things we have heard, including human music, without worrying about plausibility. We need to be able to observe behaviour and try to fit our observations in with what we know about the behaviour of other closely and distantly related species. We need to be able to look at raw data and try to figure out what patterns are present without trying to fit our observations in with our culturally-influenced expectations of what we might find. And we need to be open to historically-informed criticism, which situates our work in its historical and cultural context, and shows where we may be projecting our own worldview onto the object at hand, even when we think we are not. I look forward to reading a paper 30 years from now that shows where my collaborators and I, too, were influenced by prevailing cultural thought patterns even though we were trying to avoid this! Having access to the different methodologies and different analytical tools used in different fields is important, but equally important is combining different ways of working, asking different kinds of questions, and valuing different kinds of knowledge. After we have looked at animal songs through our separate disciplinary lenses, let us always remember to reconvene to see how our different perspectives can interrogate, challenge, and ultimately strengthen each other.
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FOOTNOTES

1John Vance Cheney (1905, p. 189).

2No systematic study of Canyon Wren pitch relationships has yet been done, so I analysed two Canyon Wren songs from www.xeno-canto.org. The notes slide extensively, so I measured the lowest frequency of each. Whereas a chromatic scale would consist of a series of pitches 100 cents apart, one of the songs I analysed consisted of 11 pitches unequally distributed over a range of 1,956 cents (which averages to 178 cents apart), and the other of 15 pitches unequally distributed 1,678 cents (which averages to 112 cents apart). Even if the notes had been steady, measurable pitches that were distributed equally, they would not have approximated a chromatic scale.

3Some of these points of potential overlap between human music and animal song were first presented in Doolittle (2007) and/or Doolittle (2015).

4Indigenous peoples of North America have of course been aware of and knowledgeable about hermit thrush song since long before then, but would historically have shared their knowledge orally rather than in written documents.

5For further reading on whether the pentatonic scale can be considered a musical “universal,” see Sachs (1962), Nettl (1977), Agawu (2016), and others.

6Thank you to reviewer 2 for suggesting this particularly apt quotation.
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Bird songs often display musical acoustic features such as tonal pitch selection, rhythmicity, and melodic contouring. We investigated higher-order musical temporal structure in bird song using an experimental method called “music scrambling” with human subjects. Recorded songs from a phylogenetically diverse group of 20 avian taxa were split into constituent elements (“notes” or “syllables”) and recombined in original and random order. Human subjects were asked to evaluate which version sounded more “musical” on a per-species basis. Species identity and stimulus treatment were concealed from subjects, and stimulus presentation order was randomized within and between taxa. Two recordings of human music were included as a control for attentiveness. Participants varied in their assessments of individual species musicality, but overall they were significantly more likely to rate bird songs with original temporal sequence as more musical than those with randomized temporal sequence. We discuss alternative hypotheses for the origins of avian musicality, including honest signaling, perceptual bias, and arbitrary aesthetic coevolution.
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INTRODUCTION

Many bird songs show striking behavioral, neural, genetic, and developmental parallels with human language (Doupe and Kuhl, 1999; Bolhuis et al., 2010; Bolhuis, 2013; Lipkind et al., 2013; Jarvis, 2019; Hyland Bruno et al., 2020). Like language, bird song can be combinatorial and hierarchical: Elements, or notes, combine to form syllables; syllables are combined into phrases; phrases are combined to form songs; and multiple songs comprise an individual song repertoire (ten Cate and Okanoya, 2012; Bowling and Fitch, 2015). But the linguistic analogy breaks down above this basic scheme. Since bird songs seem to lack symbolic meaning beyond basic functional reference, they cannot have words, semantics, or syntax in the strict linguistic sense (Marler et al., 1992; Berwick et al., 2011; Bowling and Fitch, 2015). To make empirical sense of the structure and content of bird song, we need different conceptual tools.

Music can be defined as “human sound communication outside the scope of spoken language” (Nettl, 2005:25). Although music varies greatly across cultures in its acoustic features, behavioral context, and conceptual framing, it also appears to have remarkable statistically “universal” qualities (Stumpf, 1911; Voss and Clarke, 1975; Nettl, 2005; Savage et al., 2015; Mehr et al., 2019). Analyzing a diverse global ethnographic sample, Mehr et al. (2019) found that human vocal songs: (1) showed more variation within than between societies, (2) were reliably associated with behavioral contexts like love, dance, infant care, religious activity, play, and healing, (3) nearly always displayed tonality, and (4) showed power-law distributions of melodic and rhythmic ratios, where a few frequently used ratios dominate, followed by a “heavy tail” of rarer ones (Adamic, 2011). Bird song has described in musical terms for centuries—in Historia Animalium (Stap, 2005), Aristotle described a nightingale giving “lessons in singing to a young bird”—but until recently, most scientific literature on music and bird song was biologically superficial and overly reliant on Eurocentric conceptions of musical structure (Rothenberg et al., 2014). Convergences between bird song and music were treated as objects of idle charm, and comparative studies often simply examined times when famous Western composers got inspired by birds (e.g., Keister and Baptista, 2005).

However, Darwin (1871), Craig (1943), Armstrong (1963), Hartshorne (1973) and Rothenberg et al. (2014) and others have given serious consideration to the idea that musical aesthetics can provide intellectual insights into avian evolution. Hartshorne (1958, 1973) considered bird song an “evolutionary anticipation of human music,” and used a six-dimensional rating system to quantify the “singing skill” of thousands of avian species according to the parameters: Loudness or carrying power, Scope (variety and complexity), Continuity (shortness of pauses in a standard performance), Tone quality (shown by narrow bands in a spectrogram), Organization or Order (Gestalt closure, musical coherence), and Imitative ability. Though Hartshorne's analyses were statistically rudimentary, his explicit goal was to relate “song-development” to biologically relevant factors such as behavioral context, plumage coloration, diet, and habitat (Hartshorne, 1973).

Recently, several more investigations of bird song musicality have been conducted with new empirical rigor (Fitch, 2015). Doolittle et al. (2014) and Araya-Salas (2012) compared the frequency ratios used in Hermit Thrush (Catharus guttatus) and Nightingale Wren (Microcerculus philomela) song to common harmonic intervals used in Western tonal music, demonstrating convergence in the first case and its absence in the second. Using human subjects, Doolittle and Brumm (2012) found that synthesized versions of Musician Wren (Cyphorhinus arada) songs that preserved the original intervallic relationships between notes evaluated as more “musical” than songs with slightly deformed tonal relationships. Patel et al. (2009; see also Keehn et al., 2019) reported behavioral evidence of musical beat perception and synchronization in a Sulfur-crested Cockatoo (Cacatua galerita eleonora), the first description of such behavior in a non-human animal. In another rhythmicity study, Roeske et al. (2020) showed that Thrush Nightingale (Luscinia luscinia) rhythms, similar to many human ones, are categorical and centered around small ratios. Earp and Maney (2012) found when female White-throated Sparrows (Zonotrichia albicollis) in a reproductive state listened to song from male conspecifics, immediate early gene activity increased in every region of the mesolimbic reward pathway that shows differential response to music in its putative human homolog.

Many musical signals also exhibit temporal structure at more complex levels of organization. Rothenberg et al. (2014) quantified aspects of “higher order” musicality by using phase and Wiener entropy plots to trace the rhythmic and tonal trajectories of Thrush Nightingale songs, uncovering “escalations” and “modifications” of rhythm and frequency formally similar to some human music. Studying the same species, Roeske et al. (2018) used “multi-fractal analysis” to uncover musical variations in the timing, duration, and intensity of notes across different levels of temporal hierarchy. Along similar lines, Janney et al. (2016) found that Pied Butcherbirds (Cracticus nigrogularis) with more “phrase types” in their repertoires tended to repeat common motifs shared across phrase types more often than those with repertoires composed of fewer phrase types. This implied a repertoire size-dependent optimization of “balance between repetition and novelty” in long song bouts (Janney et al., 2016).

Musical structure at these higher levels may exist in bird song, but the fact cannot be assumed a priori. Musicality is a percept—not a physically definable property of a sound—and humans are the only species from which we can collect direct reports on subjective aesthetic evaluations. So, the best way to test for the presence of musicality in bird song is to use humans as musical feature detectors. As one of the classic ethnomusicology texts states, “All humans can identify music—though not necessarily understand it—when they hear it” (Nettl, 2005:25).

Here, we used human subjects to evaluate whether there is higher-order, musical temporal structure in complex bird songs. By temporal musical structure, we mean time-based variation in acoustic content that elicits a positive hedonic response in the listener. To test for the existence of musical structure, we used the method “music scrambling” from the field of experimental music cognition (Levitin and Menon, 2003, 2005; Abrams et al., 2011), which involves reordering segments of recorded sound so that its temporal structure can be disturbed without significantly altering its global length or total spectral content. Functional MRI studies have shown differential responses to normal and scrambled music in music-sensitive populations of neurons in humans (e.g., Norman-Haignere et al., 2015).

To our knowledge, this is the first general test of the existence of high-order musical temporal structure across a range of avian taxa.



MATERIALS AND METHODS


Sampling Method

We are not investigating whether all bird songs have high-order musical temporal structure, but whether any bird songs do. Thus, we used a specifically biased sample of highly complex bird songs exhibiting a variety of what we perceived to be musical features. We did not include in our sample any songs that obviously lack complex temporal structure among syllables, such as songs that include a series of identical notes uttered at a continuous pace (e.g., Chipping Sparrow, Spizella passerina). Rather, we selected songs characterized by complex acoustic structure composed of discrete and variable notes or syllables. We also selected bird songs with notes and syllables that were temporally discrete rather than graded and continuous in order to facilitate temporal scrambling without creating obvious acoustic artifacts.

Our sample included single songs or single song bouts from 20 bird species from 13 different families (Table 1). Nineteen samples were songs of male oscine songbirds (Passeri, Passeriformes), and one was a mechanically produced winnowing tail sound from a displaying male Wilson's Snipe (Gallinago delicata; Scolopacidae, Charadriiformes). Recordings were collected from various archival sources (see Table 1).


Table 1. Experimental stimulus identities and sources.

[image: Table 1]



Stimulus Preparation

High-quality digital audio files of bird songs with minimal background noise were edited using the program Audition CC (Adobe Audition CC, Adobe Systems, San Diego, CA, USA). First, each note or syllable was split into a separate audio file. Each file began at the exact onset of the sound and ended just before the onset of the next note or syllable (i.e., gaps between syllables were grouped with the previous syllable). Terminal syllables were cut off after the end of visually detectable sound in the spectrogram. Editing was done visually following ten Cate and Okanoya (2012). Thus, edited audio files varied in length with the length of the note or syllable from ~6 ms to longer than 1 s. Some recordings from species with comparatively short or fast-paced songs included multiple songs; in these cases, notes/syllables were randomized within individual songs and the periods of silence between songs were preserved. 2 s of relative silence from the original source recording was added before the beginning and after the ending of each song in order to normalize the presentation of stimuli. Envelopes of ~0.2 s were applied to each note/syllable file to reduce boundary artifacts upon recombination. Audition's spectral editing tool was used to decrease background noise, normalize the recordings and remove unwanted sonic artifacts (other bird vocalizations, environmental noise, etc.). The Noise Reduction tool was used to decrease the general background noise, and prominent artifacts were manually removed from the spectrogram.

After each bird song was edited into its component notes/syllables, the edited audio files were recombined into two versions: one in original temporal order, and another with random temporal order (Figures 1, 2). The new recordings were then reviewed once more and converted to mp3 files for uploading onto the online survey platform. All stimulus audio files have been uploaded to Mendeley Data (doi: 10.17632/pkrvf77by8.2). Spectrograms of all stimuli are available in the Supplementary Material.


[image: Figure 1]
FIGURE 1. (A, upper panel) Canyon wren (Catherpes mexicanus) recording used in survey, with song elements in original temporal order. (B, lower panel) Same Canyon wren recording, with song elements in randomized temporal order. Spectrograms were created with were created using a 1024-point FFT and a Hamming window with 87.5% overlap.
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FIGURE 2. (A, upper panel) Control stimulus from survey. Human fiddle music recording, with notes in original temporal order. (B, lower panel) Same fiddle music recording, with notes in randomized temporal order. Spectrograms were created with were created using a 1024-point FFT and a Hamming window with 87.5% overlap.




Survey Design and Implementation

A psychophysical survey for human subjects was created using the online platform Qualtrics. In the survey, subjects were given the following prompt and instructions:

“Music is often characterized by tunefulness, harmony, temporal patterning, and thematic development. In each question, you will hear a series of two audio recordings. Please indicate which sounds more musical with regard to the qualities listed above.”

The prompt was designed to suggest to the subjects a broad range of criteria that might influence the evaluation of musicality without specifying temporal pattern exclusively. The subjects were then presented with original sequence and temporally randomized recordings from the 20 bird species under review. Two recordings of human music (excerpts of solo fiddle and banjo performances) were manipulated in a similar manner and presented along with the bird song recordings as a control for subject attentiveness or perverse responses. The order of species/human music presentation was randomized, as was the order of natural vs. manipulated stimuli within species. Subjects were required to start the playback of each recording themselves, and a timer was implemented so that it would not be possible to advance to the next sample until the subject had had time to listen to the entire recording.

All subjects provided personal demographic information including: gender; whether they were hearing impaired; whether they had experience identifying wild birds by song; whether they had ever owned pet birds; and how much prior musical experience they had. All subjects were 18 years or older. Following Doolittle and Brumm (2012), the musical experience categories available to participants were:

a.) “little or no experience studying music, singing, or playing an instrument,”

b.) “amateur/some experience studying music, singing, or playing an instrument,” and

c.) “professional/extensive experience studying music, singing, or playing an instrument.”

Summaries of subject demographic and personal experience data are presented in Table 2.


Table 2. Characteristics of survey subjects, N = 92.
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Subjects were recruited using Amazon's crowdsourcing marketplace Mechanical Turk, and paid a small fee for their participation. We only accepted subjects who had had at least 90% of their previous MTurk tasks approved, and IP address and geolocation information were used to ensure that duplicate surveys were not counted. On the MTurk website, the activity was entitled “Sound Musicality Survey.” No information provided to the participants mentioned that the sounds were bird songs. The survey took an average of 19 min and 56 s to complete.



Statistical Analysis

We recruited a sample of 126 human subjects. There were 33 subjects who identified either the temporally randomized fiddle or banjo music as more musical than the original temporal sequence recordings. We concluded that they were inattentive or malicious, and they were eliminated from any further consideration (Fleischer et al., 2015). Given the frequency of inattentive responses to our two control questions, we could expect there may be as many as 23 additional inattentive subjects making random choices included in our analysis. One additional observation was excluded because it was a duplicate survey from the same coordinates (latitude and longitude); we kept the first survey taken from that respondent and excluded the second. The processed survey response dataset used in the statistical analysis can be found at the Mendeley Data link provided in Data Availability Statement.

We first assessed whether there was a difference in musicality ratings between the 20 species studied. Each participant evaluated all 20 species, leading to correlation between responses for different species assessed by the same participant. To account for the correlation in musicality evaluations between different species assessed by the same participant, we analyzed the responses from the remaining 92 subjects using a multilevel mixed-effects logistic regression model with the endpoint of correct assignment of original order vs. the endpoint of temporally randomized bird song. Species was included as a fixed effect in the model, participant as a random effect, with musical experience and bird ownership as covariates. To assess whether original order bird songs were more likely to be assessed as more musical by participants overall, we performed a meta-analysis using the proportion of participants choosing original order bird song across all species. All analyses were conducted using Stata 15 (Stata Corp., College Station, TX).




RESULTS

The random effect on our logistic regression model was highly significant (p < 0.0001), suggesting that subjects varied in their musicality ratings of original order vs. temporally randomized songs of this sample of avian species. We also found a highly significant difference in musicality ratings across all bird species studied (p < 0.0001). For 10 of 20 species in the study, the 95% confidence intervals for the average musicality responses both excluded, and were more musical than, the null expectation (Figure 3). For seven of 20 species, the average musicality responses were more musical than, but did not exclude, the null. Only three of 20 species (Field Sparrow, Common Firecrest, and Wilson's Snipe) had average musicality evaluation responses that were less musical than the null expectation, but none of these were statistically distinguishable from the null. Combining the results from each species meta-analytically, bird songs with original temporal sequence were significantly more likely to be evaluated as more musical by human subjects than bird songs with randomized temporal sequence (p < 0.0001).


[image: Figure 3]
FIGURE 3. Proportion of human subjects who rated the original order song of each species as more musical, with 95% confidence intervals ordered from high to low.


Musicality ratings were not affected by either musical experience of the subjects (some experience vs. no experience odds ratio 0.93; 95% C.I. 0.69, 1.26; extensive experience vs. no experience odds ratio 0.68; 95% C.I. 0.33, 1.40; p = 0.6) or by history of pet bird ownership (odds ratio 1.36; 95% C.I. 0.98, 1.88; p = 0.064).



DISCUSSION

We hypothesized that some acoustically complex bird songs have higher order, musical temporal structure. In other words, we hypothesize that syllable sequence is not temporally arbitrary for some birds, but has specifically evolved because of its aesthetic, musical impact upon the receiver. Given that the critical agents in this evolutionary process are birds themselves, it is reasonable to ask why our question was not addressed via behavioral tests on avian subjects. However, our question was whether bird song evinces high-order musical temporal structure at all. This is a subjective question that cannot be answered via behavioral observation. It requires “introspective access” (sensu Bowling and Fitch, 2015) to aesthetic evaluations, which means that only humans can confirm the broad existence of musical structure per se. So, we have used human subjects to evaluate the relative musicality of the specific, original sequence of notes/syllables found in natural songs compared to a randomized sequence of the same notes/syllables. We found strong support for the hypothesis that the temporal sequence of notes/syllables is musically non-random in some bird songs.

Western classical compositions are often characterized as having temporal development, such as introduction, variations on a theme, and creation/resolution of expectations (e.g., Huron, 2006; Morgan et al., 2019). Human psychological research demonstrates that perception of musicality is strongly associated with the presence of natural temporal structure (e.g., Norman-Haignere et al., 2015). This finding supports our conclusion that human subjects can perceive aesthetic temporal structure in some bird songs.

Bird songs are so much shorter in duration than most human musical performances, they may be better compared to musical motives (Hartshorne, 1973). Motives are shorter musical themes or “ideas” that are characterized by a series of notes of particular pitches and rhythmic sequence (Zbikowski, 1999). Motives also have aesthetic structure—i.e., their musical effect would be transformed or disrupted if the sequence of pitches or the amount of time between discrete sonic events were scrambled.

Some examples of musical temporal structure in bird song appear obvious to many listeners. Pied Butcherbirds sing in antiphonal choruses whose interlocking parts resemble the “hocketed” lines of medieval motets and freely improvised jazz (Taylor, 2010). Male Club-winged Manakins (Machaeropterus deliciosus) stridulate their secondary wing feathers during courtship to create sustained, string instrument-like tones (Bostwick and Prum, 2005). Among the species used in our sample, the songs of male Japanese Bush Warbler (Horornis diphone) are famous for their musicality (Hartshorne, 1973). They are characterized by an initial penetrating pure tone or series of tones that increase in volume, and an abrupt cascade of diverse and rapidly modulated pure tones on different frequencies. This temporal sequence of events has a clear analog in the “introduction, variation, and resolution” phrase structure found across many human musical traditions. Perhaps unsurprisingly, human subjects rated the natural song of Japanese Bush Warbler more musical at a higher frequency than nearly every other species in our sample.

When we scramble music, bird song, or speech, what exactly is disrupted for the receiver? In human speech, temporal patterning affects categorical perception. In certain cases, identical sounds are classified as different phonemes depending on their location in the speech stream (Bloch, 1941; Lachlan and Nowicki, 2015). Auditory perception in some songbirds exhibits a similar dependency. Lachlan and Nowicki (2015) studied three related note types in Swamp Sparrow (Melospiza georgiana) song, which they named “short,” “intermediate,” and “long.” The types are easy to separate via acoustic clustering methods, but the study population of Swamp Sparrows perceived only two categories in playback experiments: short and long. In further experiments, the authors determined that “intermediate” notes tended to be classified as “short” if they fell at the beginning of a syllable and “long” if they fell at the end. Roeske et al.'s (2020) discovery of small ratio, categorical rhythms in Thrush Nightingale songs suggests a similar perceptual grounding—scrambling note order redistributes the onset-to-onset interval times in a given song, possibly shifting them toward ratios less typical (and therefore possibly less preferred) for the species.

Above the level of segment sequence in speech is “prosody,” or variation in the frequency, timing, and intensity of elements over the course of a spoken phrase (Mol et al., 2017). Analogous variation in musical phrasing is sometimes called “musical prosody” and can be critical in establishing and manipulating musical expectation in listeners (Huron, 2006; Palmer and Hutchins, 2006; Heffner and Slevc, 2015). Certain songbirds appear sensitive to prosodic cues in human speech as well. In a set of behavioral experiments, Spierings and ten Cate (2014) found that Zebra Finches (Taeniopygia guttata) responded more to prosodic cues in manipulated human speech recordings than syntactic structure—and they responded even more strongly to prosody than human subjects did. Prosodic structure could be a productive study object for vocal evolution research since it is hierarchically organized, common to language and music, and independent from semantic meaning (Mol et al., 2017).

The fact that both birds and humans exhibit temporal pattern-dependent categorical perception and prosody salience is likely due to convergent evolution. But avian possession of these important perceptual building blocks of human musicality suggests that aesthetic perception of sound is likely not restricted to humans.


Origins of Avian Musicality

Why should temporal musicality evolve in bird song? Unlike alarm calls, for example, bird song functions in sexual signaling, and is hypothesized to evolve primarily under sexual selection. We will consider three hypotheses concerning avian acoustic signal evolution: honest signaling theory, sensory/cognitive bias, and arbitrary aesthetic coevolution.

Honest signaling theory suggests that reliable information about signaler quality or condition is insured by the production and survival costs of the signal (Gil and Gahr, 2002). In honest signaling, the adaptive advantage of the song is an extrinsic property that is correlated with, but not part of, the sexual signal such as good genes that will enhance the survival of offspring, material resources necessary for reproduction, minimizing search costs, or protection from sexually transmitted diseases or other infections. In bird song, the potential for encoding information about mate quality in song has been hypothesized to be related to motor constraints, such as the trade-off between trill rate and frequency bandwidth in songbird song elements (e.g., Podos, 1997; Ballentine et al., 2004). However, in general, musical structures do not appear to be strongly shaped by such constraints. Human vocal songs tend to be “dominated by small melodic intervals and simple rhythmic ratios” (Mehr et al., 2019). A small melodic ratio implies a narrow frequency bandwidth between adjacent notes. If human songs were optimized for “performance,” we would expect them to compensate for these small ratios by favoring fast trills by design, at least by the trill rate/bandwidth interpretation of vocal performance. This is plainly untrue, as human song incorporates a variety of speeds and rhythms. Since human song appears to strongly deviate from vocal motor limits, it is “low performance” by design. Therefore, the presence of musical structure in bird song is not predicted by the most prominent avian acoustic application of honest signaling theory.

A second hypothesis is that sensory/cognitive biases emerge in the context of mate choice which arise from independent adaptations or basic design constraints of the sensory and cognitive systems (Ryan and Cummings, 2013; Renoult and Mendelson, 2019). A classic, acoustic example comes from the túngara frog (Physalaemus pustulosus), where the dominant frequencies of male advertisement call components match the previously-evolved tuning of the female inner ear organs (Ryan, 1985; Ryan and Rand, 1990; Ryan et al., 2019). Other biases may be more cognitively rooted, such as the preferences for more complex songs and/or larger repertoires in many oscines, possibly due to an adaptive avoidance of neurological habituation (e.g., Catchpole, 1986; Eda-Fujiwara et al., 2006; Ryan and Cummings, 2013). Importantly, though, evolution of traits due to sensory/cognitive biases alone will not lead to coevolution of traits/preferences. This is because such biases, by definition, are the result of natural selection on unrelated traits.

Alternatively, temporal musical structure in bird song could evolve because it is more aesthetically attractive to learners and receivers than other possible sonic sequences. Aesthetic coevolution involves sensory perception, cognitive evaluation, and choice based on genetically or culturally transmitted variation (Prum, 2012, 2017). More specifically, musical temporal structure in bird songs could evolve as an arbitrary sexually selected trait (Fisher, 1958; Lande, 1981; Kirkpatrick, 1982; Prum, 2010, 2012, 2017; Bailey and Moore, 2012)— i.e., there is no causal correlation between temporal musicality in bird song and signaler quality or condition. Such songs are neither honest nor dishonest because they are unrelated to any extrinsic quality information that can be lied about. Rather, they are merely available for aesthetic evaluation by receivers, and subject to subsequent sexual or social selection. However, the sharing of components of musicality by some complex bird songs and human music implies that these avian acoustic signals are extremely non-random in another way—their aesthetic impact upon the receiver (Rothenberg et al., 2014; Roeske et al., 2020).

To distinguish between arbitrary aesthetic coevolution (Bailey and Moore, 2012; Prum, 2012, 2017) and perceptual bias (Ryan and Cummings, 2013; Renoult and Mendelson, 2019), we need evidence of coevolution of preferences and traits. Evidence suggesting such a dynamic is abundant for oscine birds. Classic studies of male neural/cognitive templates, or learning biases, demonstrate that heritable, biologically evolving neural preferences can coevolve with the vocal structure of male song (e.g., Nottebohm, 1968, 1970; Marler and Waser, 1977; Marler and Sherman, 1983; Lachlan and Feldman, 2003). On the other extreme, Derryberry (2007) conducted a playback experiment on the White-crowned Sparrows (Zonotrichia leucophrys)—a species with a song that was ranked as having with among the most musical temporal structure in our sample (Figure 3). In a population in the Sierra Nevada, California, Derryberry played song recordings to wild female and male sparrows of contemporaneous male songs, and male songs recorded 24 years earlier at the same locality. She found that the older songs elicited nearly half the social response—either male territorial challenges, or curious female interest—as the contemporaneous songs did. In other words, cultural evolution in male White-crowned Sparrow song was associated with corresponding cultural coevolution in the social salience and attractiveness of those social signals. These data cannot be explained by a sensory bias alone.

However, the ability of both humans (in our experiments) and birds (avian evaluators in wild populations of these species) to perceive and prefer musical temporal structures in bird songs does imply the independent evolution of some broad cognitive preference for temporal aesthetic structure has evolved convergently in multiple different lineages of organisms, minimally including oscine birds and humans. This aesthetic concept could be defined as a kind of broad, non-adaptive, aesthetic cognitive bias—specifically a bias toward being aesthetically engaged by the attraction of attention, and the building and fulfillment of expectation. In this way, we can conceptualize the evolution of temporal musicality in bird song as the result of an interaction between arbitrary sexual selection and broad cognitive biases for aesthetically attractive temporal structure in acoustic sexual signals. Multiple lineages of oscine birds have independently evolved songs with higher-order musical temporal structure as they reached a certain threshold of acoustic complexity and strength of selection (Devoogd et al., 1993). Future work on aesthetic evolution in bird song should work to characterize the nature of acoustic aesthetic biases by comparing multiple evolutionary origins of complex, higher-order temporal structure to close relatives that lack such complexity.

Our explicitly aesthetic hypothesis for the evolution of bird song's musicality continues the tradition of Darwin (1871), who characterized male oscine song as “having the power to charm the female.” A century later, Hartshorne (1973) proposed the “monotony threshold hypothesis,” which proposes that vocal repertoire diversity evolves to prevent habituation—i.e., boredom—in the receiver. The monotony threshold suggests an inverse relationship between “continuity” and “variety” in bird song. Hartshorne posited that birds with more elaborate repertoires tend to sing more continuously than birds with simpler, more repetitive vocalizations. Vocal learning plays a role here as well: species that learn their songs tend to have larger repertoires than those who do not (Marler, 2000).



Variation in Musical Temporal Structure Among Species

Empirical data already document that there are significant variations among species in bird song's musical acoustic structure. Some species appear to explore harmonic content, whereas others explore rhythmic variation (e.g., Doolittle et al., 2014; Rothenberg et al., 2014; Roeske et al., 2020). Although our study was not designed to investigate differential musical temporal structure among species, our data do yield some useful comparative observations. The four species with the highest perceived musical temporal structure in our study were Japanese Bush Warbler (Horornis diphone), Gray Shrikethrush (Colluricincla harmonica), Lazuli Bunting (Passerina amoena), and White-crowned Sparrow (Zonotrichia leucophrys). The songs of the latter three were complex along Hartshorne's (1973) dimensions of “singing skill,” described above for the Japanese Bush Warbler—they employed a variety of pure tone and broadband frequency elements, used a high degree of rhythmic variation, and had, to our ears, a sense of musical “development” and “resolution” over the course of an individual song.

The temporal complexity of these “highly musical” songs stood in noticeable contrast to the temporal structure of the songs of the three “least musical” species in our study—Field Sparrow (Spizella pusilla), Common Firecrest (Regulus ignicapilla), and Wilson's Snipe (Gallinago delicata). All three species have songs with a clear sense of rhythmic acceleration (or accelerando in Western musical terms), but they had much less spectral diversity. They were selected for the sample because they might manifest some minimal criteria for musical temporal structure. The Field Sparrow song begins with a rhythmic diminution, but its terminal trill simply repeats the same downward-sweeping note. A similar musical simplicity characterized the song of the Common Firecrest, which consists of a single repeated rhythm accelerating toward the end, with a rise in pitch as its only harmonic development. Wilson's Snipe received the lowest marks for musicality of any species, though this may be due to a unique interaction between the idiosyncrasies of its winnowing tail feather song and the nature of our acoustic manipulation. The song employs a steadily accelerating pulse of notes and features a bell curve-like pitch and loudness contour. When the notes were temporally randomized, however, this smooth progression of pitches and volumes was transformed into something that sounded far more syncopated (almost funky) to us, and apparently more musical to many human observers. In this case, it seems possible that our random manipulation created interesting musical temporal structure instead of breaking it down. Of course, the failure of these songs to be ranked as highly musical in our scrambling experiment does not mean that they are not actually examples of musical temporal structure. An alternative experiment could compare these natural songs to edited recordings of the same notes in the same temporal sequence but at a single, consistent tempo. A negative control (i.e., two alternative random orders of the same non-musical notes) could also be useful for future studies.

These examples also do not imply that bird song always sounds more musical as it gets more complex. The song of the Winter Wren (Troglodytes troglodytes) is an intricate stream of varied sounds and rhythms, but it received middling musicality scores in our study. The vagaries of individual aesthetic preference and differences in acoustic perception between humans and birds (such as the fact that birds can discern changes in the temporal structure of harmonic sounds at a much finer timescale than humans) make it impossible to render objective comparative judgements about avian musicality across species based on acoustic features alone (Hartshorne, 1973; Lohr et al., 2006). The likely presence of systemic biases in the musical preferences of our study subjects—who were by definition tech-savvy computer owners—underscores this point. In future studies, introducing a control featuring human vocal recordings (which are maximally analogous to bird song in terms of biomechanical production) could further validate the experimental method.

We think that human evaluations of bird musicality are scientifically informative. Indeed, if it were not for the aesthetic evaluation by humans of other species' display traits, the field of sexual selection would not exist at all. Darwin became “sick” at the sight of an eyespot on a Peacock's tail feather because he found it uselessly beautiful (Burkhardt et al., 1995). If the tail had not appeared beautiful to him, there would have been no need to seek a novel evolutionary mechanism to explain its visual aesthetics. Musical beauty is no different. Although there are clearly limits to the observational potential of human evaluators, using humans to establish the existence of high-order musical temporal structure in bird song is within these bounds, and effective.
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To understand why music is structured the way it is, we need an explanation that accounts for both the universality and variability found in musical traditions. Here we test whether statistical universals that have been identified for melodic structures in music can emerge as a result of cultural adaptation to human biases through iterated learning. We use data from an experiment in which artificial whistled systems, where sounds produced with a slide whistle were learned by human participants and transmitted multiple times from person to person. These sets of whistled signals needed to be memorised and recalled and the reproductions of one participant were used as the input set for the next. We tested for the emergence of seven different melodic features, such as discrete pitches, motivic patterns, or phrase repetition, and found some evidence for the presence of most of these statistical universals. We interpret this as promising evidence that, similarly to rhythmic universals, iterated learning experiments can also unearth melodic statistical universals. More, ideally cross-cultural, experiments are nonetheless needed. Simulating the cultural transmission of artificial proto-musical systems can help unravel the origins of universal tendencies in musical structures.
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INTRODUCTION

Why is music the way it is? As for many human traits, music has also been the object of a nature-nurture debate. Some disciplines studying music, such as psychology, neuroscience, and biology, often highlight which musical features are present in most cultures and what neurobiological traits for musicality are shared among all humans. Other disciplines, including anthropology and the humanities, prefer instead to highlight the cultural variability and uniqueness of each musical event. While the former scholars focus on universality, the latter focus on diversity. The two approaches can be reconciled in several ways (Savage, 2019; Shanahan and Albrecht, 2019; Jacoby et al., 2020). One of these approaches, adopted here, is to show how nature and nurture sustain each other to give rise to human music: Statistical universals can emerge via human cognitive biases amplified and modulated by culture.

Historically, the concept of “universals” has been much explored and debated especially in linguistics. In this field, a “linguistic universal” can have several meanings. In one of its simplest forms, an implicational universal could be: if a language has a specific sound X, it will also have a sound Y (Greenberg, 1963). Alternatively, an absolute universal is a feature found in all natural languages used by humans. For instance, one could say that all languages are spoken: a false example of a universal, because many languages are signed. In fact, some scholars have doubted the usefulness and existence of absolute universals in languages altogether (Evans and Levinson, 2009). The last decades have seen increased focus on language diversity, rather than universality (Evans and Levinson, 2009), making statistical universals (i.e., universal tendencies) the main tenable and empirically testable approach. A statistical universal, in fact, is a feature which appears very frequently and above chance across languages.

The concept of universals, needless to say, can be applied not only to languages, but also to other human cultural artefacts. A prime example of purported universal features may be found in music. Surprisingly, only a few years ago were musical universals thoroughly coded and their presence across cultures tested empirically. Savage et al. (2015) showed that there are 18 musical features which can be found, above statistical chance level, across musical cultures. Some of these features concern musical context while most are applicable to acoustic features, such as rhythm, timbre, melody and harmony (Savage et al., 2015).

In parallel to this work, psychological research has tackled the mechanisms involved in the emergence of individual musical features. These experiments, inspired by much language research (Kirby et al., 2008; Verhoef, 2012; deCastro-Arrazola and Kirby, 2019), have later been adapted to music (Ravignani et al., 2016; Lumaca and Baggio, 2017). The fundamental idea here is to replicate with experimental participants what culture may otherwise accomplish over much longer timescales: the experimenter asks a participant to learn and copy a behaviour which was produced by another participant who learnt it in the same way. Over time, small biases get amplified by this transmission process, leading to measurable patterns which can be attributed to a combination of human cognitive propensities and cultural transmission.

Experimental cultural transmission of musical features is still understudied but can already count on a few empirical results. Ma et al. (2019), for instance, used this method to show how vocalisations copied from one person to another, and so on, diverge into two strains, music-like and speech-like, depending on the referential context they are used in. Others have tackled rhythmic universals, showing that transmission of randomly timed percussive events leads to sequences becoming more rhythmic; this convergence towards rhythmicity occurs even when participants are unknowingly copying their own sequences and it generalises across cultures (Ravignani et al., 2016, 2018; Jacoby and McDermott, 2017). Notably, cultural transmission of drumming patterns can indeed result in rhythmic sequences containing all six universals for musical rhythm (Savage et al., 2015; Ravignani et al., 2016). Notice that these universals need not be cognitively driven or a result of neural specialisation, but can also arise via motoric constraints and affordances (Miton et al., 2020).

Along all previous research, Lumaca and Baggio (2016, 2017, 2018) and Lumaca et al. (2021) performed a series of studies which pioneered iterated learning of melodic sequences. In their studies, Lumaca and Baggio (2016, 2017, 2018) showed how some melodic universals emerge or are processed in the brain. However, some universals could not be tested in Lumaca and Baggio (2017) because the sound signals presented to participants were already discretized and constrained since they consisted of a fixed set of only five tones produced with keys. Inspired by this work, we hypothesised (Ravignani and Verhoef, 2018) that potentially all melody-related universals could emerge in a cultural transmission task if participants were given continuous signals to start with. The data we present here aims at testing this hypothesis empirically.

According to the statistical universals found in the pitch domain (Savage et al., 2015), and the parallel evidence for cultural transmission converging to rhythmic universals, we hypothesise that cultural transmission can also lead to seven melodic universals (Melodic Universals, MU1-7 below). In particular, we predict that continuous, culturally-transmitted signals would become discretized (MU1), that is, transition from continuous, modulated frequencies to discrete pitches. These discrete pitches would be organised in scales of few (≤ 7) elements per octave (MU2). Melodies constructed from these pitches should show descending or arched contours (MU3), and these melody contours would span small frequency intervals (MU4). Overall, the resulting proto-musical system would include motivic patterns (MU5), featuring repetition (MU6), and short phrases (MU7) (Savage et al., 2015; Ravignani and Verhoef, 2018).

The design of Lumaca and Baggio (2016, 2017) was quite innovative and allowed to test several hypotheses. However, the sequences participants were exposed to already contained discrete pitches, preventing the authors from testing some of the universals. In fact, Lumaca and Baggio's data (Lumaca and Baggio, 2017) provide some evidence for (MU3), (MU4), and (MU6), leaving the other features unexplored (Ravignani and Verhoef, 2018).

Here we measure the emergence of melodic universals with a dataset that was collected in the context of language research. Our set contains continuous signals with varying pitch, which makes it ideal for analyses of statistical universals in melodic patterns. In brief, having targeted a set of melodic universals, we use a dataset collected for non-musical purposes to test whether even when participants are not prompted towards music, melodic universals emerge nonetheless.



MATERIALS AND METHODS


Overview

The data used for our analyses was collected as part of a study which was originally designed to investigate the emergence of combinatorial structure in language (Verhoef, 2012; Verhoef et al., 2014). In this experiment, participants learned and reproduced sets of whistle sounds using a slide whistle (plastic version by Grover-Trophy, see Figure 1). Given the fact that this study involved the production of continuous acoustic signals and the use of a musical instrument, these results are relevant for discussions on the emergence of melodic patterns in music as well. The slide whistle has a plunger that can be used to adjust the pitch of the whistle sounds within a range of between about 450 and 2500 Hz.


[image: Figure 1]
FIGURE 1. Slide whistle (reproduced with permission from Verhoef, 2012).




Set-Up

During the experiment, participants were asked to memorise and reproduce a set of 12 different whistle sounds. They completed four rounds of learning and recall. In the learning phase they were exposed to all 12 signals one by one, and asked to imitate each sound with the slide whistle immediately. After this, a recall phase followed in which they reproduced all 12 whistles in their own preferred order from memory. The input stimuli of one participant consisted of the output that the previous participant produced in the last recall round (or the initial input set). Transmission was continued in this manner until there were 10 participants in each chain and four parallel chains were completed. The resulting data therefore consist of 40 sets of 12 whistles, each produced by 40 different participants, in different locations across the four transmission chains. Full details of the experimental procedure can be found in Verhoef et al. (2014).



Participants

All participants were university students from either the University of California San Diego, or the University of Amsterdam, ranging in age from 18 to 32 (with a mean of 22). Twenty-six were female. Each chain contained either three or four male participants. They were paid 10 euros (Amsterdam) or 10 US dollars (San Diego) in cash for their time. The study was approved by the ethics committee of both institutions. Participants were asked whether they had any experience in music, such as playing an instrument or musical training and 65% of all participants answered “yes” to this question. Per chain, this resulted in 5 out of 10 in chain one, 9 out of 10 in chain two and 6 out of 10 in chains three and four. To make sure musical training did not have any influence on the transmission of the whistles, we used a linear mixed-effects model to predict reproduction error on the basis of generation * musical training. We found an effect of generation on reproduction error [as was found in the original paper by Verhoef et al. (2014)] but no effect of musical training and no interaction between generation and musical training.



Initial Whistle Set

As described in Verhoef et al. (2014), the initial set of whistles that was given to the first participant of each chain contained sounds that were created by multiple persons (two sounds from the same person at the most) who participated in an early exploratory pilot study and were asked to freely record at least 10 whistle sounds. The sounds exhibited many different “techniques” of whistling (such as staccato, glissando, siren-like, smooth or broken) with as little as possible reuse of basic elements. Figure 2 shows the complete set of 12 whistles plotted as pitch tracks on a semitone scale using Praat (Boersma, 2001).


[image: Figure 2]
FIGURE 2. Whistles from the initial whistle set, plotted as pitch tracks on a semitone scale (From Verhoef, 2013).




Whistle Data Pre-processing

The recorded sound files were first processed with Praat (Boersma, 2001) to extract pitch and intensity values with a sample rate of 500 samples per second. Additional details can be found in Verhoef (2013). The resulting pitch and intensity tracks were then used for further processing in R. Whistle sounds often consisted of sequences of sounding and silent parts and the individual whistles were segmented into whistle segments, by finding silent breaks using the intensity track. These whistle segments were then further processed to find pitch targets, defined as the peaks and valleys in the contour, measured from the zero-crossings of the derivative of the pitch track. Figure 3 shows an example of one whistle segmented into sounding and silent parts followed by each sounding segment annotated with pitch targets.


[image: Figure 3]
FIGURE 3. A whistle, plotted as pitch track on a semitone scale (black line) segmented into sounding and silent parts (borders shown in green vertical lines), based on the intensity track as shown by the dashed grey line [ranging from 0 (silent) to 92.6, actual value divided by 4 to fit better in plot]. Below, the separate segments are annotated to indicate pitch “targets” (coral vertical lines).




Measures

To find out if we see the emergence of musical features in these transmitted “proto-melodies,” we defined several measures to look for evidence of presence of the statistical universals in the pitch domain as described by Savage et al. (2015). Below we describe how we measured each of the seven Melodic Universals (MU).


MU1: Discrete Pitches

Over generations we look for a shift from a more continuous use of the signal space, to a more discretized use of tones or pitch level targets. To do this we take the locations of the targets found in the preprocessing steps (indicated in coral vertical lines in Figure 3) and list the semitone values at those locations for all whistles in a system of 12 whistles (one generation in each chain). We first look at the distributions of these tone targets to see if they become increasingly less uniform towards the end of the chains. This is achieved by running Chi-square (χ2) goodness-of-fit tests, comparing each system to a uniform distribution. Then, we test whether the distributions become more “peaky,” meaning that there are several clear, more discrete, targets. By modelling the continuous, unrounded data with Gaussian Mixture models (using the “Rmixmod” library in R by Langrognet et al., 2020) we find the best fitting model for each generation in each chain and extract the number of clusters found for that model. Each run on the same data does not always find the same model to be the best, so we run it 100 times on each chain/generation and take the average. If the best fitting models find on average more clusters, this indicates the distribution is more peaky and has more well-defined tone targets.



MU2: Few Elements

The discrete pitch targets of the whistle systems should also get organised in scales of few (≤ 7) elements per octave. To determine this we use the same data that was generated for MU1 to find out if the number of clusters that are found obeys this constraint.



MU3: Descending or Arched Contours

The melodies created by the participants should primarily show simple descending or arched contours. To test this we analyse the number of tone targets in each segment to see whether later systems produce less complex contours, with fewer up and down movements. We also look at the contour types in more detail by first categorising each segment based on the number of targets and the tone heights and differences of those targets into one of the following categories (Savage et al., 2020):

• “Horizontal”–no ascending or descending slides

• “Ascending”–ascending slides only

• “Descending”–descending slides only

• “Arched”–first ascending, then descending

• “U-shaped”–first descending, then ascending

• “Undulating”–multiple changes of direction

Then, we measure the proportion of total use for each type to see if a preference for descending and arched contours appears over time.



MU4: Small Frequency Intervals

Melody contours in music typically span small frequency intervals (≤ 750 cents, i.e., around a musical fifth). To see if this is the case for the produced whistle melodies too, we compute the onset-to-onset intervals (illustrated in Figure 4) in semitones for consecutive segments in each whistle and check whether the average interval size between two consecutive onsets gets reduced in size towards later generations in a chain. In addition we look at interval compression ratios (Tierney et al., 2011; also used by Lumaca and Baggio, 2016) which provides another way to see if the melodies become more compressed. This measure compares the actual interval sizes to the intervals between segment onsets if the segments within a whistle are randomly shuffled (repeated 100 times). So we take the mean absolute differences between onsets of a whistle where the segments are randomly shuffled and divide it by the actual mean interval size in the whistle. This is the interval compression ratio.


[image: Figure 4]
FIGURE 4. A whistle, plotted as pitch track on a semitone scale (green lines), where onsets are indicated in grey circles, and black lines show onset-to-onset intervals. For computing the interval compression ratio, the individual segments in each whistle are shuffled 100 times and the mean absolute differences between shuffled onsets are computed.




MU5 and MU6: Motivic Patterns and Repetition

The whistled systems that emerge over generations are expected to increasingly exhibit motivic patterns and repetition. This set of musical universals is structurally similar to the combinatorial structure and phonological patterning that was the focus of the original study for which the whistle data was collected. In the work by Verhoef et al. (2014) two relevant measures were reported and will be reused here. The first involves determining a set of basic building blocks in each whistle system and showing that the sets in later generations were composed of a smaller set of basic building blocks that were increasingly repeated and combined. This was measured with Shannon entropy (Shannon, 1948). The segments that were found in the preprocessing steps were clustered for each set of 12 whistles, using average linkage agglomerative hierarchical clustering (Duda et al., 2001) to group together segments that were similar enough to be considered the same category or building block. Segment similarity was measured by comparing movement patterns through the pitch space using Derivative Dynamic Time Warping (Keogh and Pazzani, 2001). Clustering continued until there was no pair of segments left with a distance smaller than 0.08. The following equation from Shannon (1948) was used to compute entropy, where pi is the probability of occurrence of building block i, measured as their relative frequencies:

[image: image]

As a second measure to test for the presence of motivic patterns and repetition, we look at the associative chunk strength (Knowlton and Squire, 1994), which calculates the sequential and adjacency structure of building blocks and originates from the field of artificial grammar learning. This measure is computed by using the building blocks that were found as described above for measuring entropy. All bigrams and trigrams of building blocks that occurred in the whistles were identified and their frequencies in the whistle sets were counted. The associative chunk strength of a whistle set is the average of the bigram and trigram frequencies.



MU7: Short Phrases

Phrases in the whistle melodies should be short (≤ 9 s). This last one is harder to show in our dataset since the whistle signals fed to the first-generation participants are all shorter than 9 s. The longest whistle lasts 8.4 s and the mean whistle duration is 2.5 s, while the mean whistle segment duration is 0.5 s. However, musical phrases consist of motifs and other more basic elements, and we can test (1) whether we see changes over generations in the number of segments per whistle, and (2) whether the whistles become shorter overall, or instead, (3) whether they become longer approaching a theoretical asymptote of 9 s.

In the following paragraphs we present the results, where all of the measures described above were analysed using linear mixed-effects models. All analyses were conducted in R (R Core Team, 2019), using the packages lmerTest (Kuznetsova et al., 2017), lme4 (Bates et al., 2015), and tidyverse (Wickham et al., 2019). P-values for fixed effects were calculated with t-tests using Satterthwaite's method (Kuznetsova et al., 2017). Random intercepts were included for Chain and no random slopes were added.





RESULTS


MU1: Discrete Pitches

First, we test whether the uniformity of the distribution of tone targets changes over generations. We use the Chi-square (χ2) statistic, computed to determine for each whistle system whether its tone targets are distributed in a way that is significantly different from uniform. Higher values are associated with distributions closer to being significantly non-uniform (assuming the same number of degrees of freedom, which is approximately the case here across systems with a standard deviation of 2.4). With a linear mixed-effects model we find that the measured χ2 statistics are affected by generation, with a small effect which is marginally significant (b = 3.314 ± 1.962 SEM, P = 0.099), where this value increases on average by 3.3 for each generation. Figure 5 shows the development of the χ2 values for all chains, where the shape of the point indicates whether the P-value of the test was below 0.001, as well as an overall linear model fit. The results of the model and the figure indicate that the distributions of tones become less uniform over time. To see if they also become more peaky, with several clear tone targets, we modelled the number of categories that were found by the Gaussian Mixture models as a function of generation and found that the average number of peaks increased significantly over time (b = 0.090 ± 0.043 SEM, P = 0.04). Figure 6 shows examples of early, middle and late generation distributions with fitted gaussians and Figure 7 plots the number of categories found for each chain over generations.


[image: Figure 5]
FIGURE 5. Chi-square (χ2) statistic measured for each generation in each chain to test for non-uniformity of tone target distributions. The plotted shape of the datapoint indicates whether the tone target distribution is significantly non-uniform (p < 0.001). The blue line shows a linear model fit over all data and the grey area is the 95% confidence level interval.



[image: Figure 6]
FIGURE 6. Example results of the Gaussian Mixture models, used to measure discretization of the continuous pitch range into clusters of tone targets. These figures show the best fitting model for generation 1, 5, and 10 for one chain. More and clearer clusters are found in the less uniform later distribution.



[image: Figure 7]
FIGURE 7. The number of whistle tone clusters found by the Gaussian Mixture models. Earlier productions tend to exhibit more continuous use of the pitch space, while in later generations, more distinct clusters are found. Even though results vary per chain, overall a significant increase in the number of discrete tone categories is found.




MU2: Few Elements

Typically, discrete tones in musical systems are organised in such a way that there are few (≤ 7) elements per octave. If we look at the number of peaks which was used to identify discrete tone categories in the whistle systems, we see that the maximum number found was 5 (generation 10, chain 1), which is smaller than 7. On average the number of peaks was 2 (sd = 1.01), including all generations, and for the initial whistle set it was 1. Determining whether this gradually becomes more music-like in our data is harder in this case since the actual discrete pitches had not emerged yet in the initial whistle sets, but we do see that, while the pitch target distributions become less uniform (as shown in MU1), a number of categories emerge in each set that are never above the numbers typically found in real musical systems. While it is hard to know for sure whether this growth would level off if the transmission chain would continue, we do see that generally in these kinds of transmission experiments the most substantial changes happen within the first 10 generations (e.g., Claidière et al., 2014), as is also the case for several other measures discussed in this paper.



MU3: Descending or Arched Contours

We tested whether the melodies created by the participants primarily show contour types that are simple and in particular of the descending or arched types. To test this, we first assessed the overall complexity of the contours by modelling the number of tone targets per segment as a function of generation. Results show that the later generations produce contours that contain fewer up and down movements (b = −0.020 ± 0.008 SEM, P = 0.03), with on average 0.02 fewer tone targets by each increasing generation. Contours became gradually less complex towards later generations in a chain. We also compared the prevalence of descending and arched contours to that of the other non-monotonic types and modelled the proportion used for each type in the whistle systems as a function of generation. Here we found no significant effect of generation for horizontal, ascending, u-shaped and undulating contours, but there was a significant effect of generation on the use of arched contours (b = 0.004 ± 0.001 SEM, P = 0.001), as well as for the use of descending contours (b = −0.009 ± 0.004 SEM, P = 0.03). However, the statistical effect is in the expected direction only for the arched contours; the descending contours have a slight but significant decrease in use instead of an increase. It is worth mentioning though that the initial whistle set had a relatively large proportion of descending contours already (0.32), so these tended to be preferred in systems in general, while the initial set contained no arched contours at all, which were therefore spontaneously introduced. Overall, horizontal and descending contours are the most prevalent, together consistently making up more than half (and up to 70%) of the segments across generations. Figure 8 shows the development of the proportion each contour type took in the whistle sets over generations.


[image: Figure 8]
FIGURE 8. Distribution of segment types over generations, showing the proportion of each type in the four chains, over generations. Each whistle segment has been categorised as horizontal if there are no ascending or descending slides, ascending if it has ascending slides only, descending if it has descending slides only, arched for first ascending, then descending, u-shaped for first descending, then ascending and undulating in case of multiple changes of direction.




MU4: Small Frequency Intervals

To test if the evolved whistle melody contours span small frequency intervals (≤ 750 cents), we modelled the onset-to-onset intervals in semitones for consecutive segments in each whistle as a function of generation. Results show that there is a main effect of generation on the intervals (b = 0.103 ± 0.028 SEM, P < 0.001), but it is in the opposite direction of what we expected, where intervals are getting on average 0.1 semitones larger by each increasing generation. Overall, however, interval sizes are clearly lower than 750 cents, already from the start and throughout the experiment. In addition we compared the actual interval sizes to intervals computed for whistles with randomly shuffled onsets and Figure 9 shows the mean absolute onset-to-onset differences across chains and generations as well as means for the intervals measured in the 100 randomly shuffled versions of the whistles. The dashed line indicates the 750 cent level. As a way to see if the melodies become more compressed over generations, the interval compression ratio (random intervals/actual intervals) was modelled as a function of generation and dataset (actual vs. random), and we found a very strong effect of dataset on the intervals, where the onset-to-onset interval in semitones is overall smaller in the actual whistle data as compared to the data in which the segment onsets are shuffled in each whistle (b = 2.306 ± 0.236 SEM, P < 0.001). We also find a main effect of generation, but as expected based on the model that included only the actual data, the effect is in the opposite direction of what we expected, where intervals are getting on average 0.11 semitones larger by each increasing generation (b = 0.110 ± 0.036 SEM, P = 0.002). There is no interaction between generation and dataset (b = 0.011 ± 0.036 SEM, P = 0.75). The results are shown in Figure 9 as well: a small increase in interval size can be seen, while the vast majority of the actual data has intervals that remain below 750 cents, and in random data the 750 cents threshold is more often surpassed.


[image: Figure 9]
FIGURE 9. Mean absolute onset-to-onset differences across chains and generations for the actual data (top panel), as well as means for the intervals measured in 100 randomly shuffled whistles (bottom panel). The dashed line indicates the 750 cent level.




MU5 and MU6: Motivic Patterns and Repetition

The whistled systems were analysed to test whether they increasingly exhibit motivic patterns and repetition. The first measure computed Shannon entropy (Shannon, 1948) over the whistle building blocks (clustered segments), and these entropy values were modelled as a function of generation to see if entropy decreased (meaning that compressibility and structure increased). We found a significant effect of generation on building block entropy (b = −0.091 ± 0.018 SEM, P < 0.001), with entropy decreasing by nearly 0.1 per increasing generation. This implies a gradual increase of compressibility and reuse of elements. These results are shown in Figure 10A.


[image: Figure 10]
FIGURE 10. Two measures demonstrating the emergence of motivic patterns and repetition. (A) Entropy of the whistle sets over generations for all four chains, demonstrating that structure and reuse of elements increases. (B) Associative chunk strength of the whistle sets over generations for all four chains, showing an increase in reoccurrences of bigram and trigram sequences of basic whistle elements, and thereby demonstrating the emergence of sequential structure. The blue lines show linear model fits and the grey areas are the 95% confidence intervals.


We also measured the associative chunk strength, as a measure of sequential structure and modelled this as a function of generation as well. We found that generation significantly affects associative chunk strength (b = 0.028 ± 0.009 SEM, P = 0.007), with an increase in this value by nearly 0.3 per increasing generation. This suggests there is a trend towards increasing sequential structure and patterning of elements. These results are shown in Figure 10B.

Figure 11 shows an example fragment of a last-generation whistle set to illustrate these findings. In this set we can identify clear repetition and patterning. There is a small set of basic building blocks (arched contours and short level notes) and these are reused and combined in different but systematic ways to create the whistles in the set (from Verhoef, 2012).


[image: Figure 11]
FIGURE 11. Fragment of the whistles plotted as pitch tracks on a semitone scale in the last set of a chain. Basic elements can be identified that are systematically recombined. Reprinted with permission from Verhoef (2012).




MU7: Short Phrases

As mentioned in the methods section, the whistle signals are all shorter than 9 s already, but we tested for changes over generations to see if the number of segments per whistle shortens and the total whistle durations become shorter overall. Therefore we first modelled the number of segments per whistle as a function of generation and found that indeed whistle phrases increasingly use fewer segments over generations (b = −0.123 ± 0.056 SEM, P = 0.03). As for the total whistle durations, we find no change towards shorter whistles, in fact there is a slight, marginally significant effect in the opposite direction towards longer (though still shorter than 9 s) whistles (b = 0.045 ± 0.024 SEM, P = 0.07), with whistles becoming 0.045 s longer on average for each generation.




DISCUSSION

This research was conducted with the goal of testing whether statistical melodic universals can emerge via human (cognitive, motoric, etc.) biases that are amplified and modulated by cultural transmission. We used data from an experiment that simulated cultural transmission of whistled systems, where sets of whistle sounds were repeatedly learned and reproduced by different individuals in transmission chains (Verhoef, 2012). A large body of work on such iterated learning experiments has shown that transmitted systems tend to gradually change and adapt to the cognitive biases of the learners (Kirby et al., 2008, 2014). Here, we used the emerged whistle systems to quantify a subset of the universal features in music described by Savage et al. (2015) and tracked the emergence of these features. In particular we studied seven melodic universals: a transition from continuous to discrete pitches (MU1), which are organised in scales of few (≤ 7) elements (MU2); whether melodic elements constructed from these pitches show primarily descending or arched contours (MU3), and melody contours span small frequency intervals (MU4) as well as the presence of motivic patterns (MU5), repetition (MU6), and short phrases (MU7).

For MU1 we found, as expected, that the distributions of pitches used in the whistles produced by participants become less uniform over time, where the number of discrete pitches increases, resulting in more peaky distributions; notice however that in our case, and unlike common musical systems, there were few rather than several peaks within octaves. This could therefore be the start of a discretization process that would eventually result in a fixed set of tone categories with fixed intervals. We need to point out though that finding the type of fine-grained discretization of a fully developed musical system was not the goal here since our participants were not musicians and did not master the slide whistle instrument professionally. Therefore, it would not have been possible for them to hit target notes as precisely as trained musicians. What we were looking for and found was initial evidence of a discrete set of preferred pitch areas that was used repeatedly across a whistle set. We also found that the number of discrete pitch categories, while increasing, remained below 7 elements (MU2) consistently across chains and over generations. As for the contour types (MU3) we see a general trend towards less complex contours emerging over generations in the chains. Results are mixed for descending and arched contours. We do see a significant relative increase in arched contours, but the use of descending contours shows a slight decrease over time. However, as mentioned before, the descending contours were actually quite heavily overrepresented in the initial set so there seems to be a clear preference for those contours throughout the experiment and they kept being used relatively often until the last generation. There were no arched contours in the initial set, so the fact that arched contours were introduced by participants and increased over time with no prior example is suggestive (but note that arched contours remain rare throughout). This combined with the fact that all other types of contours showed no change over time, gives us at least some evidence that this universal could also emerge. Looking at the interval sizes of melodic contours (MU4), we find that the onset-to-onset intervals, measuring the distance between the starting tones of consecutive segments, increase over time. Although this seems to contradict the general expected direction of intervals becoming smaller, we do see that they actually get closer to the interval size that is often found in musical systems (≤ 750 cents). We also find that across chains and generations, the onset-to-onset intervals are smaller in the actual whistle data as compared to the data in which the segment onsets are shuffled in each whistle, which is also the case for real music (Tierney et al., 2011). In addition, we found an increase in motivic patterns (MU5) and repetition (MU6), measured as a decrease in the entropy of basic building block use and increase of frequencies of recurring bigrams and trigrams of elements. Finally, whistles contained short phrases (MU7). Throughout the experiment, even though the duration did not decrease over time, the whistle sounds were shorter than or almost equal to the duration typically found in musical phrases (<9 s).

Altogether we can conclude that most of the seven features we tested could be found, wholly or partially, in the transmitted whistle sets. For some of the measures where a change over generations was not found, it often was the case that the structure or feature was already present in the initial set and therefore relatively stable throughout generations. This initial set was designed to study the emergence of combinatorial structure in language and was deliberately created in such a way that it did not have any obvious combinatorial structure, but for most of the musical features we studied here, this was not taken into account. Perhaps stronger effects over generations could be found with initial sets where interval sizes, phrase lengths and distributions of contour types are deliberately made less music-like. In fact, we suggest that future work could provide first-generation participants with initial sets that either lack (e.g., no arched contours) or over-represent (e.g., more than seven elements) musical universals; if cultural transmission and biases play such strong role, one would witness an increase in the former case and a decrease in the latter case. More generally, we recognise that a number of factors might modulate our results if our experiment were repeated; these include the effect of a different initial set of whistles, a greater number of chains, or more generations per chain. Results from this limited data set already allow for some interesting conclusions, but more work is needed to test for robustness of results as a function of the experimental parameters space.

A potential shortcoming of our results lies in the previous musical exposure of participants. Because of the testing locations, all participants already had some exposure to the Western musical tradition before the experiment. Due to this, participants' reproductions may have been affected by culturally-acquired priors on melodies. Nonetheless, we still believe this methodology provides a way of testing melodic universals, as long as experiments are repeated in several locations and cultures. Emergent properties in the melody chains may be culturally specific but every possible participant in the world belongs to a culture; what we believe is remarkable is that sampling even only part of the Western musical culture, like we did, still produces convergence to the statistical universals appearing above chance in most cultures.

Crucially, participants in this experiment were told they were learning a whistled language, not a musical system. It is therefore quite remarkable that we still find evidence for musical universals emerging in these systems. However, the slide whistle is a musical instrument with intrinsic musical qualities and participants may have been biassed towards creating music-like signals. This may explain why some musical universals we measured were already present in the first generation of the transmission chains. As Ma et al. (2019) have shown, transmission chains of vocalisations diverge into more music-like forms when they refer to emotions, while they become more speech-like when they refer to a concrete object. The slide whistle signals that were transmitted in our experiment were not connected to any specified referent and they needed to be distinct “words,” which created a pressure for expressivity (Kirby et al., 2015) and may have pushed the system more towards language-like signals. In any case, not all musical universals were present from the start, but many gradually appeared after repeated transmission events, showing that most of these universals were not automatically connected to the use of a musical instrument. The fact that musical universals emerge even in the case of a language learning task illustrates both the robustness of the emergence of these types of structure and also the fact that some structural similarities exist between language and music. The entropy-based measure for motivic patterns (MU5), for instance, is directly equivalent to the measure of phonemic patterning used by Verhoef et al. (2014), illustrating such parallels in structure.

To conclude, we presented evidence that, besides the earlier studied rhythmic universals (Ravignani et al., 2016), also some melodic universals can evolve by adaptation to human biases over generations of cultural transmission.
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As a uniquely human behavior, language is crucial to our understanding of ourselves and of the world around us. Despite centuries of research into how languages have historically developed and how people learn them, fully understanding the origin and evolution of language remains an ongoing challenge. In parallel, researchers have studied the divergence of birdsong in vocal-learning songbirds to uncover broader patterns of cultural evolution. One approach to studying cultural change over time, adapted from biology, focuses on the transmission of socially learned traits, including language, in a population. By studying how learning and the distribution of cultural traits interact at the population level, we can better understand the processes that underlie cultural evolution. Here, we take a two-fold approach to understanding the cultural evolution of vocalizations, with a focus on the role of the learner in cultural transmission. First, we explore previous research on the evolution of social learning, focusing on recent progress regarding the origin and ongoing cultural evolution of both language and birdsong. We then use a spatially explicit population model to investigate the coevolution of culture and learning preferences, with the assumption that selection acts directly on cultural phenotypes and indirectly on learning preferences. Our results suggest that the spatial distribution of learned behaviors can cause unexpected evolutionary patterns of learning. We find that, intuitively, selection for rare cultural phenotypes can indirectly favor a novelty-biased learning strategy. In contrast, selection for common cultural phenotypes leads to cultural homogeneity; we find that there is no selective pressure on learning strategy without cultural variation. Thus, counterintuitively, selection for common cultural traits does not consistently favor conformity bias, and novelty bias can stably persist in this cultural context. We propose that the evolutionary dynamics of learning preferences and cultural biases can depend on the existing variation of learned behaviors, and that this interaction could be important to understanding the origin and evolution of cultural systems such as language and birdsong. Selection acting on learned behaviors may indirectly impose counterintuitive selective pressures on learning strategies, and understanding the cultural landscape is crucial to understanding how patterns of learning might change over time.
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BACKGROUND: CULTURAL EVOLUTION AND VOCAL LEARNING

For decades, scientists and linguists have studied the evolution of language, searching for the genetic and neural underpinnings of this uniquely human ability as well as exploring changes in languages over time and space (Bateman et al., 1990; Deacon, 1998; Nowak and Krakauer, 1999; Hauser et al., 2002; Kirby et al., 2007, 2008; Croft, 2008; Joseph and Mufwene, 2008; Gray et al., 2009; Fitch, 2010; White, 2010; Bouckaert et al., 2012; Dediu et al., 2013; Mufwene, 2013; Bybee, 2015; Creanza et al., 2015; Tamariz and Kirby, 2016; Blasi et al., 2019; Jarvis, 2019). While numerous genes and neural structures contribute to our ability to learn and produce language, a focus on these bases of the capacity for vocal learning leaves many questions unanswered. Given a large number of individuals to speak with, how do humans decide which features of language to learn, and how do these learning strategies shape the evolution of language? In the songbirds, the largest radiation of vocal learning species, we can similarly ask, how do learning preferences influence the evolution of birdsong and potentially reinforce speciation events in the avian lineage?

Here, we take a two-pronged approach to examine the role of the learner in the cultural evolution of vocalizations. We first briefly survey the literature on the evolution of human language and learned birdsong, focusing on cultural transmission from the perspective of the learner: how do learning predispositions and preferences shape the evolution of learned behaviors? We then propose an agent-based cultural evolutionary model to simulate the relationships between learning preferences and cultural dynamics. We use this simple model to point to challenges and guide the study of vocal learning.

The study of learning is particularly complex because the two evolutionary mechanisms involved, genetic and cultural evolution, occur in parallel and interact with one another (Cavalli-Sforza et al., 1989; Creanza et al., 2015; Creanza and Feldman, 2016). Cultural evolution is defined as change of the form or frequency of socially transmitted behaviors in a population (Cavalli-Sforza and Feldman, 1981; Boyd and Richerson, 1988b; Mesoudi et al., 2006; Creanza et al., 2017). Humans are born with the capacity for language acquisition (Sakai, 2005; Kuhl, 2010, 2011), but any individual language is learned via cultural transmission, which is broadly defined as “the attainment of behaviors, attitudes, or technologies through imprinting, conditioning, imitation, active teaching and learning, or combinations of these” (Cavalli-Sforza et al., 1982, p. 19). Most changes in language are products of cultural modifications rather than genetic mutations, with some aspects of language such as sound-level variation in individual vocalizations evolving under neutral cultural evolution (drift), and other aspects such as regularization of verbs and frequency of word-use in a population potentially under cultural selection (Pagel et al., 2007; Creanza et al., 2015; Graham and Fisher, 2015; Newberry et al., 2017; Bentz et al., 2018). While biological evolution is important for explaining the capacity for language at genetic and physiological levels, cultural evolution describes how learned features, such as shifts in language, arise and propagate (Steels, 2011). Since learned traits can alter the selection pressures on genes as well as on other cultural traits, the study of systems such as language must integrate cultural and genetic evolution (Odling-Smee, 1995; Laland et al., 2000, 2001; Rendell et al., 2011; Creanza et al., 2012; John Odling-Smee et al., 2013; Creanza and Feldman, 2014; Fogarty and Creanza, 2017).

When humans learn, they rarely choose at random what to learn or who to learn from; instead, people exhibit learning preferences and cultural biases that may adaptively orient learners towards appropriate tutors and traits (Henrich and Boyd, 1998; Henrich and Gil-White, 2001; Henrich and McElreath, 2003; Efferson et al., 2008; Kendal et al., 2009; Mesoudi, 2011; Acerbi and Bentley, 2014). Children may be more likely to learn something because of its qualities, such as grammatical appeal (Bannard et al., 2013; Culbertson and Newport, 2015) or because others pay attention to it (Tomasello and Farrar, 1986). For example, the tendency of children to track the gaze of others (Emery, 2000) could be paired with information about their social statuses (Tomasello, 1992) to bias learning in favor of certain teachers (Chudek et al., 2012). Grammar and basic vocabulary can be learned by children from their family members (Kerswill, 1996), and this learning is complemented by interacting with peers and other adults (Eckert, 1988). This process begins early, as infants are predisposed towards learning language, such as showing increased attention (Jusczyk and Bertoncini, 1988) or neural activity (January et al., 2009) in response to certain structures and sounds. These learning patterns create frequency-dependent effects, where features important for being understood may be learned through conforming to the majority, whereas innovations to vocabulary and grammar can spread rapidly as unique markers of social groups.

The evolution of language is difficult to study experimentally due to the large amount of linguistic diversity and the length of human generations; birdsong offers an accessible and experimentally tractable analogue that can be used to study the process of vocal learning (Doupe and Kuhl, 1999; Jarvis, 2004; Brenowitz and Beecher, 2005; Brenowitz et al., 2010; Pepperberg, 2011). There are striking similarities between the way that human infants and juvenile songbirds learn how to speak and sing (Bolhuis et al., 2010; Lipkind et al., 2013), including parallels between the social-cognitive mechanisms of vocal learning in humans and songbirds (Fitch, 2009; Fehér, 2017) and between vocal babbling in human children and the plastic subsong of juvenile songbirds (Goldstein et al., 2003; Aronov et al., 2008). Although songbirds and humans are evolutionarily distant, they have similar developmental constraints on vocal learning, which shape cultural diversity (Hyland Bruno et al., 2021). Since both speech and birdsong are culturally transmitted behaviors (Boyd and Richerson, 1988a), the similarities between them can shed light on the process of social transmission. Just as humans bias learning towards potentially adaptive traits, songbirds learning to sing have predispositions and constraints that are crucial to the transmission of their culture, and these “innate predispositions” (Marler, 1990) appear to be genetically determined (Marler, 1970; Marler and Peters, 1977, 2010; Dooling and Searcy, 1980; Soha and Marler, 2000; Hughes et al., 2002; Podos and Warren, 2007).

These predispositions impose limits on cultural diversity by restricting the song features that a juvenile prefers to imitate, and have been observed in many songbird species (Marler, 1990; Lachlan and Feldman, 2003; Shizuka, 2014; Hudson and Shizuka, 2017; Hudson et al., 2020). For example, zebra finch populations exposed solely to atypical songs will learn them, but the features of the learned versions are modified such that they more closely resemble species-stereotypical songs every generation (Fehér et al., 2009). This process is similar to a way in which stable Creole languages have been suggested to form from pidgins: for both spoken and sign languages, when linguistic communication with inconsistent structure is transmitted to the next generation as a first language, the children learning it impart consistent, generalized rules (Singleton and Newport, 2004; Siegel, 2008; Fitch, 2009). Similarly, swamp sparrows exhibit species-specific song selectivity (Dooling and Searcy, 1980) and learn syllables with a conformist bias – a form of biased cultural transmission in which common traits are imitated with a probability that exceeds their frequency in the population (Lachlan et al., 2018).

Conformist bias acts at the level of the individual but has profound effects on the culture of the entire population; in a population that is not highly interconnected, conformity can cause geographically or socially isolated subpopulations to rapidly develop dialects and stable traditions. These dialects have been suggested to play a role in sexual selection. One proposal is that dialects signal that males have survived in and are adapted to the local environment (Marler and Tamura, 1962; Nottebohm, 1969; Podos and Warren, 2007). Such preferences might limit inter-species hybridization (Ortiz-Barrientos et al., 2009), but empirical studies have only occasionally found genetic barriers coincident with dialect boundaries (Nottebohm and Selander, 1972; Baker, 1975; Handford and Nottebohm, 1976; Zink and Barrowclough, 1984; Hafner and Petersen, 1985; Lougheed et al., 1993; MacDougall-Shackleton and MacDougall-Shackleton, 2001; Soha, 2004; Lipshutz et al., 2017; Poesel et al., 2017). Alternatively, birds may prefer to learn local songs because these songs have performed best in local male–male competition (Kroodsma and Miller, 1996; Podos and Warren, 2007). Adaptation to both the abiotic and social environment can lead to dialect formation, which is supported by a correlation between song sharing among neighbors and mating success (Payne et al., 1988; Beecher et al., 2000).

In contrast to bird species with strong innate predispositions for what to learn, other bird species such as the American robin and the gray catbird invent much of their song every generation, in addition to learning certain song elements from conspecifics (Kroodsma et al., 1997; Johnson, 2006). This innovation generates novel syllables in the population, and may exist alongside novelty-biased cultural transmission – the preferential imitation of rarely occurring sounds. Such biases can produce intriguing learning patterns such as those found among heterospecific vocal mimics – songbird species that integrate vocalizations of other species into their repertoires (Rundstrom and Creanza, 2021). Heterospecific vocal mimicry has been hypothesized to evolve due to sexual selection as the result of increased size or complexity of the song repertoire (Hindmarsh, 1986; Jarvis, 2006; Goller and Shizuka, 2018). In this case, the song-learning template might evolve to be less selective, allowing birds to increase their repertoire size by imitating other species in addition to their own (Goller and Shizuka, 2018).

Individual innovation, transmission of culture, and the dynamics of social networks characterize the evolution of culture (Dor and Jablonka, 2001; Tchernichovski et al., 2017). Similarly to birdsong, language changes due to processes of learning and innovation that produce shared linguistic markers and distinct dialects (Fehér, 2017). Just as avian culture may allow for communication and identification of kin (Nowicki and Searcy, 2014), human dialects and languages may develop to favor effective communication and to aid the identification of outsiders (Shutts et al., 2009; Fehér, 2017). The interaction of these processes of innovation, transmission, and group dynamics can describe how learning operates, but not its origin and maintenance. Multiple hypotheses exist to describe the repeated evolution and persistence of vocal learning, focusing on the advantages learners gain from adapting to local environments, communicating with conspecifics or kin, or signaling fitness to mates (Nowicki and Searcy, 2014). However, these existing hypotheses seldom consider how pre-existing vocal variation might influence the evolution of learning. Given the same learning preferences, the evolutionary dynamics of vocalizations might greatly differ in a population with extensive vocal variation versus one with a single established dialect.

Much theoretical and empirical research has focused on the evolution of cultural traits, including their dynamics over time and their interactions with one another (Cavalli-Sforza and Feldman, 1981; Boyd and Richerson, 1988b; Henrich, 2004; Creanza et al., 2017). In parallel, researchers have studied the role of biased transmission, or learning preferences, in cultural evolution (Henrich and Boyd, 1998; Henrich and Gil-White, 2001; Henrich and McElreath, 2003; Efferson et al., 2008; Kendal et al., 2009; Mesoudi, 2011; Acerbi and Bentley, 2014). These two evolutionary forces interact with one another; in particular, cultural transmission biases likely influence the dynamics and spread of cultural traits (Lachlan and Feldman, 2003). A challenge to any hypothesis about the evolution of vocal learning involves how learning is favorable in the context of existing behavioral variation (Nowicki and Searcy, 2014). To illustrate how interactions between unlearned predispositions and learned behaviors can be counterintuitive, we developed and will briefly explore a spatially explicit model. This model only includes several important dynamics, but combines them to illustrate the counterintuitive evolution of learning preferences that occur when selection acts on culture. We then discuss how these results can guide future research of vocal learning.



MODELING THE ROLE OF THE LEARNER IN THE CULTURAL EVOLUTION OF VOCALIZATIONS


Model Methods

To study the evolution of learning preferences with a focus on the adaptive pressures acting on social learning, we developed a spatially explicit model of cultural evolution. To understand these pressures, we need to determine how learners are influenced by their social environment, to what information they are attuned, and how they progress from observation to production of cultural traits. Whereas others have looked at how learning affects the cultural environment, we focus on how learning preferences are affected by evolutionary processes, including the indirect selection on learning preferences that occurs in concert with selection on learned traits themselves, and we consider the implications of these interactions for the evolution of both language and birdsong.

To better understand the evolution of both learning predispositions and the traits that are learned according to these predispositions, we designed a basic model of how learning may change over time in a population. To model an environment with indirect selection on learning preferences, we constructed a spatial population model that could represent any species with social learning and heritable learning preferences, including humans and songbirds. The model was written in Python 3.8.5 with the following packages: NumPy, SciPy, and Pandas (McKinney, 2010; Harris et al., 2020; Virtanen et al., 2020). Plotting was done using Matplotlib (Hunter, 2007). See https://github.com/CreanzaLab/role_of_the_learner for code and details.

In this model, a square array containing 128 individuals per side is initialized (a total of 16,384 individuals; this is smaller than some populations, but is within reasonable limits of computational time). Each individual is initially assigned one of 16 cultural types at random, as well as a preference for either conformity or novelty. Cultural types can be envisioned as representing different vocalizations: different songs or syllables in a bird population, or different pronunciations or other linguistic features in a human population. Cultural mutations will increase the number of these syllable types over time, whereas selection and drift will decrease this number. Learning preferences are transmitted vertically from parent to offspring, and these preferences cause juveniles to be more likely to learn cultural types that are either more or less common among their neighbors: with a conformity-biased learning preference, learners are disproportionately likely to learn the most common cultural type among their neighbors, and with a novelty-biased learning preference, learners are more likely to learn the rarest cultural type. In the simulations described in detail here, one quarter of individuals prefer novelty, and three quarters prefer conformity at the beginning of each simulation. We also tested a range of initial novelty-conformity proportions to consider how these affected selection. This proportion changed over the course of the simulations, and 25% initial novelty was chosen because it illustrated ongoing selection in some simulations and the lack of selection in others.

Each of the 4,000 timesteps contains three events: mortality, replacement, and learning. During the first event, individuals have a 20% chance of dying, causing their position in the population matrix to become empty. In preliminary tests, we observed that the probability of death accelerated or decelerated, but did not qualitatively change, the trajectory of the simulations. Songbirds have previously been modeled with annual mortality rates as high as 40% (Slater, 1986; Lachlan et al., 2018), reflecting death-rate estimates in wild bird populations (Lack, 1954; Summers-Smith, 1956). However, we also note that this death rate can represent individuals leaving the population for other reasons.) During replacement, these empty locations are filled by juveniles that are the offspring of one of the adjacent individuals in the matrix, such that successful neighbors are more likely to produce offspring. For every location into which a juvenile is born, the living neighbors are surveyed, and those neighbors with cultural types closer in frequency to an “ideal neighbor proportion” (from 0 to 100%) are more likely to be selected to be a parent. In other words, if the ideal neighbor proportion is close to 0%, an individual with a rare cultural type is more likely to leave an offspring; if the ideal neighbor proportion is close to 100%, an individual with a common cultural type is more likely to leave an offspring (for additional details, see code on GitHub). For ideal neighbor proportions of 10 and 90%, we also ran simulations at several initial proportions of novelty-biased learners. The juvenile inherits a learning preference identical to that of the selected neighbor (with a 0.01% chance of being assigned a random learning preference). These mutations of learning strategy exist to balance the random effects that take place at the beginning of simulations, and ensures a standing level of variation in learning strategy. A higher rate of learning mutations would cause the novelty-conformity equilibrium established by selection to tend towards 50%, and would decrease the effects of selection. During the learning step, juveniles choose one of the cultural types to inherit by surveying their neighbors, such that juveniles tend to learn less common cultural types if they have a novelty preference and more common types if they have a conformity preference. All juveniles have a 0.5% chance of inventing a new cultural type, in which case they do not learn another one from a neighbor. The invention of new cultural types can increase rates of selection; they allow for existing novelty-seeking learners to acquire unique syllables, which can affect selection based on the population’s ideal neighbor proportion. Thus, in each timestep, there are two interacting cultural forces affecting cultural evolution: (1) individuals are more likely to reproduce if their cultural trait is at a certain frequency in the local neighborhood, and (2) individuals are more likely to learn cultural traits with certain frequencies based on their learning preferences. As a result, selection is dependent on the cultural type and its frequency, and operates indirectly on learning preference.

In addition to the proportion of novelty or conformity preference in the population, we recorded a measure of cultural patchiness in the population to assess whether individuals with the same cultural type were clustered together. This was calculated by identifying boundaries of each cultural type on the cultural landscape via a Sobel operator, which acts as a derivative (individuals surrounded by more unique cultural traits will have a higher derivative). The magnitude of this derivative is calculated for each culture type. Then, we calculate the sum of these magnitudes for all culture types and for the entire population. This sum represents the heterogeneity of the cultural landscape, such that environments with greater cultural diversity, and therefore more boundaries between culture types, have a higher spatial derivative. We use this measure to summarize the trends of cultural homogeneity and compare these trends across simulations.



Model Results

In our simulations of populations with low ideal neighbor proportion – in which cultural uniqueness is favored by selection and thus individuals with rare cultural types are more likely to leave an offspring – novelty seekers became predominant (Figures 1A, 2, 3). As expected, these populations maintained a higher rate of cultural diversity and tended to select strongly against conformist-seeking learners (Figures 4, 5). Further, when cultural uniqueness was favored, novelty seekers predominated in the population at the end of the simulation regardless of how common they were in the initial population (Figure 1A). In contrast, when common cultural traits were favored, the proportion of novelty-seeking learners remained relatively constant over the course of the simulations (Figure 1B). Since we observed this predictable pattern – that the starting proportion of novelty-seeking individuals increases to approach fixation when rare traits are favored and remains relatively constant when common traits are favored – we ran subsequent simulations with 25% of individuals exhibiting the novelty-seeking learning preference and 75% of individuals exhibiting the conformity-biased learning preference.
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FIGURE 1. Final fraction of novelty preference in the population after 4,000 iterations, for a range of initial novelty preferences. Each of five replicates per ideal neighbor proportion are represented by a black point, with one standard deviation from the mean marked by red lines. (A) For populations in which rare cultural traits are favored (an ideal neighbor proportion of 10%), novelty preference was strongly selected for, such that all populations were almost entirely made up of individuals with a novelty preference at the end of the simulations. (B) Populations that favor conformity (ideal neighbor proportion of 90%) show little selection against individuals with novelty preferences, as these remain at nearly the same frequency over the course of the simulations.


[image: Figure 2]

FIGURE 2. Final fraction of novelty preference in the population after 4,000 iterations. Each population has a particular ideal neighbor proportion, representing the frequency of a cultural trait at which individuals have the highest fitness. As in Figure 1, each of five replicates per ideal neighbor proportion are represented by a black point, with one standard deviation from the mean marked by red lines. Among populations with preferences for cultural conformity (ideal neighbor proportions between 0.85 and 1), the final proportion of novelty-biased learners does not deviate from its initial value of 0.25, suggesting little selective pressure. In contrast, populations with an ideal neighbor proportion below 0.5 exhibit strong selection pressure favoring novelty-biased learners, and this learning preference is nearly ubiquitous at the end of these simulations.


[image: Figure 3]

FIGURE 3. Novelty preference over time by ideal neighbor proportion. Each line represents the average of five replicates. When individuals with a rare cultural type are more likely to leave offspring (low ideal neighbor proportion), there is strong selection for novelty preference (blue lines). Populations with a high ideal neighbor proportion experience little selection for or against novelty preference (yellow and light green lines).


[image: Figure 4]

FIGURE 4. The spatial derivative – calculated as the sum of the Sobel operator, which identifies boundaries between culture types – over time. This sum represents the unevenness of the cultural landscape, averaged for five runs at each ideal neighbor proportion. The larger this value is, the more heterogeneous the landscape. These larger values correspond to lower ideal neighbor proportions (blue lines) – populations in which individuals with uncommon culture types have greater reproductive success. Lower spatial derivative values indicate more homogeneous cultural landscapes, including larger regions with only one culture type. Within these regions, all learners will either learn the only available type or rarely invent a new culture type.
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FIGURE 5. Examples of the final culture matrix for each ideal neighbor proportion (INP) after 4,000 iterations. The Sobel operator produces greater values in regions of higher cultural diversity (yellow and light green) and lower values in regions of homogeneous culture (dark blue). Note that for higher INP, cultural conformity is selected for, but individuals with novelty preference can exist in relatively large numbers, depending on their starting frequency (Figure 1B).


In populations with low ideal neighbor proportions, novelty seekers predominate over time, whereas in populations with high ideal neighbor proportions, novelty seekers could not be effectively selected against during the simulations (Figure 1). In simulations with a high ideal neighbor proportion and thus a fitness benefit for individuals with a common cultural phenotype, the cultural landscape became dominated by homogeneous cultural regions (Figure 5), in which novelty-seeking learners did not have neighbors with uncommon cultures, and thus could not be selected against. Higher proportions of conformist learners corresponded to more stable landscapes, where large regions contained only a single cultural type (Figures 4, 5). Conversely, populations in which novelty preferences predominated were more heterogeneous. All populations began in an uneven, randomized state since the initial cultural types were evenly spread (Figure 4). Populations with higher ideal neighbor proportions formed more even cultural landscapes, whereas populations with many novelty-seekers remained more uneven (Figure 4). These homogeneous cultural regions spread over time (Figure 4) and represent cultural niches in which there is no disadvantage to an intuitively deleterious trait: in this case, a predisposition towards novelty in populations undergoing selection for cultural conformity (Laland et al., 2000).




DISCUSSION

Our model focuses on the co-evolution of culture and learning preference, specifically on the evolution of learning preferences due to selection on learned behaviors. Cultural selection on the basis of particular cultural traits (or traits at a certain frequency) could favor particular learning preferences, influencing their frequency in subsequent generations. In our model, selection favoring individuals with uncommon cultural features led to high rates of novelty-biased learners, but selection favoring local conformity did not necessarily increase the frequency of conformity bias in the population. This counterintuitive outcome occurs because a sufficient number of conformists will create culturally homogeneous niches, in which selection against those with a preference for novelty cannot take place, as individuals do not have the opportunity to learn uncommon cultures from their neighbors. Understanding the dynamics that take place between the cultural environment and the learners is particularly relevant for songbirds, whose reproductive success is directly linked to singing a song that appeals to females and repels other males. However, humans and any other species with variable, heritable learning strategies and with selection based on learned traits will experience similar dynamics.

There is evidence that selection on learned behaviors can result in highly adaptive learning processes, such as the development of unlearned predispositions that guide effective cultural transmission. For example, in golden-crowned sparrows, juvenile birds can selectively respond to conspecific songs before the song-learning process begins (Shizuka, 2014; Hudson and Shizuka, 2017); in zebra finches, artificial songs transmitted over several generations become more species-stereotypical (Fehér et al., 2009); in humans, deaf children without access to language have spontaneously produced sign languages by communicating with one another (Goldin-Meadow and Mylander, 1998). This tendency of learning to guide individuals towards useful, species-specific behaviors points to the evolutionary pressures responsible for this adaptation. Notably, our model only considers the transmission of a single cultural trait, taken to represent the phenotype of a vocalization, whereas human and animal cultures often contain many learned behaviors. In addition, we focus on modeling the learning preferences of the learner, although in some cases the phenotype of the tutor can also predict how a trait will be learned. For example, zebra finch pupils improvise more when their tutor has a song with a lower diversity of syllables; this “balanced imitation” strategy can maintain rare song elements and prevent homogenization of songs in a population (Tchernichovski et al., 2021). Since each adult male zebra finch has multiple syllables in his repertoire, an imitation strategy that differs based on the tutor’s cultural repertoire may maintain local cultural diversity in zebra finch populations (Tchernichovski et al., 2021). For individual syllables in the song repertoire, this proposed pattern is similar to our simulations with a medium or low ideal-neighbor preference: the populations maintain a high cultural diversity despite completely new cultural variants being uncommon. High levels of cultural variation in a population could thus be maintained not only when individuals with rare traits have higher fitness, as we show here, but also if attempts to learn certain cultural types result in a higher mutation rate.

When considering the evolution of a cultural system such as language or birdsong, it is important to consider how the learning process originated and how predispositions and preferences guide learning (Lachlan and Slater, 1999; Lachlan and Feldman, 2003). Our model suggests that cultural variation – the presence of diverse heritable behaviors – is necessary for the evolution and maintenance of learning, since the set of existing behaviors places limits on imitative learning. The interaction between a species’ social learning and their access to behaviors to imitate may help explain the learning capacities of bird species (Creanza et al., 2016; Robinson et al., 2019), and may be a driver of human evolution (Rendell et al., 2011). In humans, for example, researchers have observed that different groups prefer to learn in different ways (Mesoudi et al., 2015), and this evolutionary approach suggests that these learning differences are the result of cultural selection favoring different traits. The study of cultural complexes such as language, therefore, should consider the selective pressures imposed on the learning systems themselves. Genetic selection based on learned behavior may contribute to speciation in birds, where preference for more similar dialects could act as a barrier to gene flow (Ortiz-Barrientos et al., 2009). Strategies such as overimitation – in which children imitate unnecessary or irrelevant actions accompanying important ones (Lyons et al., 2007) – are important for their role in individual learning, but also for their exaggeration of existing behavioral diversity, providing variation for selection. Error-prone learning produces behavioral variation that may provide a bet-hedging advantage during selection and increased rates of evolution, whereas error-free learning with conformist preferences may make learning costlier than instinctual behavior (Dor and Jablonka, 2001).

Our model helps expand the existing questions about the evolution of language. Prior to the evolution of a learning strategy optimized for language, we suggest that our ancestors existed in a cultural niche in which related behaviors existed. Researchers have considered the origin of language learning by exploring the interface between behavioral diversity and genetic predispositions to learning (Tomasello, 2009; Richerson et al., 2010; Chudek and Henrich, 2011; O’Brien et al., 2012; Creanza and Feldman, 2016). Some have suggested that cognitive parallels between language and tool-making (Lotem et al., 2017) or foraging (Kolodny et al., 2015) provide possible origins for language-oriented learning. We hypothesize that rates of error in imitating behavior – and the genetic or cultural social norms concerning these behaviors – could have evolved to balance the precision of learning with behavioral plasticity.

Why do songbirds continue to learn songs, despite many other bird species successfully surviving and reproducing without song learning? There are numerous hypotheses about the fitness consequences of song learning (Nottebohm, 1972; Slater, 1989; Lachlan and Slater, 1999; Lachlan and Servedio, 2004; Podos and Warren, 2007; Nowicki and Searcy, 2014); based on our spatial model, we suggest that the best place to conduct research could be the edges of dialect boundaries or subspecies ranges. These are the regions in which the action of evolutionary pressures on learning may be most pronounced, since the higher cultural diversity at such boundaries can reveal inherent preferences in song learning. Behavioral ecologists may be more likely to identify the fitness consequences of song learning at these boundaries, and in addition to field data, can use expanding sources of citizen science data to supplement the discovery of these dialect boundaries in common species (Searfoss et al., 2020).

To better understand the role of the learner in cultural evolution, we propose a simple model of how individuals interact and learn within their social and cultural environments. The results of our simulations suggest that the evolution of learning is driven most strongly by the selection taking place at the level of cultural phenotypes, and that the fitness consequences of this selection are most significant in regions with high cultural diversity. Future evolutionary studies of song and language learning could usefully integrate research from archaeology, anthropology, ecology, and genetics, among others, to uncover the qualities of learned behaviors on which selection occurs.
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Individuals typically produce auditory sequences, such as speech or music, at a consistent spontaneous rate or tempo. We addressed whether spontaneous rates would show patterns of convergence across the domains of music and language production when the same participants spoke sentences and performed melodic phrases on a piano. Although timing plays a critical role in both domains, different communicative and motor constraints apply in each case and so it is not clear whether music and speech would display similar timing mechanisms. We report the results of two experiments in which adult participants produced sequences from memory at a comfortable spontaneous (uncued) rate. In Experiment 1, monolingual pianists in Buffalo, New York engaged in three production tasks: speaking sentences from memory, performing short melodies from memory, and tapping isochronously. In Experiment 2, English-French bilingual pianists in Montréal, Canada produced melodies on a piano as in Experiment 1, and spoke short rhythmically-structured phrases repeatedly. Both experiments led to the same pattern of results. Participants exhibited consistent spontaneous rates within each task. People who produced one spoken phrase rapidly were likely to produce another spoken phrase rapidly. This consistency across stimuli was also found for performance of different musical melodies. In general, spontaneous rates across speech and music tasks were not correlated, whereas rates of tapping and music were correlated. Speech rates (for syllables) were faster than music rates (for tones) and speech showed a smaller range of spontaneous rates across individuals than did music or tapping rates. Taken together, these results suggest that spontaneous rate reflects cumulative influences of endogenous rhythms (in consistent self-generated rates within domain), peripheral motor constraints (in finger movements across tapping and music), and communicative goals based on the cultural transmission of auditory information (slower rates for to-be-synchronized music than for speech).

Keywords: tempo, music performance, endogenous rhythm, spontaneous production rates, speaking rate

One of the most compelling questions in music cognition concerns the degree of association between cognitive functions underlying music and spoken language (Peretz and Coltheart, 2003; Patel, 2008; Zatorre and Gandour, 2008). These domains share many features, in that both involve the communication of complex auditory event sequences in which timing plays a critical role. At the same time, many salient differences characterize each domain, including the fact that the rate at which syllables are produced in speech tends to be much faster than the rate at which notes or chords are produced in music (Patel, 2014; Ding et al., 2017).1 The present research addresses a related issue, whether the spontaneous production rate (SPR) at which an individual produces speech correlates with the SPR at which that same individual produces music. Spontaneous rates in speech and music refer to rates of natural (sounded) production that are spontaneously generated by participants, and are self-sustaining in the absence of any external rate cues (such as a metronome). SPRs vary considerably across individuals within domain, but show consistency within individuals across stimuli, across hand and finger movements, and across time (for speech, see Jacewicz et al., 2009; Clopper and Smiljanic, 2011; for music, see Loehr and Palmer, 2011; Zamm et al., 2015, 2016; Schultz et al., 2016). To our knowledge, no study to date has addressed whether individual differences in spontaneous production rates are correlated across the domains of speech and music, the focus of the current study.

Different theoretical frameworks lead to different predictions regarding unique or common spontaneous rates across domains. One framework proposes that the timing of music and speech rely on a common endogenous rhythm, thought to be controlled by the central nervous system. Specifically, SPRs may reflect the most stable state among possible movement trajectories, that requires the least energy to produce (Hoyt and Taylor, 1981; Peelle and Davis, 2012; Poeppel and Assaneo, 2020). Spontaneous production rates may arise from a stable limit cycle oscillator; that is, a limit cycle that generates self-sustained oscillations of a constant natural frequency. Recent research suggests that spontaneous music performance rates may be based on endogenous rhythms. Musicians perform with greater temporal precision (stability) at their individual SPR than at other rates (Zamm et al., 2018), and both musicians and non-musicians synchronize their performances most accurately with auditory stimuli whose rates match their SPR (Scheurich et al., 2018). In addition, musicians with similar SPRs in solo performance exhibit better synchronization in duet performance than do partners with different solo SPRs (Zamm et al., 2016). These results are consistent with the prediction that performances at non-SPR rates yield unstable states that are more difficult to maintain accurately and precisely. The idea that speech rates reflect an endogenous rhythm is more controversial (Cummins, 2012a; Brown et al., 2017); however, several results from speech are consistent with an oscillator framework. Speech timing in a rhythmic speech cycling task suggests that speakers segment the repeated intervals consistent with an oscillator model (Cummins and Port, 1998). Speakers also time their turn-taking during conversations to match the rate of their partner (Wilson and Wilson, 2005; Schultz et al., 2016). If SPRs in speech and music reflect the use of a common limit cycle oscillator, then SPRs may be correlated across domains. Experiment 1 tests this prediction by comparing SPRs of pianists while they spoke and performed musical melodies.

A second framework emphasizes the peripheral role of energy efficiency based on the biomechanics associated with effector systems. This second framework predicts that spontaneous rates emerge based on biomechanical constraints, and similar rates are found for spontaneous rates using effector systems that abide by the same constraints. Results consistent with this view show that the stability of a rhythmic pattern varies with the biomechanical properties of movement (e.g., Goodman et al., 2000; Loehr and Palmer, 2007, 2009; Lopresti-Goodman et al., 2008; Nessler and Gilliland, 2009). For example, multi-finger tapping tasks indicate that index fingers generate more precise timing independently of other finger movements than do ring fingers, and coarticulation effects—in which one finger's movement trajectory is influenced by prior sequential finger movements—are larger for ring fingers and smaller for index fingers (Loehr and Palmer, 2007, 2009). In order to measure timing in rhythmic tapping independent of limb biomechanics and of perceptual feedback, the Spontaneous Motor Tempo (SMT) task was developed, in which a single (index) finger is used to tap a rhythm at a consistent rate on a hard surface (in the absence of any other perceptual feedback) under simple biomechanical conditions (using the most independent finger). Whereas, studies of the SMT task have ascribed individual differences in temporal precision to factors such as musical training or beat-deafness (Scheurich et al., 2018; Tranchant and Peretz, 2020), the wide range of individual differences in mean SMT rates remains unexplained; it was proposed that individuals' specific muscle movements are responsible for mean SMT differences across individuals (Fraisse, 1978). Several studies have reported SMT values that are more consistent within individuals than across individuals (Collyer et al., 1994; Dosseville et al., 2002). We test here whether individual differences in the SMT task are correlated with individual differences in the SPR task. We predict that inter-task correlations should be largest when similar limb movements are used: SMT rates should correlate more with pianists' music performance rates than with speech rates (a speech-based SMT task has not yet been proposed, presumably due to the task goals of reduced biomechanical constraints and absence of perceptual feedback). Experiment 1 tests this prediction by comparing SMT values from pianists' index-finger tapping with SPR values in the music and speech tasks.

A third framework predicts that production rates are governed by communicative goals associated with production. As noted earlier, conversational speech timing is oriented around reliable turn-taking (Wilson and Wilson, 2005). Short, uninterrupted utterances (with no hesitations or pauses) are optimal for this kind of behavior, so that pauses do not provide false cues for one's conversation partner that lead to a disruption of turn-taking. By contrast, Western forms of most music performance reflects more lengthy sequences (turns) and a slower overall pace than speech, based on a more regular beat, in order to permit synchrony of simultaneous productions with other performers; even in the case of less constrained solo performance, temporal regularity promotes entrainment and expectancy in listeners (Jones, 2018; Savage et al., 2021). As such, the communicative goals of music making are more often oriented around collective synchrony where pauses are pre-determined so that all voices maintain their synchrony. According to this view, SPRs in speech and music may not be correlated with each other due to differences in the communicative contexts typically associated with each domain, even though production rates in each domain may be internally consistent across repeated productions. Note that this third framework is not a null hypothesis, which would be the prediction that SPRs are inherently variable and do not lead to consistent rates even within a domain. This null hypothesis is unlikely for music performance, given high consistency of SPRs found in previous work (Zamm et al., 2016; Wright and Palmer, 2020), but it is possible in speech given current debates about whether regular rhythmic organization can account for speech timing.


EXPERIMENT 1

Experiment 1 included monolingual English speakers from the University at Buffalo student community who had at least 6 years of private training on the piano. We measured participants' spontaneous production rates in three tasks: The production of sentences from memory, the production of melodies from memory (on a piano), and isochronous tapping (single-finger movements with no auditory feedback). Whereas, the music and speech production tasks included auditory feedback and measured SPRs, the tapping task included no auditory feedback and thus measured SMTs. Thus, comparisons across tasks provided an evaluation of whether associations in spontaneous rates are governed by effector systems (tapping and piano) or the use of auditory feedback (speech and piano).



METHOD


Participants

Nineteen participants from the Introductory Psychology research pool at the University at Buffalo participated in exchange for course credit. All participants were monolingual English speakers (using a standard American dialect) whose caregivers also spoke English as a primary language; participants had at least 6 years of private lessons on the piano, were in good vocal health during the session, and were able to sight-read (perform correctly without practice) a simple novel melody on the piano without errors. The mean age of participants was 19.05 years (S = 1.51, range = 18–25), and the mean years of private piano lessons was 9.08 years (S = 2.43, range = 6–14). Although participants were not fluent in any language other than English, all participants had some modest instruction in a different language (M = 6.16 years, S = 2.54, range = 2–13). Second language instruction was primarily in syllable-timed languages including Spanish (16 participants), French (4 participants), and Italian (1 participant). Two subjects also had instruction in Latin and one in German. All subjects reported having normal hearing and speech abilities.



Stimulus Materials

Stimulus materials in Experiment 1 were drawn from previous studies of rhythm perception and production. Results from previous studies demonstrated that these items yield salient rhythms representative of each domain.


Speech Task

Twelve English sentences were used as experimental stimuli whose productions had previously been shown to exhibit salient and reliable stress properties in listeners who heard recorded utterances of the sentences (Lidji et al., 2011). Each sentence comprised 13 monosyllabic high-frequency words with stress patterns based on a trochaic metrical foot (i.e., binary strong/weak alternation). Sentences were presented on a computer monitor in the center of a PowerPoint slide that was positioned ~1 m in front of the participant. For a full list of sentences, see Appendix A.



Piano Task

Four isochronous novel melodies were chosen as stimulus materials for the music task; similar to the monosyllabic structure of the speech stimuli, all tones had the same duration (quarter notes) and their performances had previously been shown to generate reliable metrical stress patterns; two melodies were taken from Goebl and Palmer (2008) and the other two were drawn from Zamm et al. (2016). All melodies were 16 notes long, notated in a binary (4/4) meter (strong/weak alternation) for performance with the right hand (treble clef); the melodies varied in musical key (A minor, F Minor, G major, C major). Melodies were presented via standard music notation on a music stand positioned ~1 m in front of the participant. Notation for each melody can be found in Appendix B.




Equipment
 
Speech Task

Participants were seated in front of an Acer S200HQL 20-inch LED computer monitor connected to a 3.6 gHz PC running Windows 10. The experiment was run using Matlab R2015a. Speech was recorded at a sampling rate of 44.1 kHz using a Shure WH30 head-mounted microphone connected through a Lexicon Omega I/O box.



Piano and Tapping Tasks

In the piano task participants performed on an electronic digital piano (Roland RD 700 SX). Sound was presented through Sennheiser HD 280 Pro headphones plugged into the digital piano. MIDI data from the digital piano were acquired via FTAP (Finney, 2001), a software program run on a Linux operating system. Auditory feedback during the piano task was based on the Grand Piano timbre setting. The tapping task used the same set-up, except the digital piano was muted so participants did not hear feedback when they pressed a piano key.




Design and Procedure

Participants completed a screening task in which they memorized a 12-tone-long novel melody in the key of C major, presented in standard music notation. Participants had 3 min to practice the melody with the notation before it was removed and they were asked to perform the melody from memory. If participants performed the melody correctly from memory (without pitch errors) then the experiment continued, otherwise participants were excused and given credit for the amount of time that they participated. Participants were informed of this requirement at the beginning of the experiment.

Following the screening task, participants completed a music background survey. Next, participants completed one trial of the tapping task. For this task, participants were seated at the muted digital piano and were asked to tap on any key on the keyboard with the index finger of their dominant hand “at a regular and comfortable pace.” The experimenter waited ~40 s (using a hand-held timer) and then signaled the participant to stop tapping.

The speech and music tasks occurred next in two separate blocks, with the ordering of speech and music tasks counterbalanced across participants. The sentences were presented to each participant in one of two random orders, one order being the reverse of the other order. The order of the four melodies were counterbalanced across participants using a Latin square design.

In the speech task, participants were seated in front of a computer screen while wearing a headset microphone. Participants viewed each sentence on the computer screen until they had it memorized, at which point they pressed any key on the computer and the visual text was removed. Participants then produced the sentence three times from memory with no instructions concerning speaking rate. Sentences were not repeated as a continuous speech stream, but rather repetitions were delineated by a pause between the end and beginning of each sentence. For this reason, we considered each individual production as representing a single trial. There were thus three recorded trials for each sentence. Trial recordings for a sentence were repeated if participants experienced a memory lapse or made any speech errors. Participants repeated this sequence for each of the 12 stimulus sentences yielding 36 trials for the speaking task, each trial comprising a single repetition of one sentence. For each participant, therefore, we recorded a total of 468 syllables (13 syllables per sentence ×3 repetitions per sentence ×12 sentences).

In the piano task, participants were seated at the electronic digital piano in front of a computer screen and they put on headphones for auditory feedback. Participants viewed each melody in music notation and were allowed to practice the melody freely. During memorization, participants practiced the melody with their right hand, using the fingering indicated on the notation (1 = thumb, 2 = index finger, etc.). Participants informed the experimenter when they believed they had memorized the melody, at which point the experimenter removed the notation. Participants then played the melody four times from memory without pausing between each repetition. These four repetitions constituted a single trial. Participants then completed two more similar trials with the same melody, yielding three trials for each melody. This procedure was repeated for each of the four melodies, yielding 12 piano trials in total with each trial comprising four repetitions of a melody. For each participant, we recorded a total of 768 notes (16 notes in a melody ×4 repetitions of a melody per trial ×3 repetitions of each trial ×4 melodies).

Next, participants completed the isochronous tapping task again, using the same instructions as before. Following the tapping task, participants completed a language background survey. Participants were then debriefed and given course credit for the time that they participated in the experiment. The experiment took ~90 min to complete.



Data Analysis

Spontaneous tempo was measured in music and speech production based on the mean inter-onset-intervals (IOIs) within each trial. For speech, syllable onsets were based on peaks in the amplitude contour that were associated with the perceptual onset of each syllable. The timing of these onsets was based on annotations made within Praat (Boersma and Weenink, 2013) and exported to text files. Twelve IOIs (13 onsets) per trial × 3 trials contributed to the mean speech measure per stimulus. For music, tone onsets were based on the timing of MIDI piano keypresses (16 tones × 4 repetitions = 64 per trial) measured by FTAP. We removed any repetition of speech or music sequences that contained errors, any IOI in between repetitions of a melody within a trial (sentences were not repeated within trials), and any IOI more than three standard deviations from the mean for that trial. The removal of these outliers led to discarding large pauses from estimates of speaking rate within trials, as is common in measures of articulation rate for speech. For tapping trials, we analyzed the first 40 IOIs (in the single trial) in the same way as for piano performance.

The primary analyses were correlations of SPRs within and across tasks. For each correlation, the parameter was participant (N = 19). Across-task correlations were based on mean SPRs across every trial for a participant and task. Within-task correlations were based on mean SPRs for a subset of trials within a task, as detailed in the Results section. Alpha corrections for comparisons across multiple correlations were carried out using the False Discovery Rate correction (FDR, Benjamini and Hochberg, 1995). Comparisons of mean SPR across tasks were carried out using repeated-measures Analysis of Variance (ANOVA), followed by Bonferroni-corrected pairwise comparisons. All statistical analyses were carried out in Rstudio version 1.2.1335 (R Studio Team, 2018), and all results reported as significant were significant following the relevant alpha correction.




RESULTS

Spontaneous tempo was measured by the mean IOI produced for each individual, averaged across stimuli and trials. Figure 1 shows the distribution of mean rates across participants for each task; each bar represents the mean IOI across stimuli and trials for a single participant and task. Participants are ordered from fastest to slowest in each graph, based on the distribution of IOIs for the piano performance task. Production rates varied considerably across individuals in each task.


[image: Figure 1]
FIGURE 1. Mean (SE) of spontaneous rate across trials using mean interonset interval (IOI) for each individual when producing melodies (top), rhythmic tapping (middle), and speech (bottom). Units are expressed in milliseconds (ms), and participants are ordered in both graphs according to their spontaneous rate in music. Note that maximum and minimum Y-axis values vary across panels to show range of individual differences.


Next, we consider how closely associated the spontaneous rates were across the three production tasks. Mean rates in Figure 1 are reproduced as scatterplots in Figure 2 across pairs of tasks (speech, piano, SMT) to illustrate these associations. Spontaneous speech rates did not exhibit a relationship with spontaneous piano rates, r(17) = 0.20, p = 0.206, shown in Figure 2A, or with tapping rates, r(17) = 0.10, p = 0.348, shown in Figure 2B. Slopes for best-fitting regression lines in each case were near zero (for piano vs. speech rate B1 = 0.04, SE = 0.05, for tapping vs. speech rate, B1= 0.02, SE = 0.04). On the other hand, spontaneous rates for piano performance and tapping (which shared effector movements) correlated significantly, r(17) = 0.43, p = 0.033.2


[image: Figure 2]
FIGURE 2. Scatterplots relating mean IOI (spontaneous rate) across piano and speech production (A), rhythmic tapping and speech production (B), and piano and rhythmic tapping production (C). Lines reflect best-fitting linear regressions; each dot = one participant's mean IOI averaged across all trials for a given task (N = 19 in each panel).


Next, we consider whether spontaneous rates exhibit regularity within a given production task. Consistency of spontaneous speech rates across the experimental session was computed by averaging the mean IOI across speech trials in the first half of the session (sentences 1–6) and correlating that average with a similar measure based on speech trials in the second half of the session (sentences 7–12). The resulting correlation, shown in Figure 3A, was significant and positive, r(17) = 0.81, p < 0.001. This is especially notable, given that different participants produced different sentences in the first and second half, based on the manipulated sentence orders. The best-fitting regression line comprised a slope of B1 =0.75 (SE = 0.13) and an intercept of B0 = 51 (SE = 29), indicating a modest amount of compression in individual differences from the first half to the second half of the session. Follow-up analyses confirmed that correlations between speech rates for individual items, based on the first and third repetition of each individual sentence, also reached significance (12 values, r ≥ 0.65 and p < 0.01 for each, see Appendix A for details).


[image: Figure 3]
FIGURE 3. Scatterplots relating mean IOI across for the first vs. second half of the session in speech production (A), piano production (B), and rhythmic tapping (C). Regression lines and parameterization as in Figure 2 (N = 19 A,B, N = 18 C).


Consistency of spontaneous rates within piano trials, shown in Figure 3B, was analyzed in the same way as for speech trials and also produced a positive and significant correlation, r(17) = 0.87, p < 0.001. Again, this consistency is notable given the manipulated order of melodies across individuals from the first to second half of the sessions. The best-fitting regression line was close to unity, with a slope of B1 =0.93 (SE = 0.13) and an intercept of B0 = 13 (SE = 68). Consistency was also found within each melody across the first and third repeated trials (see Appendix B).

Finally, tapping trials measured at the beginning and the end of the experiment (Figure 3C), which constituted just two trials, exhibited a significant positive correlation across trials, albeit smaller in size than the other two associations, r(16) = 0.62, p = 0.003. The reduced number of observations (n = 2 trials) and temporal separation between trials (beginning and end of session), along with potential interference from intervening speech and piano conditions, may have contributed to the smaller effect size found here than for consistency in piano and speech production (also, due to experimenter error, the data from one tapping trial for one participant was lost). The regression line included a slope of B1 = 0.71 (SE = 0.23) that indicated some compression, and an intercept that indicated slowing across trials (B0 = 148, SE = 167).

We also evaluated differences in spontaneous rate across tasks. These distributions are illustrated in Figure 4 using Box-Plots with individual data represented by each data point. Spontaneous rates varied significantly across tasks with a large effect size, F(2, 36) = 141.88, p < 0.001, [image: image] = 0.89, with slowest rates associated with tapping (M = 684, S = 137) intermediate for piano performance (M = 509, S = 101) and fastest for speech (M = 216, S = 22). All three pairwise comparisons were significant at p < 0.001. Variability of spontaneous rates across individuals was likewise more constricted in speech production than in piano production or tapping.


[image: Figure 4]
FIGURE 4. Boxplot illustrating differences in spontaneous rate across conditions. Individual boxplots represent the inter-quartile range (rectangle), median (dark horizontal line) and extreme scores (whiskers). Individual participant means are superimposed on box plots with random jitter along the x-axis to avoid occlusion of data points.


A potentially important factor in these analyses is the fact that the diversity of phonetic and syntactic structures in the 12 sentences may have led to lower levels of consistency among individual items than seen in the rhythmically and metrically regular musical melodies. To address this issue, we examined spontaneous rate correlations across each pair of sentences; results are shown in Table 1. One participant was missing data for two sentences; correlations involving these sentences were based on the 18 remaining participants. Although the magnitude of individual associations varied greatly, the majority of correlations were significant, with only 9 of 66 correlations (14%) failing to reach significance. Moreover, all non-significant correlations involved the same sentence (“Turn your head to look at me and tell me how you feel”). Follow-up analyses established that non-significant correlations between spontaneous rates in speaking and other tasks were not due to this single item. When the sentence “Turn your head” was excluded from the speech data, spontaneous speech rates still did not correlate significantly with spontaneous piano tempo, r(16) = 0.31, p = 0.102, or with tapping rates, r(16) = 0.12, p = 0.316. Correlations of M IOI across pairs of individual melodies for piano performance trials ranged from r = 0.66 to 0.87, with each correlation p < 0.001.


Table 1. Correlations of Mean IOI between each pair of sentences in Experiment 1.

[image: Table 1]



DISCUSSION

Experiment 1 provided evidence that participants produced a consistent spontaneous tempo within three different sequence production tasks: speech production, piano performance, and isochronous finger tapping (SMT task). Comparisons across tasks were based on shared/different auditory and motor features. Speech and piano production both involve auditory feedback, and constitute SPR tasks, whereas tapping does not. By contrast, piano and tapping tasks share a common effector system, using finger and hand movements, whereas speech uses vocal articulators.

Overall, results from Experiment 1 supported the idea that spontaneous rates reflect biophysical properties of effector systems. Production rates in piano performances correlated significantly with tapping rates, but neither of these tasks correlated with speaking rates. Significantly, individuals exhibited internal consistency within all three tasks. Spontaneous speaking rates correlated across the first and second half of the session, and even across most of the individual sentences. Thus, these findings do not suggest the absence of reliable rhythmic organization in speech. Instead, the findings suggest that speech timing may be governed by factors that are distinct from piano or tapping, consistent with the theoretical proposal that communicative goals guide temporal organization.

A potential limitation of Experiment 1 is the use of complex sentences that were less rhythmically consistent than the music or tapping stimuli. Although the sentences used in Experiment 1 were designed to be rhythmic, they also presented non-trivial memory demands, which may have prevented the emergence of salient rhythmic properties. Therefore, in Experiment 2 we simplified the speech production task in order to maximize its rhythmic properties.



EXPERIMENT 2

Experiment 2 focused on spontaneous tempo in piano and speech production tasks. Whereas, the piano stimuli in Experiment 2 were nearly identical to Experiment 1, the speech task was changed considerably to enhance similarity across these tasks and to elicit the maximum rhythmicity in speech while still retaining critical features that distinguish speech from music. First, we had participants produce shorter phrases, rather than the long sentences of Experiment 1, in order to reduce memory load that may have occluded potentially rhythmic speech patterns during production. Second, we had participants produce these phrases many times in a cyclical fashion (Cummins and Port, 1998) and we measured spontaneous rate by aggregating across these repetitions. Recent research suggests that the repetition of speech causes listeners to perceive more song-like qualities (Deutsch et al., 2011; Tierney et al., 2013, 2018; Falk et al., 2014; Vanden Bosch der Nederlanden et al., 2015). We hypothesized that repeated productions may lead to SPRs more similar to those in music performance tasks. Finally, we selected a new set of stimuli from a database of samples previously found to yield perceptual transformations from speech to song (Tierney et al., 2013).

The changes in design for Experiment 2 addressed a potential concern in Experiment 1 that the number of repetitions for each sequence differed across speech and music production. Whereas, participants in Experiment 1 produced each of 12 sentences only once per trial with three trials per sentence, those participants produced each of four piano melodies four times per trial with three trials per melody. Piano performance thus included more pattern repetition which may have stabilized timing and led to more reliable estimates of spontaneous rate. In Experiment 2, pattern repetition was better equated across piano and speech production.



METHOD


Participants

Experiment 2 was conducted at McGill University in Montréal. Nine adult bilingual pianists were recruited for this study. Participants' ages ranged from 19 to 37 (M = 22.33) and all were right-handed except for one. Linguistic criteria for inclusion were knowledge of English and French, with one of those as the first language learned (L1), no additional languages learned at the same time, and no acquisition of languages using Linguistic tones or Mora timing. Eight of nine participants were English-L1 and one was French-L1. One of the English-L1 participants considered themselves less fluent in French. Three of the English-F1 speakers reported some knowledge of additional languages that included Italian, Spanish, and Hebrew. Musical criteria for inclusion were at least 6 years of private piano instruction, and no history of neurological or hearing conditions. The amount of private piano lessons in years ranged from 8 to 15 (M = 11.56). All participants completed audiometric screening tests administered at the beginning of the experiment that showed hearing thresholds of <30 dB SPL for the 125–750 Hz range of frequencies in the musical melodies.



Stimulus Materials
 
Bilingual Dominance Scale

All participants completed the 12-item Bilingual Dominance Scale (Dunn and Fox Tree, 2009), to assess their relative usage of English and French. The scale ranges from −30 (French-dominant) to +30 (English-dominant) with 0 indicating equal dominance of the two languages. The ratings for the English-L1 participants ranged from 10 to 22 (M = 16.7) and the rating for the French-L1 participant was −19. All participants learned the L2 language by age 10 and all had some years of schooling in both English and French.



Speech Task

Four speech phrases were derived from rhythmic speech stimuli that were shown to generate the speech-to-song illusion in Tierney et al. (2013). The speech-to-song illusion occurs when repetitions of a spoken phrase cause that phrase to sound as if it were sung (Deutsch et al., 2011); such phrases have rhythmic properties that should allow easy repeated production. We modified the original phrases to further enhance ease of pronunciation by our target population. Each phrase consisted of eight syllables, with position of stress varying in location and in pattern (which could be binary or ternary). The two binary phrases included: “Cakes are good until tomorrow,” “To choose between the final two,” and the two ternary phrases included: “To convince her to change her plans,” and “The queen continued to struggle.” Further details can be seen in Appendix C.



Piano Task

The four melodies from Experiment 1 were used in Experiment 2. Two melodies were modified slightly, as shown in Appendix D. The fingering in measure 2 of melody 2 was altered to promote more fluent production, and the key of melody 4 was changed to enhance the diversity of the melodies' frequency range. Further details can be seen in Appendix D.




Equipment
 
Audiometric Screening

Participants performed a hearing screening with a Maico MA40 audiometer.



Speech Task

Sentences were presented on a Dell 2408WPFb Monitor and utterances were recorded at 44.1 kHz by a Shure Beta 54 head-mounted microphone and sent to a MOTU 828 MKII audio interface and recorded to computer.



Piano Task

Participants performed melodies on a Roland RD-700NX keyboard, with keystrokes recorded via MIDI signals by FTAP (Finney, 2001) on a Dell Precision T3600 PC running Linux (Fedora 18; Raleigh, NC). Participants listened to live feedback of their performances through AKG K71 headphones, and a tone generator (Roland SD-50) using a piano timbre (GM2 sound bank) was used to produce the sounds from the key presses on the keyboard.




Design and Procedure

During each testing session, participants were briefed with consent forms that outlined the experimental procedure. Participants then completed screening tasks to determine that they met eligibility requirements. First participants underwent an audiometry screening test. Next, participants completed a piano sight-reading memory task similar to Experiment 1, to ensure their ability to memorize from music notation.

Following successful completion of the initial hearing screening and memory tests, participants completed a speech task and a music task, with the ordering of these tasks counterbalanced across participants. Both the order of sentences and the order of melodies were counterbalanced across participants according to a Latin Square.

Speech production trials began by presenting participants with a phrase on a computer screen which they were asked to memorize. When they indicated that they had memorized it, the phrase disappeared and the participant was asked to produce it from memory. Following word-perfect memorization, participants repeated the phrase eight times without stopping to complete a single trial. Participants were instructed to speak at a comfortable and consistent rate of production, to speak into the microphone, and to repeat the phrase as if they were speaking to someone who didn't understand what was said, or as if they were speaking to an automatic voice recognition program. The experimenter gave verbal instructions to begin and end each trial so that participants did not have to keep track of the number of repetitions. Following a practice trial, participants completed three successive trials for each phrase. Thus, there were 12 recorded speech trials per participant (3 per phrase), with each trial comprising eight repetitions of the phrase. For each participant, we recorded a total of 768 syllables (8 syllables per phrase ×8 repetitions of a phrase per trial ×3 repetitions of each trial ×4 phrases).

Piano performance trials were structured similarly to Experiment 1, and to the speech trials of Experiment 2. Upon presentation of a melody in music notation, participants were given time to practice the melody in order to commit it to memory. Following pitch-perfect accuracy of performance without the notation, participants began the trials. Each trial consisted of four repetitions of each melody performed without pausing between repetitions. During each trial, participants were instructed to perform at a comfortable and consistent rate and to repeat the melodies without pauses between repetitions. When the participant had performed the four repetitions, the computer stopped producing audio feedback, indicating that the trial was over. Three successive trials of four repetitions each were performed for each melody. As in the speech task, we recorded 12 piano performance trials per participant. For each participant, we recorded a total of 768 notes (16 notes in a melody ×4 repetitions of a melody per trial ×3 repetitions of each trial ×4 melodies), the same number as in Experiment 1.

Between speech and music tasks, participants completed questionnaires about their musical background and bilingual dominance (Dunn and Fox Tree, 2009). Questions regarding musical background included number of years playing piano, number of years of private instruction on the piano, number of hours per week currently playing piano, description of ensemble work, and a self-rating of sight-reading ability. Questions of bilingual dominance included which language the participant first learned, age at which the participant first felt comfortable speaking English and French, the language predominantly spoke at home, number of years of schooling in French and English, and loss of fluency in any language.

Following completion of the speech and music tasks and the questionnaires, the participants were debriefed on the details regarding the experiment and were given the opportunity to ask questions. Participants received a nominal fee for their participation in the study. The entire experiment lasted ~1 h.



Data Analysis

Data in Experiment 2 were analyzed in the same way as in Experiment 1. Unlike Experiment 1, spoken phrases were repeated multiple times in a trial. Therefore, we removed all IOIs that elapsed between repetitions of a phrase.




RESULTS

We first assessed the range of spontaneous rates (measured by mean IOI) within speech and piano tasks. Figure 5A shows the mean IOI ordered across participants from fastest (left) to slowest (right) music IOI. Figure 5B shows the speech rates for the participants, ordered the same as for the music rates.


[image: Figure 5]
FIGURE 5. Mean IOI (SE) of spontaneous rates by individual for melodies (A) and speech (B). Units are expressed in milliseconds, and participants are ordered in both graphs from fastest to slowest spontaneous rates in the music task. Note that y-axis limits vary to show range of individual differences. Participant #8 was the French L1 participant.


Next we evaluated the association between spontaneous rates of speech and music, shown as a scatterplot in Figure 6A. As in Experiment 1, the resulting correlation was not significant, r(7) = −0.06, p = 0.562, with a slope near zero B1 = −0.02 (SE = 0.11).


[image: Figure 6]
FIGURE 6. Scatterplots of mean IOI across speech and piano tasks (A), within speech (B) and within piano (C) for bilingual speakers (N = 9 each panel). The darkened data point highlights the French L1 participant.


Consistency of spontaneous speech rates across the experimental session was computed by averaging the mean IOI across speech trials in the first six trials (phrases 1–2) and correlating that average with a similar measure based on speech trials in the second six trials (phrases 3–4). No differences as a function of binary vs. ternary metrical organization in speech trials was apparent, and so we averaged across this factor for all analyses reported here. The resulting correlation, shown in Figure 6B, was significant and positive, r(7) = 0.81, p = 0.004. The best-fitting regression line comprised a slope of β1= 0.72 (SE = 0.20) indicating a modest amount of compression in individual differences from the first half to the second half. Follow-up analyses confirmed that consistency in spontaneous rates also held at the level of individual items, using correlations of spontaneous rates between the first and third trials for each individual phrase (phrase 1 r = 0.89, phrase 2 r = 0.97, phrase 3 r = 0.88, phrase 4 r = 0.93, each p < 0.01).

Consistency of spontaneous rate was computed across piano trials 1–6 and trials 7–12 (Figure 6C) and likewise yielded a significant positive correlation, r(7) = 0.96, p < 0.001, with a slope at unity B1 = 1.02 (SE = 0.11). This correlation held at the level of individual items. It is worth noting that the single French-dominant participant, highlighted by a darkened center circle in Figure 6, was not an outlier for either of these within-task correlations. Similar to speech, correlations across the first and third trials for individual melodies were significant (melody 1 r = 0.92, melody 2 r = 0.98, melody 3 r = 0.96, melody 4 r = 0.88, each p < 0.01).

We next compared the mean IOIs across tasks. Similar to Experiment 1, mean IOIs for speech were significantly faster (M = 223, S = 33) than mean IOIs for piano (M = 378, S = 108), t(8) = −4.04, p = 0.004 (Student's t), as shown in Figure 7. Like Experiment 1, variability of spontaneous rates across individuals was more constricted in speech production than in piano production.


[image: Figure 7]
FIGURE 7. Boxplot illustrating differences in spontaneous rate across conditions. Individual boxplots represent the inter-quartile range (rectangle), median (dark horizontal line), and extreme scores (whiskers). Individual participant means are superimposed on box plots with random jitter along the x-axis to avoid occlusion of data points.


One motivation for Experiment 2 arose from differences in the consistency of SPRs across the complex speech items used in Experiment 1 (see Table 1), which may have added noise to the measure of spontaneous tempo. We conducted a similar analysis of correlations across individual phrases within participant for Experiment 2. Results are shown in Table 2. As can be seen, every individual item was produced at a rate that correlated significantly with the rate of every other item. The intercorrelations among stimuli based on a similar stress pattern (binary or ternary) were higher (M = 0.865) than among stimuli with different stress patterns (M = 0.745), although this difference was not significant (p = 0.54, test of independent r's). Correlations of M IOI across pairs of individual melodies for piano performance trials ranged from r = 0.77 to 0.95, with each correlation p < 0.001. In sum, Experiment 2 replicated the results of Experiment 1 with simpler rhythmic speech stimuli.


Table 2. Correlations of Mean IOI between each pair of sentences in Experiment 2.
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Associations of mean IOI across different spoken utterances may reflect the use of a stable timekeeping mechanism; or they could reflect a central tendency for the timing of individual events that are themselves produced with inconsistent (e.g., randomly varying) timing across utterances. We therefore analyzed the contrastive stress timing of syllables using the normalized pairwise variability index, or nPVI (Grabe and Low, 2002), which measures the mean absolute difference between pairs of IOIs, standardized by the overall time interval formed by each pair. Because each phrase in Experiment 2 had a distinct metrical structure, we focused on correlations within each sentence that compared mean nPVI across the first and third trials for a given phrase. These correlations were positive and significant at p < 0.01 for each phrase (phrase 1 r = 0.93, phrase 2 r = 0.95, phrase 3 r = 0.83, phrase 4 r = 0.98). The consistency in the amount of contrastive stress used across different productions of a phrase provides further evidence that speech timing in Experiment 2 was based on a stable rhythmic organization.


Results for Combined Experiments

Finally, we aggregated data sets across Experiments to address how consistent the results were from two speaker samples (monolingual/bilingual) tested with different speech stimuli (complex/simple). We focused on correlations within and across domains for mean IOIs in speech and piano production. As shown in Figure 8, the results across experiments were highly consistent, and both data sets fall on a common slope. Correlation of SPRs across domains (Figure 8A) yielded a regression line that was virtually flat, r(26) = 0.01, p = 0.478. By contrast, within-task correlations yielded significant positive correlations for speech production, r(26) = 0.80, p < 0.001 (Figure 8B), and piano performance, r(26) = 0.92, p < 0.001 (Figure 8C).


[image: Figure 8]
FIGURE 8. Scatterplots of mean IOI between speech and music (A); within speech (B) and within piano (C), including data from both Experiment 1 (blue) and Experiment 2 (red). Each dot represents one participant (N = 28 each panel).


We also analyzed the results shown in Figure 8 using the Bayes Factor criterion (Rouder et al., 2009), an estimate of how much support a result provides for both the null and the alternative hypotheses. Sample sizes in the present studies were relatively small due to the difficulty of recruiting participants matching the substantial criteria for inclusion (with restrictions based on both musical experience and language background). Bayesian statistics do not make the same assumptions as frequentist statistics about sample size and thus offer a useful validation check (Kruschke, 2010). Using the correlation BF function from the BayesFactor package in R Studio (Morey et al., 2009), the Bayes factor criterion for the likelihood of the alternative hypothesis (positive linear correlation) over the null (no correlation) was over 1,000 for within-task correlations (Figures 8B,C), whereas the likelihood of the null over the alternative hypothesis approached zero. Thus, the Bayes Factor results indicated considerable support for the positive linear correlations within speech and music rates. By contrast, the Bayes factor for the likelihood of the alternative hypothesis over the null was BF = 0.225 for the correlation across speech and music (Figure 8A), with the inverse BF = 4.41. We therefore found modest support for the lack of correlation in spontaneous rates across tasks (Rouder et al., 2009).




DISCUSSION

Experiment 2 replicated the primary findings from Experiment 1 with bilingual speakers and shorter sentences: strong within-participant consistency in spontaneous rates for speech and music, and no association in spontaneous rates across domains. As in Experiment 1, syllables were produced at a faster rate than were successive notes in piano performances. The rhythmically consistent English speech stimuli used in Experiment 2 yielded greater consistency in bilingual English/French speakers' SPRs than was found in Experiment 1, yet this increased regularity was limited to associations across speech trials and did not affect associations across speech and music production.



GENERAL DISCUSSION

Musically trained individuals—both monolingual (Experiment 1) and bilingual (Experiment 2) English speakers—exhibited consistent SPRs within the domains of speech and music. Each individual's spontaneous speech rate was found to be consistent across utterances, and their spontaneous musical tempo was consistent across melodies. However, the SPRs did not correlate across domains. We evaluate these results in light of the theoretical frameworks described in the introduction.

One theoretical perspective proposed that spontaneous rates originate from an endogenous rhythm, based on the stable state of a central limit cycle oscillator (McAuley, 1995; Large and Jones, 1999; Large and Palmer, 2002; Jones, 2018). The consistency of SPRs within each domain is consistent with this view; however, the lack of correlation across speech and music domains suggests that those SPRs cannot be accounted for by a single centrally controlled limit-cycle oscillator. It is possible that SPRs for music and speech reflect stable temporal states, but are not based on a single common referent. Nevertheless, it is important to underscore the theoretical importance of our finding that both speech and music SPRs are highly consistent within individuals. Experiment 2 further demonstrated that speakers consistently vary patterns of stress within an utterance. Speech timing does seem to reflect the use of a consistent rhythmic framework, as in music, although the stable state for speech rhythms appears to be independent of that for music.

The fact that piano SPRs correlated significantly with SMTs from isochronous tapping and not with speech SPRs converges with the theoretical perspective that spontaneous rates reflect biomechanical constraints within an effector system (Bernstein, 1967; von Holst, 1973; Haken et al., 1985; Kelso, 1995). Limb-specific anatomical and biomechanical constraints influence timing; for example, the timing of leg movements in walking is thought to be determined by natural motor resonances of specific limbs, which are related to physical characteristics such as limb length and weight (Goodman et al., 2000; Nessler and Gilliland, 2009). Pianists' finger and hand movements are similarly influenced by interdependences in shared muscles and tendons that affect timing of sequential movements in ways similar to coarticulation effects in speech (Loehr and Palmer, 2009; Goebl and Palmer, 2013). The fact that tapping rates were significantly slower than piano SPRs, yet significantly correlated, is consistent with findings that repetitive single-finger actions of the SMT task do not permit coarticulation (preparatory finger movements for the next element) as do SPR tasks. Consistent with this, Scheurich et al. (2018) found correlations between the size of pianists' wrist ulna (itself correlated with the physical frame size of a participant) and participants' single-finger tapping rates, but not with multi-finger piano performance rates.

The dissociation of reliable differences in piano and speech SPRs is consistent with the framework that SPRs reflect the communicative goals associated with a given domain. In particular, the slower rates of music SPRs than speech SPRs may reflect the demands of synchronicity in the music domain that require significant motor planning in order to synchronize tone onsets, a commonality that is rarely found in the speech domain. Consistent with this claim, we observed high consistency in preferred production rates in the piano task, and average spontaneous rates across participants displayed a large range of tempi. By contrast, speech SPRs, although just as consistent, did not display as wide a range of individual differences. This may be related to the need to engage in rapid and efficient speech that is unconstrained by simultaneous synchronization processes.

It is possible to reconcile these theoretical accounts of production rate differences in speech and music. The biomechanical constraints of different effector systems may reflect different endogenous oscillators with different natural frequencies. For example, speech tempo measures may indicate that the vocal apparatus operates with a high (fast) resonance or natural frequency (van Lieshout, 2017), relative to the effector systems used for music performance and index-finger tapping. In this view, endogenous rhythms are still at play, but instead of a single limit-cycle oscillator, multiple coupled oscillators with different resonance frequencies are associated with different effector systems. For example, Peper et al. (2004) proposed a bidirectional coupling between a limit cycle oscillator at the neural level and oscillators at the effector level, that accounted for resonance frequency differences in interlimb coordination. Several investigations of multi-limb movements have employed mathematical models of coupled oscillators, with each oscillator reflecting natural frequencies associated with different effector movements (Kelso and Jeka, 1992; Fuchs et al., 1996). The unique communicative goals of speech and music behaviors may be served by different resonance frequencies and couplings among the different effector systems.

Further investigation of the role of effectors would come from an analysis of SPRs in singing vs. speaking, which we plan to pursue in future research. The present study compared speaking and piano performance as an initial step for several reasons. First, we wanted to compare tasks representative of music and spoken language whose rhythmic properties have been validated in previous studies. That was the case for stimuli used here. Second, we wanted participants to generate patterns based on visual prompts that were not associated with prior auditory examples. Sight reading on the piano is a well-practiced task for individuals with piano training, whereas singing from notation can be very difficult, even for individuals with formal singing training. Although singing a familiar song from memory offers a method of singing that is free of sight reading demands, this type of task can be associated with specific heard examples and tempos which would influence participants' chosen production rates. Finally, we wanted to select participants with formal training to avoid measuring disfluencies. It is easier to find participants with formal training on the piano than formal training in singing (which is usually learned implicitly).

One limitation of the present research was in the use of scripted speech for measuring speech SPRs, which may not reflect SPRs for extemporaneous speech. However, there are advantages of studying rates of memorized speech over extemporaneous speech. First, extemporaneous speech typically involves bouts of production that alternate with pauses used to plan future utterances. These pauses reflect memory retrieval and planning rather than temporal organization of production, and thus may not directly measure an endogenous rhythm. Additionally, extemporaneous speech often contains disfluencies or changes in planned utterances that disrupt timing and are difficult to identify as errors or intentions. Scripted speech avoids such problematic epochs in a data set. Finally, due to controlled phonetic and syntactic structures, scripted speech avoids the possibility that these sources of variability may contribute to SPRs for different participants (Jacewicz et al., 2009).

In conclusion, two experiments measured spontaneous production rates with different speaker populations and different speech stimuli, and produced strongly converging results. First, both monolingual and bilingual individuals exhibited highly consistent SPRs both while speaking and while performing the piano, showing some evidence for endogenous rhythms that transcend specific sequences and time (experimental duration). Second, SPRs in speech and music were independent of each other. Finally, spontaneous rates of tapping and of music performance (both based on finger movements) were correlated. Timing of speech and music may reflect different uses of effector systems and communicative goals, leading to distinct SPRs, while productions within both domains exhibits a consistent rhythmic basis.
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FOOTNOTES

1In most frameworks, syllables are considered to be the rhythmic unit underlying non-Mora timed languages (but see Cummins, 2012b; e.g., Peelle and Davis, 2012; Poeppel and Assaneo, 2020), and thus roughly analogous to notes and chords in music. At the same time, temporal organization is clearly complex and multi-leveled in each domain.

2The two tapping trials occurred at the beginning and end of the session. Whereas the correlation of spontaneous rates from piano correlated significantly with the tapping trial at the end of the study, r(16) = 0.41, p = 0.047, the correlation with the tapping trial at the beginning of the session fell short of significance, r(16) = 0.34, p = 0.081.
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Musical rhythm abilities—the perception of and coordinated action to the rhythmic structure of music—undergo remarkable change over human development. In the current paper, we introduce a theoretical framework for modeling the development of musical rhythm. The framework, based on Neural Resonance Theory (NRT), explains rhythm development in terms of resonance and attunement, which are formalized using a general theory that includes non-linear resonance and Hebbian plasticity. First, we review the developmental literature on musical rhythm, highlighting several developmental processes related to rhythm perception and action. Next, we offer an exposition of Neural Resonance Theory and argue that elements of the theory are consistent with dynamical, radically embodied (i.e., non-representational) and ecological approaches to cognition and development. We then discuss how dynamical models, implemented as self-organizing networks of neural oscillations with Hebbian plasticity, predict key features of music development. We conclude by illustrating how the notions of dynamical embodiment, resonance, and attunement provide a conceptual language for characterizing musical rhythm development, and, when formalized in physiologically informed dynamical models, provide a theoretical framework for generating testable empirical predictions about musical rhythm development, such as the kinds of native and non-native rhythmic structures infants and children can learn, steady-state evoked potentials to native and non-native musical rhythms, and the effects of short-term (e.g., infant bouncing, infant music classes), long-term (e.g., perceptual narrowing to musical rhythm), and very-long term (e.g., music enculturation, musical training) learning on music perception-action.
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INTRODUCTION

Musical rhythm abilities involve the perception of and coordinated action to the rhythmic structure of music—structures that vary in their complexity across cultures. How do humans develop the ability to coordinate perception-action to musical rhythms? How do infants and children acquire knowledge about culture-specific rhythmic structures? What mechanisms and processes might explain developmental changes in musical rhythm abilities over the lifespan? Are there general dynamical principles that can explain the development of musical rhythm across different scales of organization (e.g., neural, behavioral, social) in the organism-environment system? Over the last several decades, research on musical rhythm development has illuminated several features regarding the ontogenetic origins of musical rhythm: prenatal learning, postnatal developmental plasticity of musical rhythm, biases for and constraints on musical rhythm perception and action, the effects of social context on rhythm abilities, and continued lifespan development. Despite this growing characterization of typical developmental trajectories, little research has investigated developmental mechanisms or processes that might explain these features of musical rhythm development. In the current paper, we introduce a theoretical framework for modeling key aspects of rhythm development that makes explicit claims about the developmental mechanisms underlying rhythm ontogeny. The framework, based on Neural Resonance Theory (NRT), explains rhythm development in terms of resonance and attunement. These constructs are formalized using a general theory of non-linear resonance that is implemented in self-organizing networks of neural oscillations to explain developmental plasticity and biases for rhythm perception and action. We discuss how these oscillatory neural networks can be employed to model developmental changes in musical rhythm abilities and highlight some recent implementations of NRT that have modeled key aspects of music development. Finally, we conclude by suggesting that the NRT framework can be used to generate and test empirical predictions on rhythm development, such as the kinds of native and non-native musical rhythmic structures infants and children can learn, steady-state evoked potentials to native and non-native musical rhythms, and the effects of short-term (e.g., infant bouncing, infant music classes) and long-term learning (e.g., music enculturation, musical training) on music perception-action.



THE STRUCTURE OF MUSICAL RHYTHM

Music is a high-level cognitive capacity that exists universally across human cultures. Similar to the structural underpinnings of language (e.g., linguistic syntax), music has an abstract, rhythmic-harmonic structure that is thought to convey socio-affective meaning (Lerdahl and Jackendoff, 1983; Patel, 2010). At a fundamental level of organization, musical events (e.g., notes, chords) are arranged, accented, and sustained across time through the organizing principles of rhythm and meter. Musical rhythm refers to patterns of stress and timing of individual acoustic events, while musical meter reflects the organization of musical events on multiple, hierarchically nested timescales. At the principal level in the hierarchical organization, music has a basic beat, the tactus, often described as an underlying pulse of a musical work (Cooper and Meyer, 1963; Lerdahl and Jackendoff, 1983; London, 2004; Large et al., 2015). The beat, while not necessarily the slowest or fastest rhythmic component of a musical work, is often the most perceptually salient level of metrical organization—the level at which listeners and dancers behaviorally entrain to music, such as tapping their feet or nodding their heads. Additionally, musical meter reflects alternating patterns of strong-and-weak beats, such that some beats are physically or perceptually accented relative to other (Cooper and Meyer, 1963; Lerdahl and Jackendoff, 1983; London, 2004; Large et al., 2015). Finally, music also contains faster events (London, 2004; Large et al., 2015), collectively called “rhythmic patterns” or “rhythmic groups,” that reflect the relative durations between auditory events, and, importantly, the perceptual grouping of these events (Cooper and Meyer, 1963).

While rhythm and meter are prominent, if not universal structures of music, these structures do vary across cultures in systematic ways. In Western music, beats are commonly grouped into units of twos, threes, or fours, forming duple, triple, or quadruple meters, respectively. For instance, a waltz has a triple-metered beat pattern of strong-weak-weak. This patterning creates a robust 1-2-3 feel, with emphasis felt on beat position 1 in the larger three-beat grouping. Strong beat positions are called the “down beat,” such as beat position 1 in a waltz, while weak beat positions are called the “off beat,” such as beat positions 2 and 3 in a waltz. Further, Western music is typically characterized by even and periodic temporal relationships between strong beats which are usually denoted by simple integer ratios (e.g., 1:1 or 2:1). In the time domain, this often reflects evenly spaced accented beats called isochronous meters (e.g., a 500-ms temporal interval between beat 1 and beat 2, a 500-ms temporal interval beat 2 and beat 3, and so on; exhibiting a 1:1 integer ratio between beats at the same metrical level). Non-Western music, however, particularly the music of Eastern Europe and the Balkan regions, often contains metrical structures in which beats, usually at the tactus level, are unevenly spaced, referred to as non-isochronous meters (London, 2004). These metrical structures include relatively more complex ratios between beats, such as 3:2 (e.g., a 750-ms temporal interval between beat 1 and beat 2, a 500-ms temporal interval between beat 2 and beat 3, exhibiting a 3:2 ratio between beats) (London, 2004; Ullal-Gupta et al., 2014).



DEVELOPMENTAL CHANGES IN MUSICAL RHYTHM

Over the course of ontogeny, the perception and action of musical rhythm undergo remarkable developmental change (Ullal-Gupta et al., 2013; Provasi et al., 2014; Hannon et al., 2018). Beginning with the maturation of the cochlea and the central auditory system (Lahav and Skoe, 2014), the human fetus begins to respond to prominent auditory-rhythmic structures originating from the extra-uterine environment, such as the prosodic information of speech and music (Ullal-Gupta et al., 2013). Both physiological and behavioral recordings taken of the fetus and newborn indicate that learning the structure of exogenous auditory-rhythmic inputs likely starts in utero, particularly during the final trimester of prenatal development (DeCasper and Fifer, 1980; DeCasper and Spence, 1986; Fifer and Moon, 1994; Sansavini, 1997; Giovanelli et al., 1999; James et al., 2002; Kisilevsky et al., 2003, 2004; Granier-Deferre et al., 2011b). Changes in fetal heart rate and movement patterns, for instance, suggest that fetuses already are sensitive to the rhythmic structure of exogenous auditory stimuli (Granier-Deferre et al., 2011b), even recognizing familiar passages of music heard in the womb (Hepper, 1991; Kisilevsky et al., 2004). This initial sensitivity to and recognition of familiar rhythmic patterns, during prenatal development, has been found to persist into postnatal development: newborns respond to and recognize familiar musical themes initially heard in utero for days and several weeks into postnatal life, suggesting that human fetuses and newborns retain information about the rhythmic structure of external auditory inputs at least over a short time span (Hepper, 1991; Granier-Deferre et al., 2011a).

The results from these studies strongly suggest that experiences related to ontogeny of musical rhythm occur even prior to birth. In addition to prenatal experience with exogenous rhythms, musical rhythm development may also involve non-obvious forms of rhythmic stimulation. For instance, several theorists has proposed that experience with rhythmic sounds endogenous to the intrauterine environment (e.g., the maternal heart beat) (Ullal-Gupta et al., 2013; Teie, 2016; Parncutt and Chuckrow, 2019) and vestibular stimulation arising from maternal movements (Provasi et al., 2014; Rocha et al., 2020) may influence early developmental trajectories of rhythmic abilities. Indeed, many intrauterine biological sounds (Murooka et al., 1976; Busnel, 1979), such as maternal cardio-vascular and respiratory sounds, are inherently rhythmic. The maternal heartbeat, for instance, is a prominent rhythmic stimulus in the womb (Querleu et al., 1988) that could provide the fetus with its first sense of pulse (Ullal-Gupta et al., 2013; Teie, 2016). In support of these theories, accumulating evidence indicates that prenatal experience with endogenous rhythmic sounds promotes typical neural and behavioral development of the fetus and newborn (DeCasper and Sigafoos, 1983; Doheny et al., 2012; Lahav and Skoe, 2014; Webb et al., 2015), including the development of auditory cortex (Webb et al., 2015). Prenatal experience with non-obvious forms of rhythmic stimulation, thus, may be important for the development of neural and physiological systems which support later rhythm development. However, to our knowledge no study has empirically linked prenatal experience with endogenous rhythmic sounds to aspects of rhythm development.

Thus, findings regarding auditory-rhythm learning during fetal development suggest that rhythmic abilities which emerge at or near birth may reflect prenatal learning mechanisms that operate over extra-uterine auditory-rhythmic inputs (e.g., music, speech), and, possibly, non-obvious forms of rhythmic stimulation (e.g., maternal heartbeat, vestibular stimulation from maternal movement). Even at early stages of postnatal development, newborn and young infants already display a remarkable range of rhythmic abilities. For example, some evidence suggests that newborns actively anticipate and predict the beat of musical rhythms (Winkler et al., 2009). Using an event-related potential (ERP) paradigm, Winkler et al. (2009) measured newborn infants’ brain responses [e.g., the mis-match negativity (MNN) response] to rock drum beats with an omitted rhythmic event that either occurred on a theoretically weak beat position (e.g., beat position 2, the “off beat”), or theoretically strong beat position (e.g., beat position 1, the “down beat”). The MMN evoked by the omission of the strong beat position was found to have a larger response amplitude in the MMN, suggesting that human newborns actively anticipate musical beats. Further, newborns, at 2 months of age, and young infants, at 5 months of age, can discriminate between contrasting auditory rhythms (Chang and Trehub, 1977; Demany et al., 1977) and detect temporal disruptions to auditory rhythms (Otte et al., 2013), indicating that basic, perceptual mechanisms of rhythmic grouping have already developed by early infancy. Older infants, at 6 and 12 months, also discriminate contrasting auditory rhythms, though there may be age-related changes in the kinds of cues (e.g., absolute and relative timing cues) that younger and older infants use to do so (Morrongiello, 1984).

Despite the ability of younger and older infants to perceptually group auditory events into rhythmic patterns, they rarely produce synchronized movements to musical rhythm. Rather, the ability to behaviorally entrain to musical rhythm, an ability called sensorimotor synchronization (SMS) (Repp, 2005; Repp and Su, 2013), follows an extended developmental trajectory across infancy, childhood, adolescence, and adulthood (Drake et al., 2000; Eerola et al., 2006; McAuley et al., 2006; Kirschner and Tomasello, 2009, 2010; Zentner and Eerola, 2010; Kirschner and Ilari, 2014; Ilari, 2015; Yu and Myowa, 2021). A few studies have attempted to assess SMS during infancy (Zentner and Eerola, 2010; Fujii et al., 2014; Ilari, 2015), but only one study has found that, in rare cases, young infants will spontaneously move and synchronize their movements to the rhythmic structure of music (Fujii et al., 2014). In a sample of 3- and 4-month-old infants, Fujii et al. (2014) reported two infants who were able to synchronize leg and arm movements to the rhythmic structure of musical stimuli. On average, however, the young infants in this study did not move more frequently or synchronize to music, relative to a control condition of silence. Unlike young infants, older infants (Zentner and Eerola, 2010; Ilari, 2015; Rocha and Mareschal, 2017), beginning around 5 months, do spontaneously move to music and flexibly adjust their rate of movement to track changes in musical tempo. Zentner and Eerola (2010) investigated developmental changes in infants’ and toddler’s spontaneous movement to recordings of natural music, rhythm percussion stimuli (e.g., programmed, isochronous drum beats), and natural speech. Infants and toddlers from 5- to 24-months, sampled in a cross-sectional design, all moved more rhythmically to naturalistic music and percussive stimuli relative to speech stimuli. Moreover, infants, in response to music, modulated their bodily movement to mirror tempo fluctuations that occurred in the natural music stimuli (i.e., increasing or decreasing bodily movements when presented with musical tempo changes). However, these movements were not synchronized to the auditory stimuli. Another study conducted with a sample of 2- to 4-year-old children reported similar findings (Eerola et al., 2006). Using a similar paradigm, children were encouraged to move to music naturally. Similar to the infants’ performance, children’s rhythmic movements to music were, in general, not synchronized to the beat of the musical stimuli. Moreover, unlike infants’ adjustment in rhythmic movements to tempo changes, children’s movements did not adjust to tempo changes (Eerola et al., 2006).

Beyond infancy, sensitivity to rhythmic structure continues to develop during older childhood, adolescence, and late adulthood (Wilson et al., 1997; Thompson et al., 2015; Einarson and Trainor, 2016; Nave-Blodgett et al., 2020). For instance, at both 7 and 9 years of age, children can categorize rhythms as either adhering to a metrical structure or not (Wilson et al., 1997). However, Wilson et al. (1997) reported that this classification ability was stronger in a sample of 9-year-olds relative to 7-year-olds, suggesting there may be age-related changes in children’s perception of musical meter. Moreover, when asked to discriminate between rhythms within a metrical category (e.g., metrical rhythm vs. metrical rhythm, non-metrical rhythm vs. non-metrical rhythm), children’s performance was much worse than discriminating across metrical categories (Wilson et al., 1997), indicating that rhythm and meter development may reflect different ontogenetic trajectories. Consistent with this, Nave-Blodgett et al. (2020) found that adults, but not children or adolescents, were able to simultaneously track two distinct metrical levels of musical stimuli (e.g., both beat and meter levels). Further, while young children exhibited some sensitivity to the beat level, they were not sensitive to the measure level in music, like adults. Together, these studies indicate that rhythm and meter perception continue to develop through adulthood.

Similarly, the development of SMS also undergoes age-related changes during childhood and adulthood. Around the age of five and six, children begin to produce overt, synchronized movements to exogenous rhythms, such as music (Drake et al., 2000; Volman and Geuze, 2000; McAuley et al., 2006; Thompson et al., 2015; Nave-Blodgett et al., 2020). This behavior, however, is not ubiquitous across all rhythmic stimuli. In a cross-sectional study, Drake et al. (2000) investigated the ability of children, aged 4 to 10 years, to synchronize to a musical recording of Ravel’s Bolero, isochronous auditory beats, and auditory rhythmic stimuli. Interestingly, children, at all ages, were found to synchronize to Ravel’s Bolero (i.e., a ceiling effect across all ages). However, synchronization to isochronous beats and rhythmic stimuli increased as a function of developmental age (Drake et al., 2000). Another study found that the ability to flexibly adapt SMS across a range of rhythmic timescales follows a non-linear trend over the lifespan: McAuley et al. (2006) calculated a measure of entrainment flexibility in cross-sectional samples of human participants that spanned the human lifespan from childhood to late adulthood and found that the measure followed a quadratic trend, indicating that the range of entrainment is initially narrow, widens throughout mid-life, and then narrows near the end of the lifespan (McAuley et al., 2006).

In addition to age-related changes in synchronization to musical rhythm, cultural and socialization contexts are also believed to modulate rhythm abilities (Kirschner and Tomasello, 2010; Kirschner and Ilari, 2014; Yu and Myowa, 2021). For instance, Kirschner and Ilari (2014) investigated whether children’s synchronization to musical rhythms in various social contexts (e.g., with an experimenter visible, an experimenter hidden, or in solo) would influence subsequent prosocial behavior. While the authors predicted that entrainment in more interactive social contexts, such as drumming along with a visible experimenter, would engender pro-social behavior, the researchers found no effect of social context. Interestingly, however, cross-cultural differences in rhythmic synchronization emerged: In samples of German and Brazilian 3-year-old children, Brazilian children synchronized spontaneously to a musical drum better than German children. In follow-up parental interviews, the children in the Brazilian sample had a greater history of musical activities relative to the German children, indicating a possible effect of culture on rhythm synchronization. Relatedly, several studies have demonstrated that infants’ and young children’s rhythmic behavior is influenced by the presence of a social partner: for instance, older infants are more likely to adjust the tempo of their movements (Rocha and Mareschal, 2017) and young children are more likely to synchronize to the beat of music (Kirschner and Tomasello, 2010; Kirschner and Ilari, 2014), in the presence of another social partner. Rhythm development, thus, may be influenced by cultural and socialization processes (Kirschner and Ilari, 2014).

Similar to the longitudinal development of SMS across the lifespan, an individual’s preferred intrinsic tempo, operationally defined as the spontaneous motor tempo (SMT) (i.e., the rate of tapping in the absence of a reinforcing, external rhythm) or the preferred perceptual tempo (PPT) (i.e., preference for stimulus presentation rates), also undergoes drastic change over the lifespan (Bobin-Bègue and Provasi, 2005; McAuley et al., 2006; Rocha et al., 2020). Given the fine-grained sensorimotor demands of SMT tasks, such as tapping experiments, research has generally studied age-related changes in preferred tempo beginning with childhood, overlooking infancy. [Though, see recent work from Rocha et al. (2020)]. In a large sample spanning the human lifespan (age 4–75+ years), McAuley et al. (2006) found that intrinsic tempo, as measured by SMT and PPT, declines across childhood, adulthood, and late adulthood: For instance, young children (4–7 years of age) were found to have an SMT at ∼300 ms (∼3.3 Hz), while older children exhibited an SMT around ∼520 ms (∼2 Hz). Further, adults preferred a spontaneous tapping rate at ∼630 ms (∼1.6 Hz), while the older adults preferred to spontaneously tap at ∼650 ms (∼1.5 Hz). Collectively, these data indicate preferred tempo decreases in frequency, beginning in early childhood and continuing through late adulthood.


Developmental Plasticity of Musical Rhythm

As rhythm abilities begin to emerge during development, they become functionally specialized, likely as a consequence of experience-dependent plasticity (Hannon and Trehub, 2005a,b; Tichko and Large, 2019). Developmental plasticity of musical rhythm has been observed over multiple ontogenetic timescales, including seconds and minutes (Phillips-Silver and Trainor, 2005, 2007), weeks and months (Hannon and Trehub, 2005a,b; Gerry et al., 2010; Zhao and Kuhl, 2016), and years (Smith, 1983; Upitis, 1987; Smith and Cuddy, 1989; Drake, 1993; Slater et al., 2013; Doelling and Poeppel, 2015; Thompson et al., 2015; Cirelli et al., 2016; Scheurich et al., 2018, 2020; Harding et al., 2019). For example, on the timescales of seconds and minutes, infants’ perception of accented beats in musical rhythm re-organizes to vestibular input that arises from bodily movement to music. In one study, Phillips-Silver and Trainor (2005) found that, after a period of bouncing infants to an unaccented musical rhythm, infants preferred listening to accented rhythms that matched the rate of their bouncing. On the timescale of months, infants’ perceptual systems gradually become fine-tuned to their musical environment over the first postnatal year of life (Lynch et al., 1990; Lynch and Eilers, 1992), resulting in culture-specific biases for music perception (Hannon and Trehub, 2005a,b; Soley and Hannon, 2010; Tichko and Large, 2019). In a pair of studies on musical rhythm perception, Hannon and Trehub (2005a,b) demonstrated that Western infants at 6 months could detect temporal disruptions to both native and non-native rhythmic structures equally well. However, by 12 months, Western infants could only detect the disruptions in music that contained beat structures native to their culture. These findings suggest that rhythm perception undergoes a gradual process of fine-tuning to culture-specific rhythmic structures over the first year of infancy. In another study, Hannon and Trehub (2005a) found that when 12-month-old Western infants were exposed to non-native music for 2 weeks, they improved on detecting disruptions in non-native beat structures. Western adults, however, did not. Thus, even as infants’ perceptual systems begin to tune to culture-specific musical rhythms, they remain highly plastic and can reorganize to novel rhythmic inputs.

Studies on active and formally structured infant music classes also illustrate the plasticity of rhythm abilities over moderate developmental timescales, such as weeks and months (Gerry et al., 2010; Cirelli et al., 2016; Zhao and Kuhl, 2016). In one study, Zhao and Kuhl (2016) randomly assigned 9-month-old infants to participate in infant music classes or a control play class for 1 month. Infants in the music class were exposed to different rhythmic structures, notably music with triple meters. Infants in the control class engaged in play, but without music. After the intervention, magnetoencephalography (MEG) was used to examine infant brain responses to rhythmic stimuli that violated a triple meter: infants who participated in the music intervention exhibited larger brain responses to the violation (i.e., larger mis-match negativity responses), relative to the infants in the play condition (Zhao and Kuhl, 2016). Similarly, another study found that neural activity in response to a metrically ambiguous rhythm was pronounced for 7-month-old infants that had a history of infant-caregiver music classes (Cirelli et al., 2016), suggesting that early music activity might modulate neural synchrony to the rhythmic structure of music. [However, when 15-month-old infants were tested after being randomly assigned to participate in music classes or no classes for 20 weeks beginning at 9- or 10-months of age, no enhancement to neural synchrony was found (Cirelli et al., 2016)].

Over the timescale of years, both passive (e.g., music listening) and active (e.g., musical training) forms of musical experience are associated with the development of musical rhythm abilities. For instance, older children and adults exposed to non-native rhythms for several weeks exhibit a lesser degree of plasticity to these non-native rhythms, relative to younger children, presumably older children and adults are more strongly enculturated to their native musical systems (Hannon et al., 2012). Music training has also been linked to rhythm abilities, particularly in older childhood and adulthood. One study found that children who participated in a year-long music program displayed superior beat synchronization abilities relative to children who did not (Slater et al., 2013). Relatedly, a body of work has found associations between musical training and enhanced rhythm perception, synchronization, and neural responses to auditory rhythms in childhood and adulthood (Smith, 1983; Upitis, 1987; Smith and Cuddy, 1989; Drake, 1993; Slater et al., 2013; Doelling and Poeppel, 2015; Thompson et al., 2015; Cirelli et al., 2016; Scheurich et al., 2018, 2020; Tichko and Skoe, 2018; Harding et al., 2019).



Biases for and Constraints on Musical Rhythm

Despite the evidence that rhythm perception and action exhibit a remarkable degree of plasticity over multiple ontogenetic timescales, rhythm abilities are also biased toward and constrained to favor relatively simple rhythmic structures (Povel, 1981; Fraisse, 1982). Evidence regarding such biases for and constraints on musical rhythm comes from studies investigating perception-action abilities for rhythmic structures that vary in their structural complexity. For instance, some evidence suggests that older children and adults have advantages for perceiving, tracking, and reproducing musical rhythms with simple structures (Povel, 1981; Smith and Cuddy, 1989; Drake, 1993; Wu et al., 2013), such as duple meter (2:1 ratio), relative to more complex meters (Collier and Wright, 1995; Ullal-Gupta et al., 2014; Einarson and Trainor, 2016), such as ternary meter (3:1 ratio) [Though, see Drake (1997)]. These findings point to possible perception-action biases of and constraints for musical rhythm that are related to the complexity of rhythmic structure. However, such biases for relatively simple rhythmic structures (e.g., 2:1 vs. 3:1) identified in older childhood and adulthood could also reflect learning and enculturation processes involving culture-specific rhythmic structures (Ullal-Gupta et al., 2014; Zhao and Kuhl, 2016).

Interestingly, however, advantages for simple rhythmic structures have also been observed in infancy, even prior to years of exposure to culture-specific musical systems. Similar to findings with older children and adults, Bergeson and Trehub (2006) found that 9-month-old infants were better at discerning temporal changes in musical stimuli that followed a simpler duple meter, relative to a more complex triple meter. In another study, Trehub and Hannon (2009) reported that 6-month-old infants were better at detecting pitch and rhythm violations in music stimuli that followed a simpler, conventional meter (e.g., 3/4 time signature) relative to a more complex, unconventional meter (e.g., 13/8 time signature). In addition to these perceptual advantages for simpler rhythmic structures, some work suggests that there are perceptual constraints on perceiving highly complex rhythmic structures that are rarely found among the world’s music in infancy. For instance, Hannon et al. (2011) found that 5-month-old infants could detect temporal disruptions in simple (e.g., 2:1 meter) and complex (e.g., 3:2 meter) rhythms, but not highly complex (e.g., 7:4 meter) rhythms. Moreover, infants prefer to listen to music with simple rhythmic structures relative to highly complex: one study assessed 5-month-old Western and Balkan infants’ listening preferences for different rhythmic structures commonly found in Western and Balkan music relative to complex rhythmic structures rarely found in either Western or Balkan music. Infants raised in Western and Balkan cultures preferred listening to the rhythmic structures found in their respective cultures, but neither group preferred listening to the highly complex rhythms less common to the world’s music (Soley and Hannon, 2010). These findings suggest that, even during the early stages of ontogeny, there may be perceptual biases and constraints for metrical structures that reflect relatively simple integer-ratio relationships.



Neurobiology of Rhythm Perception and Action

In addition to characterizing typical developmental trajectories for musical rhythm, previous research has identified key neurobiological mechanisms of and neural networks for rhythm perception and action. In particular, there is now mounting evidence that the nervous system, across multiple timescales, resonates to the hierarchical structure of musical rhythm and meter across auditory and motor-planning neural systems (Merchant and Honing, 2013; Patel and Iversen, 2014; Todd and Lee, 2015; Proksch et al., 2020; Cannon and Patel, 2021). Functional neuroimaging research has revealed that meter and beat perception actively recruits both auditory brain regions, such as auditory cortex, and motor-planning and motor-control brain regions, such as premotor cortex, the supplementary motor area, the putamen, and the striatum, even in the absence of overt movement to music (Bengtsson et al., 2009; Chen et al., 2008; Grahn and Brett, 2007; Grahn and Rowe, 2009; Kung et al., 2013; Gordon et al., 2018). Further, electrophysiological (EEG) and magnetoencephalographical (MEG) studies indicate that neural oscillations across auditory and motor-planning networks anticipate and resonate to the metrical structure of music (Nozaradan et al., 2011, 2012; Fujioka et al., 2015; Cirelli et al., 2016; Tal et al., 2017; Large et al., 2018). For instance, induced Beta (13–30 Hz) oscillations from auditory and sensorimotor cortices anticipate the temporal positions of musical beats (Fujioka et al., 2009, 2012, 2015), while lower frequency brain activity in the Delta (0.5–4 Hz) and Theta (4–8 Hz) ranges resonates to musical rhythms, as evinced by strong brain responses at rhythmic frequencies (Nozaradan et al., 2011; Doelling and Poeppel, 2015; Cirelli et al., 2016). In addition to reflecting rhythmic frequencies, such resonant brain responses also capture higher order features of rhythmic structure, such as imagined metrical accents that are imposed upon a metrically ambiguous musical rhythm by a listener (i.e., top-down influences) (Nozaradan et al., 2012). Collectively, these findings suggest that meter and beat perception may emerge from bi-directional, resonant interactions between auditory and motor-planning neural networks.



Key Features of Rhythm Development

As reviewed, ontogenetic and cross-cultural investigations of musical rhythm have identified several key components of rhythm development. First, musical rhythm abilities are plastic and adapt to culture-specific rhythmic structures over multiple timescales (e.g., from seconds to years), likely beginning in the prenatal period. Second, musical rhythm perception and action are biased toward and constrained to rhythmic structures characterized by simple integer-ratio relationships, as opposed to relatively more complex integer-ratio relationships. Third, musical rhythm abilities are modulated by the social and cultural context they are embedded in, such as the presence of a social partner and other cultural conventions for music-making. And, finally, the development of musical rhythm and timing is a longitudinal process that reflects dynamic changes across the lifespan, beginning with infancy and continuing through late adulthood.

Motivated by the above findings on the development and neurobiology of musical rhythm, we propose a novel framework, based on Neural Resonance Theory (NRT), for modeling the ontogenetic origins of musical rhythm abilities. In particular, our theoretical framework explains key features of musical rhythm development, such as the developmental plasticity of, biases for, constraints on, and lifespan changes of musical rhythm, in terms of the resonance and attunement of coupled, bio-physical oscillators that span the organism-environment system. In the section below, we provide an exposition of NRT, briefly contrasting the theory with classic information-processing accounts of musical rhythm and development. Then, we relate NRT to broader movements in cognitive science, particularly ecological (Gibson, 1966), dynamical (e.g., Haken et al., 1985; Treffner and Turvey, 1993; Scott Kelso, 1995), and radically embodied (Thompson and Varela, 2001; Chemero, 2013; Dotov, 2014) approaches to cognition. Finally, we conclude by proposing a developmental model of musical rhythm based on NRT and discuss prediction about rhythm development.



Neural Resonance Theory

Neural Resonance Theory (NRT) is a theoretical framework for understanding how the endogenous and exogenous rhythms of the brain-body-environment system self-organize to enable perception, action, and attention in a moment-by-moment manner (Large and Snyder, 2009; Large et al., 2015). In contrast to information-processing theories (Lerdahl and Jackendoff, 1983), NRT predicts that structure in rhythm perception-action arises lawfully from interactions between coupled non-linear oscillatory systems, not from symbolic representations or grammatical rules that compute rhythmic and metrical structure (Large and Kolen, 1994). In this framework, neural oscillations are not considered “representations” of exogenous rhythms, as neural rhythms are, themselves, physical rhythms. Oscillations, including neural oscillations, are embodied rhythms, and, as such, adhere to physical laws. The objective of NRT, then, is to articulate the physical laws of embodied rhythmic interactions and explain how such laws lead to the emergence of complex rhythms in both behavior and in the brain. In this regard, NRT conceives of a rhythmic “beat” as the result of lawful interactions between bio-physical oscillations that entrain to acoustic onsets in musical and speech inputs. The psychological experience of musical rhythm is explained by NRT as an emergent rhythm that arises, at the psychological level, from multiple non-linear oscillations distributed across the organism (e.g., neurobiological rhythms, rhythmic patterns of action) and the environment (e.g., the rhythmic structure of speech and music).

In the tradition of dynamical systems approaches to perception, action, and development (Haken et al., 1985; Scott Kelso, 1995; Thelen and Smith, 1996; Warren, 2006), NRT models musical rhythm cognition and its development using the mathematical language of non-linear dynamical systems—in particular, dynamical systems models of oscillation. While there is both a rich and recent history in the behavioral and neural sciences of using dynamical systems models of oscillation to explain rhythmic phenomena (Haken et al., 1985, 1996; Schmidt et al., 1990; Large and Jones, 1999; Frank et al., 2000; Wilson and Wilson, 2005; Doelling et al., 2019), our proposed model of musical rhythm perception and action is based on the canonical model framework for weakly connected neural networks (Hoppensteadt and Izhikevich, 1996a,b), which we extend to encompass networks of oscillators with multiple frequencies (Large et al., 2010) and Hebbian plasticity (Tichko and Large, 2019; Kim and Large, 2021; Tichko et al., 2021). The canonical model is a generic mathematical model of oscillatory networks derived from a model of the underlying physiology (Wilson and Cowan, 1972). It assumes that oscillations arise from local interactions of excitatory and inhibitory neural subpopulations (e.g., pyramidal cells and interneurons) and that the coupling between two oscillators is determined by synaptic connections between two excitatory and two inhibitory subpopulations (Hoppensteadt and Izhikevich, 1996a). The derivation produces a dimensionless, scale-free dynamical system (Hoppensteadt and Izhikevich, 1996a) that can be analyzed and simulated to make general predictions (Kim and Large, 2015, 2019, 2021) about musical rhythm cognition and its development (Velasco and Large, 2011; Large et al., 2015; Tichko and Large, 2019; Tichko et al., 2021).

The mathematical models of NRT are derived from biophysical models of nervous system dynamics (Hoppensteadt and Izhikevich, 1996a,b; Large et al., 2010), but are formulated and motivated specifically at the psychological level, to produce a physics of perception and action at the ecological scale. This positioning of NRT, both at the psychological level and the ecological scale, allows the theory to explain and predict how individuals perceive and act to complex rhythmic patterns—for instance, how individuals perceive and coordinate their behaviors to music. Moreover, this approach affords two distinct advantages in the study of rhythm perception-action and its development: first, the dynamical systems approach leads to laws of structure, which generate strong, falsifiable predictions at the behavioral level. Secondly, our mathematical framework, while motivated at the psychological level, connects naturally with models and concepts at the neurophysiological level—neurons and neural networks, themselves, are also non-linear dynamical systems. Thus, as the fundamental unit of analysis is an emergent rhythm, it is natural to attempt to observe the emergent rhythms posited by NRT as a process that is directly embodied in dynamic, oscillatory neural activity that can be measured using electrophysiological and neuro-imaging techniques (e.g., EEG, MEG, local-field potentials).

The aim of NRT, then, is to elucidate physical principles of perceiving-acting systems, particularly those principles which govern rhythm perception and action. Such an approach shares many similarities with ecological (Gibson, 1966; Michaels and Carello, 1981), dynamical systems (Scott Kelso, 1995), synergetics (Turvey, 2007), and radical embodied (Chemero, 2013) movements in cognitive science. While there are important distinctions across these approaches (see Dotov, 2014 for an overview), a common theme is advancing a non-representational approach (i.e., a “radically embodied” approach) to cognition and cognitive development (Chemero, 2013; Dotov, 2014). In particular, we believe that the physical principles of resonance and attunement, those articulated by NRT, share many similarities with concepts from the non-representational, ecological psychology of Gibson (1966). Writing on the nervous system, J. J. Gibson rejected a computational interpretation of neural function, propounding, instead that the nervous system resonates to ecological information in energy flows from the environment. Moreover, Gibson argued that such resonance depends upon the organism’s attunement to the environment (i.e., how the organism is coupled to the environment), likening organismal resonance and attunement to the self-tuning of a radio to detect radio waves in the ambient environment (Gibson, 1966; Michaels and Carello, 1981; Raja, 2020, 2019).

Conceptually, NRT has two fundamental components related to Gibson’s notions of resonance and attunement (Gibson, 1966):


1.Resonance1 : Under NRT, structural regularities in perception, action, and attention emerge from the dynamics of bio-physical resonance. The theory predicts law-governed interactions between the (a) stimulus and bio-physical oscillations and (b) between bio-physical oscillations of various frequencies.

2.Attunement: Under NRT, organisms attune to structural regularities in the environment by learning connections strength and relative phase relationships between physical and biological oscillations. This process occurs on multiple, hierarchically nested timescales, accounting for the development of rhythmic perception and action over the lifespan of the organism.



While Gibson employed the notions of resonance and attunement metaphorically, within NRT, Gibsonian resonance is construed formally as the non-linear, resonant properties of bio-physical oscillations that resonate to exogenous inputs and activity from other coupled bio-physical oscillators. Considered in this way, and similar to Gibson’s claim, the nervous system does not compute the properties of music, but, rather, resonates to musical patterns over multiple spatio-temporal scales in a law-governed manner (Large, 2010). Further, Gibson’s notion of attunement can be considered under NRT as a process of Hebbian plasticity that changes the couplings across the brain-body-environment system. Hebbian plasticity, over the course of ontogeny, alters the coupling within and between networks of bio-physical oscillators, tuning their intrinsic resonant properties to structures in the rearing environment. When combined with observations and assumptions about developmental trajectories and neural substrates of musical rhythm, we claim that resonance and attunement are powerful constructs that account for and predict key aspects of rhythm development in humans, explaining, for instance, why developmental and learning processes might favor certain rhythmic structures.



A Developmental Model of Rhythm Perception and Action

Building on prior modeling work of adult rhythm perception and action (Velasco and Large, 2011; Large et al., 2015), we describe an extension to the NRT framework that enables modeling of several aspects of rhythm development (Figure 1). Currently, our developmental framework assumes two oscillatory networks (Velasco and Large, 2011; Large et al., 2015; Tichko et al., 2021), though more networks could be added, which we refer to as auditory and motor-planning networks, respectively. The oscillatory networks contain neural oscillators with different natural frequencies, enabling the auditory and motor-planning networks to represent multiple, hierarchically nested timescales in their intrinsic dynamics. Adult-like rhythm perception and action is hypothesized to involve the coupling of oscillations within the auditory network, coupling of oscillations within the motor-planning network, and coupling of oscillations between the auditory and motor-planning networks. This two-network model is sufficient to simulate the emergence of pulse perception in complex rhythms (Velasco and Large, 2011) and predicts both behavioral (Large et al., 2015) and neural entrainment (Tal et al., 2017; Large et al., 2018) to complex rhythms in adults. In addition to auditory and motor-planning networks, other layers, in theory, could also be added to the model to represent additional sensory systems, such as the visual system.
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FIGURE 1. A developmental framework for rhythm perception and action. We theorize that musical rhythm development occurs over three timescales: (1) On the timescale of rhythmic patterns, the auditory network entrains and quickly adapts to complex patterns (short-term plasticity–STP). (2) On a timescale of months, infants attune to the complex rhythmic patterns they encounter in their environment (long-term plasticity–LTP). (3) On a timescale of years, children develop an adult-like ability to synchronize to acoustic rhythms (very long-term plasticity–vLTP). These processes are described via Hebbian plasticity dynamics with different time constants. Mature rhythm perception and action involves coupling of oscillations in the auditory network, coupling of oscillations in the motor-planning networks, and interactions between the auditory and motor networks.


We model the development of rhythm under NRT by combining the resonant properties of the auditory and motor-planning networks with Hebbian plasticity, using a Hebbian learning rule that enables oscillatory networks to self-organize by dynamically tuning their coupling connections (Kim and Large, 2021). Hoppensteadt and Izhikevich (1996b) originally derived a Hebbian learning rule for single-frequency oscillatory networks from an underlying physiological model. Following their derivation, the Hebbian plasticity rule has been extended to support learning in oscillatory networks featuring multiple frequencies (Kim and Large, 2021). This Hebbian plasticity rule constitutes a dynamical memory that allows multi-frequency networks to learn and remember complex rhythmic patterns via changes in the amplitudes and phases of coupling coefficients. Similar to classical neural networks models (e.g., connectionist models), the amplitude component is akin to a connection weight and can be interpreted as the strength of the synaptic connection. Unlike classical neural networks, the coupling coefficient also contains a phase component, which enables the networks to learn and retain phase information (Kim and Large, 2021). Developmental change and perceptual learning emerge, thus, as changes in the amplitudes and phases of these coupling coefficients over ontogeny (Hoppensteadt and Izhikevich, 1996b; Tichko and Large, 2019; Kim and Large, 2021; Tichko et al., 2021). Additionally, the Hebbian plasticity rule contains a timescale parameter that determines how fast or how slowly the oscillator connections adapt to rhythmic inputs. Because the model is a scale-free canonical model, the timescale parameter can be chosen based on empirical considerations. For instance, a small value might be used to model short-term plasticity (e.g., Tichko et al., 2021) while a larger value might be used to model long-term plasticity (e.g., Tichko and Large, 2019).

The architecture of the developmental model is based on assumptions about sensorimotor development and the timescales of developmental plasticity. Beginning in the infancy period, we theorize that the auditory and motor-planning networks are initially linked with a form of developmentally nascent auditory-motor coupling. This coupling is hypothesized to be weak, diffuse, and bi-directional, resulting in a model architecture of fully connected auditory and motor-planning networks with non-specific coupling and small coupling amplitudes. Over the course of development, we theorize that coupling within and between the auditory and motor-planning networks are dynamically tuned to rhythmic inputs in the rearing environment, either growing stronger (i.e., larger amplitude components of the coupling coefficients) or becoming pruned away (i.e., smaller amplitude components of the coupling coefficients) as a consequence of Hebbian plasticity. Motivated by the extant literature on rhythm development, we hypothesize that such developmental resonance and attunement to rhythmic structures unfolds over three, principal timescales (Figure 1 and Table 1):


TABLE 1. How Neural Resonance Theory (NRT) accounts for key features of rhythm development across multiple ontogenetic timescales.
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1)Short-term (STP): On the timescale of seconds, oscillations in the auditory network quickly entrain to the onsets of exogenous rhythms, resonating to complex rhythmic patterns in the environment. Further, short-term attunement occurs via transient coupling between oscillations that emerges and then decays over short-time scales, such as seconds and minutes, allowing the network to quickly tune their connections to repeating patterns.

2)Long-term (LTP): On a timescale of months, infants’ perceptual systems attune to the complex rhythmic patterns that constitute the organism-environment system. Attunement happens as frequency and phase relationships are learned in the auditory network via Hebbian plasticity. In parallel, complex motor rhythms are learned in the motor-planning network. Attunement predicts that neural and organismal embodiments of commonly encountered patterns become more stable, but less frequently encountered rhythms may be perceptually distorted, explaining infants’ perceptual narrowing to musical rhythm (Tichko and Large, 2019) by 12 months of age (Hannon and Trehub, 2005a,b).

3)Very long-term (vLTP): Over timescales of years, auditory-motor coupling is tuned and strengthened, producing a frequency-specific topography of connectivity between auditory and motor-planning networks. We propose that this topography will reflect structures common to the infants’ respective musical cultures, such as connections between oscillators in the auditory and motor-planning networks that reflect 1:1 and 2:1 ratios for Western infants. Stable coupling between auditory and motor-planning networks enables children and adults to synchronize behavior across a broad range of rhythmic patterns, yet ones that are specific to their respective cultures.





Explaining Three Features of Rhythm Development With Neural Resonance Theory

In what follows, we discuss how our hypothesized developmental model accounts for three prominent features of rhythm development reviewed above—(1) developmental plasticity, (2) biases and constraints, and (3) longitudinal change. We, then, conclude with several, novel predictions regarding the ontogeny of rhythm derived from the model.


Feature 1: Developmental Plasticity to Musical Rhythm Under NRT

A key feature of rhythm development is the remarkable degree of plasticity in which infants’ and children’s perceptual systems become attuned to rhythmic patterns. This process, called “perceptual narrowing” or “perceptual fine-tuning” (Flom, 2014), suggests that infants’ perceptual symptoms gradually become fine-tuned to prominent rhythmic structures that constitute the rearing environment, as a result of experience-dependent plasticity (Hannon and Trehub, 2005b; Soley and Hannon, 2010). In a recent model, we attempted to account for infants’ perceptual fine-tuning to native musical rhythmic structures using the NRT framework (Tichko and Large, 2019). First, we employed an auditory network without internal connections to represent a developmentally younger infant (i.e., a less musically enculturated infant). In this model, we found that the oscillatory activity in the network veridically embodied a Western and Non-Western musical rhythm, reproducing the musical events and accents of each rhythm, in a manner akin to a Fourier representation of the rhythm. Next, we trained an auditory network, one equipped with Hebbian plasticity, on the Western or non-Western musical rhythm to model infants’ learning of musical rhythms. With the addition of Hebbian plasticity, we found that the amplitudes and phases of the coupling coefficients between oscillators in the auditory network became tuned, so that, together, they generated a stable, complex rhythm that reflected the structure of their respective training rhythm. Thus, the networks no longer operated veridically on the basis of individual oscillations, like a Fourier analysis; instead, the networks operated in terms of stable, learned rhythmic structures. Moreover, the networks trained on a musical rhythm were found to be biased toward musical rhythms that have the same structure as the rhythm they had learned (Tichko and Large, 2019). (To return to the comparison to frequency analysis, one could say that the neural system learns a new basis function that embodies the complex structure of the training rhythms, as a result of learned coupling between network oscillators.) Together, our simulations suggested that young infants initially possess a perceptual system that functions in a near veridical fashion (i.e., a Fourier-like embodiment of rhythm), during nascent stages of development, before becoming attuned to rhythmic structures through the self-organization of oscillator coupling.



Feature 2: Rhythmic Biases and Constraints Under NRT

A secondary finding on rhythm development, and one that is often contrasted against the developmental plasticity of musical rhythm, is that certain rhythmic structures, those characterized by simpler integer-ratio relationships, appear to be more easily learned, tracked, and reproduced relative to more complex rhythms (Drake, 1993; Hannon et al., 2011; Ullal-Gupta et al., 2014; Jacoby and McDermott, 2017). Such findings have led to proposals that there are intrinsic biases or constraints on rhythm perception and action. How might NRT account for these structural biases and constraints on the development of rhythm perception and action? NRT posits that biases and constraints on rhythm perception and action emerge lawfully from the universal, physical properties of non-linear oscillators (Kim and Large, 2015, 2019). For instance, from the physics of coupled oscillatory systems, biases and constraints could reflect the greater stability for coupled oscillators or oscillators coupled to external rhythms that reflect smaller integer-ratio frequency relationships. As the complexity of integer-ratio frequency relationships between oscillators or exogenous rhythms increases, the stability of the coupling decreases (Kim and Large, 2015, 2019), which may explain why, first, simple integer-ratio relationships are more prevalent in the world’s music (i.e., greater stability leads to greater prevalence), and, second, why rhythms characterized by simple integer-ratio are learned more readily during development (i.e., greater stability increases learnability). Further, the simplicity and complexity of integer-ratio relationships are related to the dynamics of learning. Our analysis found that multi-frequency Hebbian learning leads to stronger connections for simple frequency ratios and that the minimum learning rate required to achieve learning is smaller for simple ratios (Kim and Large, 2021). This suggests that, after accounting for all other developmental variables, simple rhythmic patterns based on small integer ratios are learned more readily than more complex patterns. While this general principle of non-linear resonance places constraints on what can be learned, it does not solely determine what is learned in individual experience. A moderately complex rhythmic pattern can form a stronger memory than simpler patterns, if, for instance, it is experienced more often. This is because the strength of learning depends not only on the simplicity of frequency ratio but also on the length of exposure (Kim and Large, 2021).

Our analyses which predict that simpler rhythmic structures are learned with greater rapidity have been borne out in recent modeling efforts of rhythm development. In a recent model of auditory-vestibular interactions underlying infant rhythm perception, Tichko et al. (2021) found that a NRT model learned simpler rhythmic structures (e.g., 2:1) more readily, relative to more complex rhythmic structures (e.g., 3:1). In particular, we found that NRT models learned stronger oscillator connections in the auditory network at a faster rate for rhythmic structures that followed a duple metrical relationship to the beat level (2:1), relative to a ternary metrical relationship to the beat level (3:1). This behavior of the model is consistent with recent theoretical analyses of multi-frequency Hebbian learning (Kim and Large, 2021) and with previous findings regarding infants’, children’s, and adults’ preferences and superior performance for simpler integer ratios in music (Drake, 1993; Hannon et al., 2011; Ullal-Gupta et al., 2014; Jacoby and McDermott, 2017).



Feature 3: Longitudinal Rhythm Development Under NRT

A final prominent characteristic of musical rhythm development is the lifespan change in both behavioral synchronization to musical rhythm and spontaneous motor tempo (SMT). As reviewed previously, the ability to synchronize behaviorally to musical rhythm gradually increases over development, while STM decreases across the lifespan (Drake et al., 2000; McAuley et al., 2006). NRT explains these two processes, respectively, as a result of the gradual coupling of auditory and motor-planning systems over ontogeny and through frequency-dependent Hebbian learning dynamics. Firstly, NRT explains the developmental changes in behavioral synchronization of musical rhythm as changes in the cross-network coupling between auditory and motor-planning networks in our developmental framework (Figure 1). In early infancy, we theorize that auditory and motor-planning networks are initially diffusely coupled, accounting for nascent auditory-motor-vestibular interactions during rhythm perception (Phillips-Silver and Trainor, 2005). By young adulthood, however, auditory and motor-planning networks are now coupled with cross-network connections that enable behavioral synchronization to culture-specific musical structures (Drake et al., 2000; McAuley et al., 2006; Kirschner and Ilari, 2014). Cross-network connections between auditory and motor-planning networks continue to stabilize into adulthood, enabling synchronization over a wide-range of rhythmic stimuli, though biasing rhythmic perception-action to rhythmic structures found in one’s native musical systems (Hannon et al., 2012).

Secondly, NRT explains the gradual decrease in tempo preferences and SMT over the lifespan (Drake et al., 2000; McAuley et al., 2006) as result of frequency-dependent Hebbian plasticity that arises naturally from networks featuring multiple frequencies. The embodiment of multiple timescales in the networks posited by NRT consequently produces faster learning dynamics for neural oscillators with a faster natural frequency, relative to oscillators with slower, intrinsic timescales. This results in faster neural oscillators coming online and forming stronger cross-network connections between other faster oscillators during earlier periods of development. Such frequency-dependent learning may explain why tempo preferences and SMT gradually slow over the lifespan, as, by late adulthood, oscillator connections between the slowest oscillators finally emerge, engendering a preference for slower tempi rhythms.





PREDICTIONS AND CONCLUSION

In the current paper, we have outlined a general, theoretical framework for explaining and modeling the development of musical rhythm abilities in humans. Our developmental model, grounded in Neural Resonance Theory (NRT), proposes that ontogenetic changes in rhythm perception and action occur via the resonance and the attunement of coupled auditory-motor systems and rhythmic inputs over development. Already, the principles of resonance and attunement, as formalized in the NRT framework, have begun to explain key facets of rhythm development, such as adults’ pulse perception to complex rhythms (Velasco and Large, 2011; Large et al., 2015), perceptual fine-tuning to culture-specific musical structures (Tichko and Large, 2019), and auditory-motor-vestibular interactions underlying rhythm perception (Tichko et al., 2021).

It is worth noting that our approach to rhythm development differs from classical theories of rhythm cognition and rhythm development that adopt an information-processing perspective. For instance, one popular approach, called statistical learning, posits that structural regularity arises from the organism’s learning of statistics that are present in environmental inputs (Aslin, 2017). While there is evidence for statistical learning of linguistic and music structure (Saffran et al., 1996; Thiessen and Saffran, 2003; Creel et al., 2004; Hannon and Johnson, 2005), statistical learning theories do not explain structural constraints in cognition and behavior, except in a circular way–lawful structures are found in cognition because they arise in behavior. In contrast to statistical learning theories, NRT does not assume that structural regularity emerges from the statistical analysis of environmental input. Rather, NRT predicts that structures emerge in a lawful manner–from a physics at the ecological scale–and provides a mechanistic account of how such structures arise and are tuned during learning and development. Indeed, unlike statistical learning theory, NRT explains why some structures can be learned, or are learned more easily relative to other kinds of structures.

To conclude, we outline several predictions generated from NRT regarding the development of musical rhythm that should be tested empirically. Perhaps the most significant aspect of the NRT approach is the ability to generate predictions about rhythm cognition and behavior from a mathematical analysis of a non-linear dynamical model of the system under study (Kim and Large, 2015, 2019, 2021). Further, because the NRT models are derived from an underlying physiological model, it is reasonable to treat the predictions generated from the model as predictions about oscillations in electroencephalography (EEG) and magnetoencephalography (MEG) measurements.

One series of predictions derived from NRT pertains to the development of neural responses to musical rhythm over the lifespan. In a recent model of adult beat perception, we tested whether neural resonance is sufficient to explain the computation of beat (and meter) from very complex rhythmic patterns [cf., Patel and Iversen (2014) and (Rimmele et al., 2018)]—specifically, rhythms that have no spectral energy at the frequency humans perceive as the beat. These rhythms are called “missing pulse” rhythms. The model hypothesized that adult beat perception, including adults’ perception of beat in missing-pulse rhythms, emerges from interactions between two oscillatory networks–an auditory network and a motor-planning network. Further, these auditory and motor-planning networks were assumed to be coupled in a manner to reflect the rhythmic structure of Western music, representing an adult-like nervous system of an enculturated listener to Western music. From simulations of this model, we observed that the auditory network tended to embody complex rhythmic stimuli more-or-less veridically, while the pulse emerged in the motor-planning network. Importantly, our model predicted that neural oscillations would emerge at the “missing” pulse frequency in response to missing-pulse rhythms (Velasco and Large, 2011; Large et al., 2015).

The behavior of the model was, then, used to predict behavioral and neural responses in adult humans to these same very complex rhythms. Firstly, we found that adult listeners perceive and synchronize at missing pulse frequencies and that the phase of participant responses was multi-stable, as predicted by our model (Large et al., 2015). Secondly, several EEG and MEG studies later reported missing pulse responses in auditory brain areas (Nozaradan et al., 2012; Cirelli et al., 2016; Tal et al., 2017), consistent with the behavior of our model. In our most recent EEG study (Wasserman, 2018), we observed (1) strong pulse-frequency brain responses to isochronous and missing pulse rhythms, but not to a random control; (2) strong coherence between brain responses and model-predicted auditory and motor neural responses; and (3) different pulse-frequency topographies for missing pulse rhythms (versus isochronous and random). These results support the theory that beat perception occurs as the result of an emergent population oscillation that entrains at the pulse frequency, possibly in motor networks of the brain (Wasserman, 2018).

In addition to our adult model, our hypothesized developmental model could also be used to predict neural responses to complex “missing pulse” rhythms across the lifespan. As our adult model of pulse perception (Large et al., 2015) already predicts that stable connections between auditory and motor-planning systems are needed to perceive the beat, especially for rhythmic stimuli in which the beat is physically absent from the acoustics of the rhythm (i.e., syncopated and “missing-pulse” rhythms), we, thus, predict during early stages of development, where auditory-motor coupling is weak, neural responses at the missing pulse frequency may not be easily observed. However, as coupling between auditory and motor-planning systems strengths over development, neural responses to missing-pulse rhythms should become more evident. Thus, we predict that the strength of coupling between auditory and motor-planning networks, represented as the amplitude component of coupling coefficients in our model, will track with the emergence of neural responses to missing-pulse rhythms. Further, we predict that neural responses to missing-pulse rhythms, which may index auditory-motor coupling, would track with children’s development of behavioral synchronization to rhythm, as behavioral synchronization is also posited to depend on auditory-motor coupling. This developmental process could be modeled as our hypothesized very-long-term Hebbian plasticity (vLTP) process that gradually couples auditory and motor-planning networks over the lifespan, with different strengths of auditory-motor coupling reflecting different stages of sensorimotor development. Finally, we predict that aberrant patterns of auditory-motor coupling might manifest as particular musical disorders: beat-deafness (Phillips-Silver et al., 2011), for instance, is a disorder in which listeners have difficulty perceiving and coordinating action to music. From the NRT perspective, beat deafness may arise from weak or aberrant coupling between auditory and motor-planning neural systems (Sowiński and Dalla Bella, 2013).

A related prediction concerns the veridical embodiment of musical rhythm in EEG and MEG activity. Early in development, the neural response to auditory rhythm is hypothesized to be nearly veridical (Tichko and Large, 2019), explaining the ability of 6-month-old infants to detect temporal disruptions to native and non-native rhythms and meters (Hannon and Trehub, 2005b). While data regarding infants’ neural responses to musical rhythm is limited (Winkler et al., 2009; Cirelli et al., 2016), near-veridical representations of musical rhythm have recently been observed in infants’ electroencephalogram (EEG) (Cirelli et al., 2016). Consistent with our modeling, near veridical neural responses have been observed when adults listen, but do not mentally group, an acoustic rhythm (Nozaradan et al., 2011), when adults do not understand the language (Zou et al., 2019), and, in infants, who have not yet had significant auditory exposure to rhythms (Cirelli et al., 2016). Unfortunately, at the EEG-MEG level, a veridical oscillatory response is indistinguishable from the frequency analysis of a train of evoked potentials. Therefore, researchers have tended to focus on metrical frequencies that can be observed in adults in auditory cortex under the right experimental paradigms (Tal et al., 2017). Recent work, however, suggests that neural responses to musical rhythm are more consistent with an oscillator model than an evoked-potential model (Doelling et al., 2019), lending further support that neural responses to music rhythm, as posited by NRT, may involve oscillatory dynamics.

A second line of predictions from our hypothesized developmental model concerns the learnability of different rhythmic structures. Our analysis of Hebbian plasticity in multi-frequency oscillatory networks indicated that time-varying inputs with simple frequency ratios are easier to learn, relative to time-varying inputs characterized by more complex frequency ratios (Kim and Large, 2021). Thus, NRT predicts that simpler rhythmic structures, particularly those characterized by simpler integer ratios, can be learned more readily and with less exposure than more complex rhythmic structures over human development. While NRT predicts that simpler rhythmic structures can be learned with greater rapidity, NRT also predicts that complex rhythmic structures, such as those found in Non-Western music, can also be learned by networks of neural oscillators (Tichko and Large, 2019), but may require more training and experience (Kim and Large, 2021).

Finally, our developmental model could be used to predict how short-term (e.g., maternal bouncing), long-term (e.g., infant music classes), and very long-term (e.g., exposure to one’s native music, musical training) learning dynamics influence rhythmic abilities. Training our proposed developmental model on different classes of musical rhythms for differing training periods (i.e., different timescale parameters) could be done to generate predictions regarding neural and behavioral measures of rhythm abilities across these multiple timescales.
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FOOTNOTES

1 Our use of “resonance” is derived from dynamical systems theory to mean non-linear resonance—a general term that includes entrainment, synchronization, phase-locking, and mode-locking, among other phenomena. For characterization of some of the many different dynamical systems that exhibit non-linear resonance, see Kim and Large (2015, 2019, 2021).


REFERENCES

Aslin, R. N. (2017). Statistical learning: a powerful mechanism that operates by mere exposure. Wiley Interdiscip. Rev. Cogn. Sci. 8:e1373. doi: 10.1002/wcs.1373

Bengtsson, S. L., Ullén, F., Ehrsson, H. H., Hashimoto, T., Kito, T., Naito, E., et al. (2009). Listening to rhythms activates motor and premotor cortices. Cortex 45, 62–71. doi: 10.1016/j.cortex.2008.07.002

Bergeson, T. R., and Trehub, S. E. (2006). Infants perception of rhythmic patterns. Music Percept. 23, 345–360. doi: 10.1525/mp.2006.23.4.345

Bobin-Bègue, A., and Provasi, J. (2005). Tempo discrimination in 3- and 4-year-old children: performances and threshold. Curr. Psychol. Lett. 60, 611–624. doi: 10.4000/cpl.440

Busnel, M. C. (1979). Intravaginal measurements of the level and acoustic distortion of maternal noises. Electrodiagn. Ther. 16:142.

Cannon, J. J., and Patel, A. D. (2021). How beat perception co-opts motor neurophysiology. Trends Cogn. Sci. 25, 137–150. doi: 10.1016/j.tics.2020.11.002

Chang, H. W., and Trehub, S. E. (1977). Infants’ perception of temporal grouping in auditory patterns. Child Dev. 48, 1666–1670.

Chemero, A. (2013). Radical embodied cognitive science. Rev. Gen. Psychol. 17, 145–150.

Chen, J. L., Penhune, V. B., and Zatorre, R. J. (2008). Listening to musical rhythms recruits motor regions of the brain. Cereb. Cortex 18, 2844–2854. doi: 10.1093/cercor/bhn042

Cirelli, L. K., Spinelli, C., Nozaradan, S., and Trainor, L. J. (2016). Measuring neural entrainment to beat and meter in infants: effects of music background. Front. Neurosci. 10:229. doi: 10.3389/fnins.2016.00229

Collier, G. L., and Wright, C. E. (1995). Temporal rescaling of simple and complex ratios in rhythmic tapping. J. Exp. Psychol. Hum. Percept. Perform. 21, 602–627. doi: 10.1037//0096-1523.21.3.602

Cooper, G. W., and Meyer, L. B. (1963). The Rhythmic Structure of Music. Chicago, IL: University of Chicago Press.

Creel, S. C., Newport, E. L., and Aslin, R. N. (2004). Distant melodies: statistical learning of nonadjacent dependencies in tone sequences. J. Exp. Psychol. Learn. Mem. Cogn. 30, 1119–1130. doi: 10.1037/0278-7393.30.5.1119

DeCasper, A. J., and Fifer, W. P. (1980). Of human bonding: newborns prefer their mothers’ voices. Science 208, 1174–1176. doi: 10.1126/science.7375928

DeCasper, A. J., and Sigafoos, A. D. (1983). The intrauterine heartbeat: a potent reinforcer for newborns. Infant Behav. Dev. 6, 19–25. doi: 10.1016/S0163-6383(83)80004-6

DeCasper, A. J., and Spence, M. J. (1986). Prenatal maternal speech influences newborns’ perception of speech sounds. Infant Behav. Dev. 9, 133–150.

Demany, L., McKenzie, B., and Vurpillot, E. (1977). Rhythm perception in early infancy. Nature 266, 718–719. doi: 10.1038/266718a0

Doelling, K. B., Assaneo, M. F., Bevilacqua, D., Pesaran, B., and Poeppel, D. (2019). An oscillator model better predicts cortical entrainment to music. Proc. Natl. Acad. Sci. U.S.A. 116, 10113–10121. doi: 10.1073/pnas.1816414116

Doelling, K. B., and Poeppel, D. (2015). Cortical entrainment to music and its modulation by expertise. Proc. Natl. Acad. Sci. U.S.A. 112, E6233–E6242. doi: 10.1073/pnas.1508431112

Doheny, L., Hurwitz, S., Insoft, R., Ringer, S., and Lahav, A. (2012). Exposure to biological maternal sounds improves cardiorespiratory regulation in extremely preterm infants. J. Matern. Fetal Neonatal Med. 25, 1591–1594. doi: 10.3109/14767058.2011.648237

Dotov, D. G. (2014). Putting reins on the brain. how the body and environment use it. Front. Hum. Neurosci. 8:795. doi: 10.3389/fnhum.2014.00795

Drake, C. (1993). Reproduction of musical rhythms by children, adult musicians, and adult nonmusicians. Percept. Psychophys. 53, 25–33. doi: 10.3758/bf03211712

Drake, C. (1997). Motor and perceptually preferred synchronisation by children and adults: binary and ternary ratios. Pol. Q. Dev. Psychol. 3, 41–59.

Drake, C., Jones, M. R., and Baruch, C. (2000). The development of rhythmic attending in auditory sequences: attunement, referent period, focal attending. Cognition 77, 251–288. doi: 10.1016/s0010-0277(00)00106-2

Eerola, T., Luck, G., and Toiviainen, P. (2006). “An investigation of pre-schoolers’ corporeal synchronization with music,” in Proceedings of the 2006 9th International Conference on Music Perception and Cognition, Bologna, 472–476.

Einarson, K. M., and Trainor, L. J. (2016). Hearing the Beat. Music Percept. 34, 56–70. doi: 10.1525/mp.2016.34.1.56

Fifer, W. P., and Moon, C. M. (1994). The role of mother’s voice in the organization of brain function in the newborn. Acta Paediatr. Suppl. 397, 86–93. doi: 10.1111/j.1651-2227.1994.tb13270.x

Flom, R. (2014). Perceptual narrowing: retrospect and prospect. Dev. Psychobiol. 56, 1442–1453. doi: 10.1002/dev.21238

Fraisse, P. (1982). “Rhythm and Tempo,” in The Psychology of Music, ed. D. Deutsch (Orlando, FL: Academic).

Frank, T. D., Daffertshofer, A., Peper, C. E., Beek, P. J., and Haken, H. (2000). Towards a comprehensive theory of brain activity: coupled oscillator systems under external forces. Physica D 144, 62–86.

Fujii, S., Watanabe, H., Oohashi, H., Hirashima, M., Nozaki, D., and Taga, G. (2014). Precursors of dancing and singing to music in three- to four-months-old infants. PLoS One 9:e97680. doi: 10.1371/journal.pone.0097680

Fujioka, T., Ross, B., and Trainor, L. J. (2015). Beta-Band oscillations represent auditory beat and its metrical hierarchy in perception and imagery. J. Neurosci. 35, 15187–15198. doi: 10.1523/JNEUROSCI.2397-15.2015

Fujioka, T., Trainor, L. J., Large, E. W., and Ross, B. (2009). Beta and gamma rhythms in human auditory cortex during musical beat processing. Ann. N. Y. Acad. Sci. 1169, 89–92. doi: 10.1111/j.1749-6632.2009.04779.x

Fujioka, T., Trainor, L. J., Large, E. W., and Ross, B. (2012). Internalized timing of isochronous sounds is represented in neuromagnetic β oscillations. J. Neurosci. 32, 1791–1802. doi: 10.1523/JNEUROSCI.4107-11.2012

Gerry, D. W., Faux, A. L., and Trainor, L. J. (2010). Effects of kindermusik training on infants’ rhythmic enculturation. Dev. Sci. 13, 545–551. doi: 10.1111/j.1467-7687.2009.00912.x

Gibson, J. J. (1966). The Senses Considered as Perceptual Systems. Boston, MA: Houghton Mifflin. Available online at: https://psycnet.apa.org/fulltext/1966-35026-000.pdf (accessed January 6, 2021).

Giovanelli, G., Sansavini, A., and Farneti, A. (1999). “Perception of sound, rhythm and speech from pre-natal to post-natal life,” in Current Issues in Developmental Psychology: Biopsychological Perspectives, eds A. F. Kalverboer, M. L. Genta, and J. B. Hopkins (Dordrecht: Springer), 137–159. doi: 10.1007/978-94-011-4507-7_6

Gordon, C. L., Cobb, P. R., and Balasubramaniam, R. (2018). Recruitment of the motor system during music listening: an ALE meta-analysis of fMRI data. PLoS One 13:e0207213. doi: 10.1371/journal.pone.0207213

Grahn, J. A., and Brett, M. (2007). Rhythm and beat perception in motor areas of the brain. J. Cogn. Neurosci. 19, 893–906. doi: 10.1162/jocn.2007.19.5.893

Grahn, J. A., and Rowe, J. B. (2009). Feeling the beat: premotor and striatal interactions in musicians and nonmusicians during beat perception. J. Neurosci. 29, 7540–7548. doi: 10.1523/JNEUROSCI.2018-08.2009

Granier-Deferre, C., Bassereau, S., Ribeiro, A., Jacquet, A.-Y., and Decasper, A. J. (2011a). A melodic contour repeatedly experienced by human near-term fetuses elicits a profound cardiac reaction one month after birth. PLoS One 6:e17304. doi: 10.1371/journal.pone.0017304

Granier-Deferre, C., Ribeiro, A., Jacquet, A.-Y., and Bassereau, S. (2011b). Near-term fetuses process temporal features of speech. Dev. Sci. 14, 336–352. doi: 10.1111/j.1467-7687.2010.00978.x

Haken, H., Kelso, J. A., and Bunz, H. (1985). A theoretical model of phase transitions in human hand movements. Biol. Cybern. 51, 347–356. doi: 10.1007/BF00336922

Haken, H., Peper, C. E., Beek, P. J., and Daffertshofer, A. (1996). A model for phase transitions in human hand movements during multifrequency tapping. Physica D 90, 179–196. doi: 10.1016/0167-2789(95)00235-9

Hannon, E. E., and Johnson, S. P. (2005). Infants use meter to categorize rhythms and melodies: implications for musical structure learning. Cogn. Psychol. 50, 354–377. doi: 10.1016/j.cogpsych.2004.09.003

Hannon, E. E., Nave-Blodgett, J. E., and Nave, K. M. (2018). The developmental origins of the perception and production of musical rhythm. Child Dev. Perspect. 12, 194–198. doi: 10.1111/cdep.12285

Hannon, E. E., Soley, G., and Levine, R. S. (2011). Constraints on infants’ musical rhythm perception: effects of interval ratio complexity and enculturation. Dev. Sci. 14, 865–872. doi: 10.1111/j.1467-7687.2011.01036.x

Hannon, E. E., and Trehub, S. E. (2005a). Metrical categories in infancy and adulthood. Psychol. Sci. 16, 48–55. doi: 10.1111/j.0956-7976.2005.00779.x

Hannon, E. E., and Trehub, S. E. (2005b). Tuning in to musical rhythms: infants learn more readily than adults. Proc. Natl. Acad. Sci. U.S.A. 102, 12639–12643. doi: 10.1073/pnas.0504254102

Hannon, E. E., Vanden Bosch der Nederlanden, C. M., and Tichko, P. (2012). Effects of perceptual experience on children’s and adults’ perception of unfamiliar rhythms. Ann. N. Y. Acad. Sci. 1252, 92–99. doi: 10.1111/j.1749-6632.2012.06466.x

Harding, E. E., Sammler, D., Henry, M. J., Large, E. W., and Kotz, S. A. (2019). Cortical tracking of rhythm in music and speech. Neuroimage 185, 96–101. doi: 10.1016/j.neuroimage.2018.10.037

Hepper, P. G. (1991). An examination of fetal learning before and after birth. Ir. J. Psychol. 12, 95–107. doi: 10.1080/03033910.1991.10557830

Hoppensteadt, F. C., and Izhikevich, E. M. (1996a). Synaptic organizations and dynamical properties of weakly connected neural oscillators. I. Analysis of a canonical model. Biol. Cybern. 75, 117–127. doi: 10.1007/s004220050279

Hoppensteadt, F. C., and Izhikevich, E. M. (1996b). Synaptic organizations and dynamical properties of weakly connected neural oscillators II. Learning phase information. Biol. Cybern. 75, 129–135. doi: 10.1007/s004220050280

Ilari, B. (2015). Rhythmic engagement with music in early childhood: a replication and extension. J. Res. Music Educ. 62, 332–343. doi: 10.1177/0022429414555984

Jacoby, N., and McDermott, J. H. (2017). Integer ratio priors on musical rhythm revealed cross-culturally by iterated reproduction. Curr. Biol. 27, 359–370. doi: 10.1016/j.cub.2016.12.031

James, D. K., Spencer, C. J., and Stepsis, B. W. (2002). Fetal learning: a prospective randomized controlled study. Ultrasound Obstet. Gynecol. 20, 431–438. doi: 10.1046/j.1469-0705.2002.00845.x

Kim, J. C., and Large, E. W. (2015). Signal processing in periodically forced gradient frequency neural networks. Front. Comput. Neurosci. 9:152. doi: 10.3389/fncom.2015.00152

Kim, J. C., and Large, E. W. (2019). Mode locking in periodically forced gradient frequency neural networks. Phys. Rev. E 99:022421. doi: 10.1103/PhysRevE.99.022421

Kim, J. C., and Large, E. W. (2021). Multifrequency hebbian plasticity in coupled neural oscillators. Biol. Cybern. 115, 43–57. doi: 10.1007/s00422-020-00854-6

Kirschner, S., and Ilari, B. (2014). Joint drumming in Brazilian and German preschool children: cultural differences in rhythmic entrainment, but no prosocial effects. J. Cross. Cult. Psychol. 45, 137–166. doi: 10.1177/0022022113493139

Kirschner, S., and Tomasello, M. (2010). Joint music making promotes prosocial behavior in 4-year-old children. Evol. Hum. Behav. 31, 354–364. doi: 10.1016/j.evolhumbehav.2010.04.004

Kisilevsky, B. S., Hains, S. M. J., Lee, K., Xie, X., Huang, H., Ye, H. H., et al. (2003). Effects of experience on fetal voice recognition. Psychol. Sci. 14, 220–224. doi: 10.1111/1467-9280.02435

Kisilevsky, S., Hains, S. M. J., Jacquet, A. Y., Granier-Deferre, C., and Lecanuet, J. P. (2004). Maturation of fetal responses to music. Dev. Sci. 7, 550–559. doi: 10.1111/j.1467-7687.2004.00379.x

Kirschner, S., and Tomasello, M. (2009). Joint drumming: social context facilitates synchronization in preschool children. J. Exp. Child Psychol. 102, 299–314. doi: 10.1016/j.jecp.2008.07.005

Kung, S.-J., Chen, J. L., Zatorre, R. J., and Penhune, V. B. (2013). Interacting cortical and basal ganglia networks underlying finding and tapping to the musical beat. J. Cogn. Neurosci. 25, 401–420. doi: 10.1162/jocn_a_00325

Lahav, A., and Skoe, E. (2014). An acoustic gap between the NICU and womb: a potential risk for compromised neuroplasticity of the auditory system in preterm infants. Front. Neurosci. 8:381. doi: 10.3389/fnins.2014.00381

Large, E. W. (2010). “Neurodynamics of Music,” in Music Perception, eds M. Riess Jones, R. R. Fay, and A. N. Popper (New York, NY: Springer), 201–231. doi: 10.1007/978-1-4419-6114-3_7

Large, E. W., Almonte, F. V., and Velasco, M. J. (2010). A canonical model for gradient frequency neural networks. Physica D 239, 905–911. doi: 10.1016/j.physd.2009.11.015

Large, E. W., Herrera, J. A., and Velasco, M. J. (2015). Neural networks for beat perception in musical rhythm. Front. Syst. Neurosci. 9:159. doi: 10.3389/fnsys.2015.00159

Large, E. W., and Jones, M. R. (1999). The dynamics of attending: how people track time-varying events. Psychol. Rev. 106, 119–159.

Large, E. W., and Kolen, J. F. (1994). Resonance and the perception of musical meter. Conn. Sci. 6, 177–208.

Large, E. W., and Snyder, J. S. (2009). Pulse and meter as neural resonance. Ann. N. Y. Acad. Sci. 1169, 46–57. doi: 10.1111/j.1749-6632.2009.04550.x

Large, E. W., Wasserman, C. S., Skoe, E., and Read, H. L. (2018). Neural entrainment to missing pulse rhythms. J. Acoust. Soc. Am. 144, 1760–1760.

Lerdahl, F., and Jackendoff, R. (1983). A Generative Theory of Tonal Music. Cambridge, MA: MIT Press.

London, J. (2004). Hearing in Time: Psychological Aspects of Musical Meter. Oxford: Oxford University Press.

Lynch, M. P., and Eilers, R. E. (1992). A study of perceptual development for musical tuning. Percept. Psychophys. 52, 599–608. doi: 10.3758/bf03211696

Lynch, M. P., Eilers, R. E., Oller, D. K., and Urbano, R. C. (1990). Innateness, experience, and music perception. Psychol. Sci. 1, 272–276.

McAuley, J. D., Jones, M. R., Holub, S., Johnston, H. M., and Miller, N. S. (2006). The time of our lives: life span development of timing and event tracking. J. Exp. Psychol. Gen. 135, 348–367. doi: 10.1037/0096-3445.135.3.348

Merchant, H., and Honing, H. (2013). Are non-human primates capable of rhythmic entrainment? Evidence for the gradual audiomotor evolution hypothesis. Front. Neurosci. 7:274. doi: 10.3389/fnins.2013.00274

Michaels, C. F., and Carello, C. (1981). Direct Perception. Englewoodcliffs, NJ: Prentice-Hall.

Morrongiello, B. A. (1984). Auditory temporal pattern perception in 6- and 12-month-old infants. Dev. Psychol. 20, 441–448. doi: 10.1371/journal.pone.0089275

Murooka, H., Koie, Y., and Suda, N. (1976). Analysis of intrauterine sounds and their tranquillizing effects on the newborn infant. J. Gynecol. Obstet. Biol. Reprod. 5, 367–376.

Nave-Blodgett, J. E., Snyder, J. S., and Hannon, E. E. (2020). Hierarchical beat perception develops throughout childhood and adolescence and is enhanced in those with musical training. J. Exp. Psychol. Gen. 150, 314–339. doi: 10.1037/xge0000903

Nozaradan, S., Peretz, I., Missal, M., and Mouraux, A. (2011). Tagging the neuronal entrainment to beat and meter. J. Neurosci. 31, 10234–10240. doi: 10.1523/jneurosci.0411-11.2011

Nozaradan, S., Peretz, I., and Mouraux, A. (2012). Selective neuronal entrainment to the beat and meter embedded in a musical rhythm. J. Neurosci. 32, 17572–17581. doi: 10.1523/jneurosci.3203-12.2012

Otte, R. A., Winkler, I., Braeken, M. A. K. A., Stekelenburg, J. J., van der Stelt, O., and Van den Bergh, B. R. H. (2013). Detecting violations of temporal regularities in waking and sleeping two-month-old infants. Biol. Psychol. 92, 315–322. doi: 10.1016/j.biopsycho.2012.09.009

Parncutt, R., and Chuckrow, R. (2019). Chuckrow’s theory of the prenatal origin of music. Music Sci. 23, 403–425. doi: 10.1177/1029864917738130

Patel, A. D. (2010). Music, Language, and the Brain. Oxford: Oxford University Press.

Patel, A. D., and Iversen, J. R. (2014). The evolutionary neuroscience of musical beat perception: the Action Simulation for Auditory Prediction (ASAP) hypothesis. Front. Syst. Neurosci. 8:57. doi: 10.3389/fnsys.2014.00057

Phillips-Silver, J., and Trainor, L. J. (2005). Feeling the beat: movement influences infant rhythm perception. Science 308:1430. doi: 10.1126/science.1110922

Phillips-Silver, J., and Trainor, L. J. (2007). Hearing what the body feels: auditory encoding of rhythmic movement. Cognition 105, 533–546.

Phillips-Silver, J., Toiviainen, P., Gosselin, N., Piché, O., Nozaradan, S., Palmer, C., et al. (2011). Born to dance but beat deaf: a new form of congenital amusia. Neuropsychologia 49, 961–969. doi: 10.1016/j.neuropsychologia.2011.02.002

Povel, D. J. (1981). Internal representation of simple temporal patterns. J. Exp. Psychol. Hum. Percept. Perform. 7, 3–18. doi: 10.1037//0096-1523.7.1.3

Proksch, S., Comstock, D. C., Médé, B., Pabst, A., and Balasubramaniam, R. (2020). Motor and predictive processes in auditory beat and rhythm perception. Front. Hum. Neurosci. 14:578546. doi: 10.3389/fnhum.2020.578546

Provasi, J., Anderson, D. I., and Barbu-Roth, M. (2014). Rhythm perception, production, and synchronization during the perinatal period. Front. Psychol. 5:1048. doi: 10.3389/fpsyg.2014.01048

Querleu, D., Renard, X., Versyp, F., Paris-Delrue, L., and Crèpin, G. (1988). Fetal hearing. Eur. J. Obstet. Gynecol. Reprod. Biol. 28, 191–212.

Raja, V. (2019). From metaphor to theory: the role of resonance in perceptual learning. Adapt. Behav. 27, 405–421.

Raja, V. (2020). Resonance and radical embodiment. Synthese 99(Suppl 1), 113–141. doi: 10.1007/s11229-020-02610-6

Repp, B. H. (2005). Sensorimotor synchronization: a review of the tapping literature. Psychon. Bull. Rev. 12, 969–992. doi: 10.3758/bf03206433

Repp, B. H., and Su, Y.-H. (2013). Sensorimotor synchronization: a review of recent research (2006-2012). Psychon. Bull. Rev. 20, 403–452. doi: 10.3758/s13423-012-0371-2

Rimmele, J. M., Morillon, B., Poeppel, D., and Arnal, L. H. (2018). Proactive sensing of periodic and aperiodic auditory patterns. Trends Cogn. Sci. 22, 870–882. doi: 10.1016/j.tics.2018.08.003

Rocha, S., and Mareschal, D. (2017). Getting into the groove: the development of tempo-flexibility between 10 and 18 months of age. Infancy 22, 540–551. doi: 10.1111/infa.12169

Rocha, S., Southgate, V. H., and Mareschal, D. (2020). Infant spontaneous motor tempo. Dev. Sci. 24:e13032.

Saffran, J. R., Aslin, R. N., and Newport, E. L. (1996). Statistical learning by 8-month-old infants. Science 274, 1926–1928. doi: 10.1126/science.274.5294.1926

Sansavini, A. (1997). Neonatal perception of the rhythmical structure of speech: the role of stress patterns. Early Dev. Parent. 6, 3–13. doi: 10.1002/(sici)1099-0917(199703)6:1<3::aid-edp140>3.0.co;2-7

Scheurich, R., Pfordresher, P. Q., and Palmer, C. (2020). Musical training enhances temporal adaptation of auditory-motor synchronization. Exp. Brain Res. 238, 81–92. doi: 10.1007/s00221-019-05692-y

Scheurich, R., Zamm, A., and Palmer, C. (2018). Tapping into rate flexibility: musical training facilitates synchronization around spontaneous production rates. Front. Psychol. 9:458. doi: 10.3389/fpsyg.2018.00458

Schmidt, R. C., Carello, C., and Turvey, M. T. (1990). Phase transitions and critical fluctuations in the visual coordination of rhythmic movements between people. J. Exp. Psychol. Hum. Percept. Perform. 16, 227–247. doi: 10.1037//0096-1523.16.2.227

Scott Kelso, J. A. (1995). Dynamic Patterns: The Self-Organization of Brain and Behavior. Cambridge, MA: MIT Press.

Slater, J., Tierney, A., and Kraus, N. (2013). At-risk elementary school children with one year of classroom music instruction are better at keeping a beat. PLoS One 8:e77250. doi: 10.1371/journal.pone.0077250

Smith, J. (1983). “Reproduction and representation of musical rhythms: the effects of musical skill,” in The Acquisition of Symbolic Skills, eds D. Rogers and J. A. Sloboda (Boston, MA: Springer), 273–282. doi: 10.1007/978-1-4613-3724-9_31

Smith, K. C., and Cuddy, L. L. (1989). Effects of metric and harmonic rhythm on the detection of pitch alterations in melodic sequences. J. Exp. Psychol. Hum. Percept. Perform. 15, 457–471. doi: 10.1037//0096-1523.15.3.457

Soley, G., and Hannon, E. E. (2010). Infants prefer the musical meter of their own culture: a cross-cultural comparison. Dev. Psychol. 46, 286–292. doi: 10.1037/a0017555

Sowiński, J., and Dalla Bella, S. (2013). Poor synchronization to the beat may result from deficient auditory-motor mapping. Neuropsychologia 51, 1952–1963. doi: 10.1016/j.neuropsychologia.2013.06.027

Tal, I., Large, E. W., Rabinovitch, E., Wei, Y., Schroeder, C. E., Poeppel, D., et al. (2017). Neural entrainment to the beat: the “Missing-Pulse” Phenomenon. J. Neurosci. 37, 6331–6341. doi: 10.1523/JNEUROSCI.2500-16.2017

Teie, D. (2016). A comparative analysis of the universal elements of music and the fetal environment. Front. Psychol. 7:1158. doi: 10.3389/fpsyg.2016.01158

Thelen, E., and Smith, L. B. (1996). A Dynamic Systems Approach to the Development of Cognition and Action. Cambridge, MA: MIT Press.

Thiessen, E. D., and Saffran, J. R. (2003). When cues collide: use of stress and statistical cues to word boundaries by 7- to 9-month-old infants. Dev. Psychol. 39, 706–716. doi: 10.1037/0012-1649.39.4.706

Thompson, E., and Varela, F. J. (2001). Radical embodiment: neural dynamics and consciousness. Trends Cogn. Sci. 5, 418–425. doi: 10.1016/s1364-6613(00)01750-2

Thompson, E. C., White-Schwoch, T., Tierney, A., and Kraus, N. (2015). Beat synchronization across the lifespan: intersection of development and musical experience. PLoS One 10:e0128839. doi: 10.1371/journal.pone.0128839

Tichko, P., Kim, J. C., and Large, E. W. (2021). Bouncing the network: a dynamical systems model of auditory-vestibular interactions underlying infants’ perception of musical rhythm. Dev. Sci. 24:e13103. doi: 10.1111/desc.13103

Tichko, P., and Large, E. W. (2019). Modeling infants’ perceptual narrowing to musical rhythms: neural oscillation and Hebbian plasticity. Ann. N. Y. Acad. Sci. 1453, 125–139. doi: 10.1111/nyas.14050

Tichko, P., and Skoe, E. (2018). Musical experience, sensorineural auditory processing, and reading subskills in adults. Brain Sci. 8:77. doi: 10.3390/brainsci8050077

Todd, N. P. M., and Lee, C. S. (2015). The sensory-motor theory of rhythm and beat induction 20 years on: a new synthesis and future perspectives. Front. Hum. Neurosci. 9:444. doi: 10.3389/fnhum.2015.00444

Treffner, P. J., and Turvey, M. T. (1993). Resonance constraints on rhythmic movement. J. Exp. Psychol. Hum. Percept. Perform. 19, 1221–1237. doi: 10.1037/0096-1523.19.6.1221

Trehub, S. E., and Hannon, E. E. (2009). Conventional rhythms enhance infants’ and adults’ perception of musical patterns. Cortex 45, 110–118. doi: 10.1016/j.cortex.2008.05.012

Turvey, M. T. (2007). Action and perception at the level of synergies. Hum. Mov. Sci. 26, 657–697. doi: 10.1016/j.humov.2007.04.002

Ullal-Gupta, S., Hannon, E. E., and Snyder, J. S. (2014). Tapping to a slow tempo in the presence of simple and complex meters reveals experience-specific biases for processing music. PLoS One 9:e102962. doi: 10.1371/journal.pone.0102962

Ullal-Gupta, S., Vanden Bosch der Nederlanden, C. M., Tichko, P., Lahav, A., and Hannon, E. E. (2013). Linking prenatal experience to the emerging musical mind. Front. Syst. Neurosci. 7:48. doi: 10.3389/fnsys.2013.00048

Upitis, R. (1987). Children’s understanding of rhythm: the relationship between development and music training. Psychomusicology 7, 41–60. doi: 10.1037/h0094187

Velasco, M. J., and Large, E. W. (2011). Pulse detection in syncopated rhythms using neural oscillators. Pulse 1, 3–4.

Volman, M. J., and Geuze, R. H. (2000). Temporal stability of rhythmic tapping “on” and “off the beat”: a developmental study. Psychol. Res. 63, 62–69. doi: 10.1007/pl00008168

Warren, W. H. (2006). The dynamics of perception and action. Psychol. Rev. 113, 358–389.

Wasserman, C. S. (2018). Neural Resonance Theory: Investigating Beat-Perception Using Missing Pulse Rhythms. Master’ thesis. Storrs, CT: University of Connecticut. Available online at: https://opencommons.uconn.edu/gs_theses/1272 (accessed January 6, 2021).

Webb, A. R., Heller, H. T., Benson, C. B., and Lahav, A. (2015). Mother’s voice and heartbeat sounds elicit auditory plasticity in the human brain before full gestation. Proc. Natl. Acad. Sci. U.S.A. 112, 3152–3157. doi: 10.1073/pnas.1414924112

Wilson, H. R., and Cowan, J. D. (1972). Excitatory and inhibitory interactions in localized populations of model neurons. Biophys. J. 12, 1–24. doi: 10.1016/S0006-3495(72)86068-5

Wilson, M., and Wilson, T. P. (2005). An oscillator model of the timing of turn-taking. Psychon. Bull. Rev. 12, 957–968. doi: 10.3758/bf03206432

Wilson, S. J., Wales, R. J., and Pattison, P. (1997). The representation of tonality and meter in children aged 7 and 9. J. Exp. Child Psychol. 64, 42–66. doi: 10.1006/jecp.1996.2331

Winkler, I., Háden, G. P., Ladinig, O., Sziller, I., and Honing, H. (2009). Newborn infants detect the beat in music. Proc. Natl. Acad. Sci. U.S.A. 106, 2468–2471. doi: 10.1073/pnas.0809035106

Wu, X., Westanmo, A., Zhou, L., and Pan, J. (2013). Serial binary interval ratios improve rhythm reproduction. Front. Psychol. 4:512. doi: 10.3389/fpsyg.2013.00512

Yu, L., and Myowa, M. (2021). The early development of tempo adjustment and synchronization during joint drumming: a study of 18- to 42-month-old children. Infancy 26, 635–646. doi: 10.1111/infa.12403

Zentner, M., and Eerola, T. (2010). Rhythmic engagement with music in infancy. Proc. Natl. Acad. Sci. U.S.A. 107, 5768–5773. doi: 10.1073/pnas.1000121107

Zhao, T. C., and Kuhl, P. K. (2016). Musical intervention enhances infants’ neural processing of temporal structure in music and speech. Proc. Natl. Acad. Sci. U.S.A. 113, 5212–5217. doi: 10.1073/pnas.1603984113

Zou, J., Feng, J., Xu, T., Jin, P., Luo, C., Zhang, J., et al. (2019). Auditory and language contributions to neural encoding of speech features in noisy environments. Neuroimage 192, 66–75. doi: 10.1016/j.neuroimage.2019.02.047


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Tichko, Kim and Large. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


		CONCEPTUAL ANALYSIS
published: 03 September 2021
doi: 10.3389/fcomm.2021.705142


[image: image2]
Roses Strewn Upon the Path: Rehearsing Familial Devotion in Late Eighteenth-Century German Songs for Parents and Children
Adeline Mueller*
Department of Music, Mount Holyoke College, South Hadley, MA, United States
Edited by:
David Rothenberg, New Jersey Institute of Technology, United States
Reviewed by:
Paromita Pain, University of Nevada, United States
Lynn Festa, Rutgers, The State University of New Jersey, United States
Martin Ullrich, Nuremberg University of Music, Germany
* Correspondence: Adeline Mueller, amueller@mtholyoke.edu
Specialty section: This article was submitted to Culture and Communication, a section of the journal Frontiers in Communication
Received: 04 May 2021
Accepted: 27 July 2021
Published: 03 September 2021
Citation: and Mueller A (2021) Roses Strewn Upon the Path: Rehearsing Familial Devotion in Late Eighteenth-Century German Songs for Parents and Children. Front. Commun. 6:705142. doi: 10.3389/fcomm.2021.705142

Intra- and inter-generational family singing is found throughout the world’s cultures. Children’s songs across many traditions are often performed with adult family members, whether simultaneously (in unison or harmony) or sequentially (as in call-and-response). In one corpus of printed children’s songs, however, such musical partnering between young and old was scripted, arguably for the first time. Children’s periodicals and readers in late eighteenth-century Germany offered a variety of poems, theatricals, riddles, songs, stories, and non-fiction content, all promoting norms around filial obedience, virtue, and productivity. Readers were encouraged to share and read aloud with members of their extended families. But the “disciplining” going on in this literature was as much emotional as it was moral. Melodramatic plots to dialogues, plays, and Singspiele allowed for tenderness and affection to be role-played in the family drawing room. And the poems and songs included in and spun off from these periodicals constituted, for the first time, a shared repertoire meant to be sung and played by young and old together. Duets for brothers and sisters, parents and children—with such prescriptive titles as “Brotherly Harmony” and “Song from a Young Girl to Her Father, On the Presentation of a Little Rosebud”—not only trained children how to be ideal sons, daughters, and siblings. They also habituated mothers and fathers to the new culture of sentimental, devoted parenthood. In exploring songs for family members to sing together in German juvenile print culture from 1700 to 1800, I uncover the reciprocal learning implied in text, music, and the act of performance itself, as adults and children alike rehearsed the devoted bourgeois nuclear family.
Keywords: children, eighteenth century, Enlightenment, families, Germany, Lieder, Singspiele, songs
INTRODUCTION
In 1783, the author and pedagogue Christian Gotthilf Salzmann gave over an entire volume of his children’s periodical Unterhaltungen für Kinder und Kinderfreunde (Entertainments for Children and Children’s Friends, 1783:6) to an account of his family’s 5-day “road trip” from Dessau to Erfurt, in Thuringia. Thuringia is where Salzmann—a teacher at the innovative Dessau-based educational institution the Philanthropinum—was born and raised. He longed to bring his family back to his Vaterland to visit their grandmother. The title-page illustration to the volume shows the family in a coach and four crossing a bridge, as though just leaving Dessau at their journey’s outset. A man and woman sit on the coach box, while two children peek out from the coach window, and a young boy rides one of the horses while waving a flag (Figure 1). The boy’s excitement at the adventure to come is palpable, and this illustration would have prompted a similar excitement in the periodical’s readers as they “joined” the seven Salzmann children, their parents, their coachman, and their maid on the journey. “Let’s go to Erfurt! Let’s go to Grandmother!” the children cry (5).
[image: Figure 1]FIGURE 1 | Title page, Salzmann, Unterhaltungen für Kinder und Kinderfreunde, vol. 6 (Leipzig, 1783), detail. Courtesy of Bayerische Staatsbibliothek München, shelfmark Paed.pr. 2984-5/6, urn:nbn:de:bvb:12-bsb10760929-8.
But travel in eighteenth-century Germany was uncomfortable, dangerous, even life-threatening, compounding an already-high infant and child mortality rate in eighteenth-century Europe of 25–40% (Volk and Atkinson, 2013). And Salzmann chose to undertake this journey in March, before winter was past. On the third day, the family meets with a snowy wind and icy path that slows down their horses. Everyone is freezing. Salzmann begins to hear the children whimper at the cold, which he describes as the only kind of travel hazard for which he has no tolerance. “Truly, my friends,” he warns his readers, “if one of you wishes to travel with me one day, you have to promise me (not to complain); otherwise, as soon as you start crying over things that cannot be changed, I will jump out of the coach and let you drive on alone” (55). Luckily, his wife finds a way to restore the peace and “open those mouths that were about to freeze over.” She begins to sing the Lied “Rosen auf den Weg gestreut” (Roses Strewn Upon the Path), a 1776 poem by Ludwig Christoph Heinrich Hölty that had been set by Johann Friedrich Reichardt in his 1779 collection Oden und Lieder as “Lebenspflichten” (Duties of Life) (Figure 2). Salzmann describes the family joining in, while he “sang the bass line from my coach box. Thus we forgot the cold and hardship, and sang until we came to Buttstädt” (55).
[image: Figure 2]FIGURE 2 | Reichardt, “Lebenspflichten” (text: Hölty), from Oden und Lieder (volume 10) (Berlin, 1779).
Readers encountering the off-set text at this point in the volume might have found themselves singing along with the shivering Salzmann family. After all, Hölty’s poem was well-known, while Reichardt’s Oden und Lieder was already a popular song collection.
Rosen auf den Weg gestreut! Roses strewn upon the path!
Und des Harms vergessen! And forget all harm!
Eine kleine Spanne Zeit Only a small span of time
Ward uns zugemessen. Was granted to us.
Heute hüpft im Frühlingstanz Today the happy boy
Noch der frohe Knabe; Still leaps in the spring dance;
Morgen weht der Todtenkranz Tomorrow the funeral wreath
Schon auf seinem Grabe. Will already waft over his grave.
(Reichardt, 1779, 16).
It is a strange song for the mother to have chosen to comfort and distract the children, painting a somber picture of fleeting youth and life. Over eight quatrains, a boy’s spring dance gives way to a funeral wreath upon his grave; a young bride’s path to the altar is followed by her lying on the funeral bier. This song is, in other words, a memento mori. Despite its rather grim subject matter, the Salzmann family takes it up enthusiastically, with the father’s bass suggesting a choral performance, as recommended by Reichardt in his jovial, D-major setting, with its instruction “Auch im Chor zu singen” (also to be sung in a choir). This morbid text and jaunty tune was music that was meant to be shared.
The song keeps the Salzmann family warm—or at least distracted—until they complete this stage in their journey. Its success at warding off the dreaded “whining” is clearly meant to inspire readers to draw on song at similar moments of danger or disharmony. It is no surprise, then, that Salzmann pauses his account here, as he has already done before, for a didactic aside. “Singing,” he says, “is very common in my house” (55–56). He describes other occasions on which his children sing together, advising all his readers to learn to sing from and with their friends. That way they can avail themselves of all the wonderful songs by the great German poets of the age, “bringing yourselves and others great joy” (57).
Intra- and intra-generational family singing is found throughout the world’s cultures (Brand, 1986; Trehub, Unyk, & Trainor, 1993; Trehub et al., 1997; O’Hagin and Harnish, 2003; Custodero, 2006). Children’s songs and nursery rhymes are often performed with adult family members, whether simultaneously (in unison or harmony) or sequentially (as in call-and-response) (Berger and Cooper, 2003; Edwards, 2011). In one corpus of printed children’s songs, however, such musical partnering between young and old was scripted, arguably for the first time. These songs appeared in the juvenile print culture of late eighteenth-century Germany (Brüggemann and Ewers, 1982; Rehle, 1989; Mittler and Wangerin, 2004). Emerging from the “moral weeklies” popular among adult readers, children’s periodicals and digests offered a variety of poems, theatricals, riddles, songs, stories, and non-fiction content, all promoting norms around filial obedience, virtue, and productivity. The periodicals often presented a fictional family as a model for readers, who were encouraged to share the content aloud with members of their own extended families. But the “disciplining” going on in this literature was as much emotional as it was moral. Melodramatic plots to dialogues, plays, and Singspiele allowed for tenderness and affection to be role-played in the family drawing room. And the poems and songs included in and spun off from these periodicals constituted, for the first time, a shared repertoire meant to be sung and played by young and old together. Duets for brothers and sisters, parents and children—with such prescriptive titles as “Brotherly Harmony” and “Song from a Young Girl to Her Father, On the Presentation of a Little Rosebud”—not only trained children how to be ideal sons, daughters, and siblings. They also habituated mothers and fathers to the new culture of sentimental, devoted parenthood.
In what follows, I explore songs for family members to sing together in German children’s literature before 1800. These songs appeared in children’s periodicals, digests, and play collections (either as freestanding songs or embedded in theatricals), and as separately published song collections and vocal scores. In surveying this repertoire and its early reception, I uncover the reciprocal learning implied in text, music, and the act of performance itself, as adults and children alike rehearsed the devoted bourgeois nuclear family.
BACKGROUND
Depending on how they are counted, some forty to fifty German-language children’s periodicals were published in the last third of the eighteenth century, beginning in 1771–72 (Wild, 1987). With average print runs of 1,000, and assuming an average of roughly ten readers per copy (Uphaus-Wehmeier, 1984), we can estimate a total readership of up to 500,000, or around 2.5% of the roughly twenty million inhabitants of the German-speaking lands (Köberle, 1972; Heckle, 1987). Modeled on the moralische Wochenschriften (moral weeklies) popular with adult readers, these periodicals offered a range of edifying amusements: poems, theatricals, riddles, songs, stories, illustrations, and non-fiction content (Mueller, 2021). Like novels, fairy tales, and fables, periodicals belong to the genre of recreational literature, one of a number of genres of eighteenth-century German children’s literature that also includes moral instruction, religious tracts, and educational textbooks in reading, writing, arithmetic, and other subjects (Brüggemann and Ewers, 1982). The periodicals were meant to be shared by all members of a family, read aloud and—in the case of songs and theatricals—performed in the home, in one’s “kleinen Familientheater” or little family-theater, as it was sometimes called (Hiller, 1778).
The most influential, if not the first of the children’s periodicals, was Der Kinderfreund, published in Leipzig from 1775 to 1782. Der Kinderfreund was edited by the poet, playwright, librettist, critic, and pedagogue Christian Felix Weisse (Hurrelmann, 1974; Abert and rev. Bauman, 2001; Mai, 2003; Löffler and Stockingern, 2006). Der Kinderfreund went through four editions extending to 1805, had a print run of at least 10,000, and may have been read by as many as 100,000 children in Germany alone, according to one estimate (Hurrelmann, 1974). Der Kinderfreund’s material was presented within a moralizing frame narrative starring a model family, led by a kindly paterfamilias named Herr Mentor. The name was a clear reference to Telemachus’ tutor in Homer’s Odyssey, known to many eighteenth-century readers through Fénelon ( 1699). Mentor and his friends provide the four Mentor children with a panoply of poems, songs, stories, skits, and plays, all inspired by episodes in the children’s everyday life—from a casual stroll in the woods, to a catastrophic fire in a nearby town, to the sudden illness of elder daughter Lottchen. This content helps the family to process their experiences, while also conveying moral lessons. Emily Bruce has argued that the frame narratives not only showed Der Kinderfreund’s readers how to behave; “(T)he lesson also models a way to read, with the fictional frame children discussing the story they have just heard with their father, identifying with the characters, and investing the story with meaning (from) their quotidian life” (Bruce, 2015, 65). This was, in other words, a shared learning process. Erziehung and Bildung (roughly, education and upbringing) preoccupied many German Enlightenment thinkers, particularly as a means of raising productive bourgeois subjects and thereby increasing the power of the state (whether it be Prussia or the Habsburg lands). And as a corollary to the rise in companionate marriage in the late Enlightenment, the sympathetic bonds between members of an elementary family were increasingly felt to be crucial to those larger projects (Hurrelmann, 1974; Dettmar, 2002). Familial affection of course predated its enshrining in print; what was new, rather, was the notion that this affection must be both choreographed and put on display.
Cooperation and affection between adults and children were key tenets of the German educational reform movement known as Philanthropinism, which we already encountered through Salzmann. Established by Johann Bernhard Basedow in the 1770s, Philanthropinism emphasized play-based learning and cultivating joy and pleasure in parent-child and teacher-student relationships. In addition to treatises and institutions that propagated Philanthropinism, periodicals like Der Kinderfreund were an important means of popularizing its principles (1776:3, 132–138). On a broader level, from its title to every detail of its form and content, Der Kinderfreund emphasized friendship between adults and children. In the very first issue, Mentor professed to love his children “more than all the treasures of the earth, more than the whole world, yes, I almost want to say, more than my life” (Mueller, 2013, 143). It is this insular, all-consuming devotion that I wish to trace in domestic songs for children to perform with their family members.
FREESTANDING SONGS FOR FAMILY MEMBERS
Music-making served as both a model and catalyst for the emotional habituation of parents and children to the new ideal of the sentimental, devoted family. Even before Weisse started publishing Der Kinderfreund, there already existed a repertoire of Kinderlieder (children’s songs) published in collections and other periodicals and aimed at a young readership (Smeed, 1988; Schilling-Sandvoß, 1996; Freitag, 2001; Buch, 2014). Most Kinderlieder collections appeared in the same cities that produced the majority of children’s literature as a whole: Leipzig and Berlin, the centers of north German publishing and music printing. With multiple editions, high-profile subscribers, and frequent reviews in periodicals like the Allgemeine deutsche Bibliothek, Mannigfaltigkeiten, and the Hamburg Unterhaltungen, Kinderlieder collections and Kinderlieder in children’s periodicals enjoyed wide circulation and critical reception, similar to their counterparts in devotional and domestic Lieder for adult consumers (Head, 1999; 2013; Gramit, 2002; Parsons, 2004; Joubert, 2006).
Songs Sung to Family Members
The subject matter of these songs ran the gamut, as with children’s periodicals—from the change of seasons, to building a snowman, to a sibling’s case of smallpox, to the sudden death of a playmate. Those intended for children or parents to sing to or with each other (Table 1) were often explicit in their moralizing. Songs sung by a child to a parent were both performative and demonstrative: they inculcated filial values in children, and gave them a means of affirming those values to their parents while also learning the basics of singing technique and the conventions of domestic music. An example is “Lied eines kleinen Mädchens an ihren Vater, bei Ueberreichung eines Rosenknöspchens” (Song from a Little Girl to Her Father, On the Presentation of a Little Rosebud), which appeared in Amaliens Erholungsstunden (Amalia’s Recreational Hours), a periodical dedicated “to Germany’s daughters” and edited by the Stuttgart-based author, publisher, and philosopher Marianne Ehrmann (1791:2.1, after 286). In the poem (by “A. H.”), a girl presents a rosebud to her father, declaring:
I plucked it just for you;
This rosebud is what I am today,
Blooming, youthful.
It breathes its sweet fragrance,
O father, only for you;
[…] And opens up for you!
[…] I too bloom only for you,
God made me to be yours
With gentle virtues I will
Bring joy to your old age.
TABLE 1 | Lieder for Multiple Family Members in Selected Juvenile Periodicals and Kinderlieder Collections, 1760–1800.
[image: Table 1]The strophic setting, by the music teacher and composer Johann Adolarius Martin Heinz (based in Ehrmann’s home town of St. Gallen, Switzerland), is a mere 14 bars long, ten for the voice followed by a 4-bar codetta for the keyboard (Figure 3) (Düll and Wallnig, 1996). As was typical for Kinderlieder, Heinz uses a predictably diatonic melody in the major mode, harmonized almost exclusively in thirds, unfolding in a pastoral 6/8 m. A brief excursus into the relative minor extends the consequent phrase, allowing for a repeat of the fourth line of each stanza and a satisfying return to the tonic.
[image: Figure 3]FIGURE 3 | Heinz, “Lied eines kleinen Mädchens an ihren Vater, bei Ueberreichung eines Rosenknöspchens” (text: “A. H.”), from Amaliens Erholungsstunden (1791:2.1, after 286). With the kind permission of the University and City Library of Cologne. Shelfmark 2C9064-1791,1/2.
Songs like these certainly staged a certain surveillance of filial virtue. But the genre also called for active participation by parents, as made explicit in songs written for them to sing to their children—what we might call “Elternlieder,” as a counterpart to Kinderlieder. Elternlieder reinforced the intergenerational dialogue modeled in the surrounding periodical (Smeed, 1988; Buch, 2014). Weisse’s book of poems Lieder für Kinder (1767)—which was set by at least three different composers within several years—is bookended by two such Elternlieder, thus encouraging parental participation any time the collection was opened. The collection begins with “Zuschrift an ein paar Kinder” (Letter to a Pair of Children) (Weisse, 1767), which puts a new spin on the classical “hymn to the Muse”: here, the father’s inspiration is his children, along with his own “väterliche Liebe” (fatherly love). The father returns to close the collection with the equally sentimental “Ermahnung an zwey Kinder” (Exhortation to Two Children) (Weisse, 1767), a doting, nostalgic evocation of filial play.
Fathers and Mothers
These two examples are typical of the Kinderlieder repertoire in that the unmarked parent is always the father. Mothers almost never “speak” in the texts of these songs. The only time they appear to be referenced, in fact, is as dedicatees—as in Weisse’s “Auf das Bildniß einer geliebten Mutter” (On the Portrait of a Beloved Mother), or his duet, Ein paar Kinder an ihre Mutter, bey derselben Geburtstage (A Pair of Children to Their Mother, on Her Birthday), both of which were new for the revised, expanded second edition of Lieder für Kinder, this time with musical settings by Hiller (1769). Hiller, a composer and pedagogue, was already Weisse’s frequent collaborator on Singspiele (plays with music) for the commercial stage (Bauman, 1985; Krämer, 1988; Abert and Bauman, 2001; Joubert, 2006), and was responsible for the vast majority of song settings in Der Kinderfreund as well as composing songs for at least three of Weisse’s children’s theatricals.
The textual silence of mothers is part and parcel of the paternalism of the (overwhelmingly male) authors of children’s periodicals. Wild (1987) describes the mother’s role in this literature as “Stellvertreterin des Vaters” (father’s deputy), executing and enforcing paternal decisions and orders—an example of which we have already seen with the opening excerpt from Salzmann’s Unterhaltungen, where the mother began to sing the Lied as a way to comfort the freezing children and appease the easily angered father. Indeed, the two children in Weisse’s “Ein paar Kinder” praise their mother with improbable omniscience: their line “Your concerned, alert gaze/Always hangs over our cradles” implies that they somehow see her watching them throughout the night.
One might also understand mothers as figures of emulation as well as usurpation or subjugation. In keeping with the Geschlechtscharakter ideology of the time, women were assumed to be naturally adept at intimacy, the paragons of feeling (Gleixner and Gray, 2006). Fathers may have been ventriloquized more often in part because they were perceived to require the assistance of explicit songs in order to emote. As I argue elsewhere (Mueller, 2021), the iconography of Kinderlieder frequently depicts a mother or older sister as the accompanist, implying that she “speaks” obliquely, through her accompaniment and in the many codettas and other flourishes found in these Lieder themselves, such as the coda to the “rosebud” song from Amaliens Erholungsstunden (Figure 4). Mothers were sometimes even explicitly nominated for this role, as in Johann Adolph Scheibe’s preface to the first volume of his settings of Weisse’s children’s poems, Kleine Lieder für Kinder zur Beförderung der Tugend (Little Songs for Children for the Promotion of Virtue, 1766:1, n.p.). Scheibe dedicated the collection to “Frau W. * * in Leipzig,” or Weisse’s wife, imagining her accompanying herself at the keyboard. He fantasized about
[image: Figure 4]FIGURE 4 | Meno Haas, after Heinrich Anton Dähling, Familienkonzert (1800). Meno Haas, after Heinrich Anton Dähling, Die Klaviervirtuosin (Berlin, 1800). Courtesy of Kunstsammlungen der Veste Coburg, Inv.-Nr. V,112,111.
How much [Weisse’s] fatherly heart will be moved, when you sing [these Lieder] to your sweet children—one on this side, the other on that side, the third at a certain distance by the fat side—from the Klavier with motherly love. And they, these loveable children, will babble along one after the other; the virtue that is already their birthright will develop in their hearts all the more easily; they will feel it, comprehend it, and carry it out.
Feeling, in other words, would lead to understanding and practice, and the first step in this process was the mother.
Another notable exception to the silence of mothers was the subgenre of lullaby collections. Women were expected to sing in the nursery, in keeping with Rousseau’s assertion in Emile, ou de l’education that the mother was the ultimate source of the entire moral order [Rousseau (1762, 171)]). And as Gramit (2002) has pointed out, girls were often encouraged to submit to singing instruction as a way to improve their roles as wives and mothers. Such was the motivation for Reichardt’s collection Wiegenlieder für gute deutsche Mütter (Lullabies for Good German Mothers, 1798), whose preface opposed “good, sweet mothers” to “incomprehending, hot-blooded wet-nurses” looking for short cuts to soothe their charges (iii-iv). In other words, lullaby collections were part of the same appropriation of female knowledge and oral tradition as the nascent field of pediatrics was for midwifery. These ideologies converge in Reichardt’s Wiegenlied “Für Sophie ihrer Puppe vorzusingen” (For Sophie to Sing to Her Doll) (Reichardt, 1798). The poem, by the author and Philanthropinist Joachim Heinrich Campe, originally appeared in his Kleine Kinderbibliothek (1779:2, 1–2), a children’s reader that rivaled Weisse’s Der Kinderfreund in its popularity and influence. In its original appearance, the poem (here entitled “Fiekchens Wiegenlied”) has pride of place at the beginning of the 180-page volume, illustrated with the only engraving to appear within a page rather than as a tipped-in plate (Figure 5). The inclusion of this Lied in Reichardt’s lullaby collection some 20 years later presupposes that girls might occasionally—indeed, should—join their mothers at the cradle. After all, as Reichardt notes in his preface, the “attentive child” who sings such a song to her doll can “awaken many good feelings, make many a good teaching more penetrating” (v). Thus could young girls rehearse their future roles as mothers.
[image: Figure 5]FIGURE 5 | Campe, “Fiekchens Wiegenlied, ihrer Puppe vorzusingen,” from Kleine Kinderbibliothek (1779:2, 1). Courtesy of SUB Göttingen, shelfmark DD ZA 246:2.
Songs Sung With Family Members
Kinderlieder occasionally called upon parents to sing not just to, but also with, their children, alternating strophes in the manner of a dialogue poem. In one of the first sets of Kinderlieder to appear in any print medium, the nine songs included in a 1766 issue of Johann Samuel Patzke’s moral weekly Der Greis (The Old Man), one of the Lieder is a duet called “The Father and His Child” (1766:13, 118–119). In this Lied, a father and son are out walking and come across a poor man begging. The father points the man out to his son, and the son, feeling compassion for the man’s misery, offers him his own allowance. The setting, by Gotthold Wilhelm Burmann, was later anthologized in Burmann’s separate collection of Kleine Lieder für kleine Mädchen und Knaben (1774, 94–95) (Figures 6A,B). Father and son alternate verses to the same somber march in D minor, with an expression marking “earnest” and an awkward, lopsided approach to declamation and phrase length (part of which may stem from a metric error in the engraving of mm. 3 and 8).
[image: Figure 6]FIGURE 6 | Burmann, “Der Vater und das Kind” (text: Patzke), from G. W. Burmanns Kleine Lieder für kleine Mädchen und Knaben (1774, 94–95). Courtesy of Zentralbibliothek Zürich, shelfmark 6.43,3.
Weisse’s Lieder für Kinder included many dialogue poems, whether for a pair of birds, a parent and child, or two siblings. Three examples of the latter were set by Scheibe in volume two of his Kleine Lieder für Kinder (1768): “Der arme Mann” (The Poor Man), “Eitle Schönheit” (Vain Beauty), and “Die Lieblingsleidenschaft” (The Favorite Passion). In all three cases, Scheibe switches to the relative major or minor for the second strophe, an economical technique for effecting a change in mood without over-challenging young singers.
In addition to strophic duets, composers also set duets for family members to sing simultaneously, in harmony with each other. Weisse and Hiller’s duet for the two children on their mother’s birthday is one example of this subgenre, set almost exclusively in homophonic thirds and sixths. Burmann’s Kleine Lieder für kleine Mädchen und Knaben (1774) unfolds as a set of fifty-three duets, printed in parts on facing pages. However, the Lieder texts are all first-person singular, so the harmony is purely musical.
A more complex example, and one that explicitly stages siblinghood, is “Brüderliche Eintracht” (Brotherly Harmony), also from Weisse and Hiller’s revised Lieder für Kinder (Weisse, 1769). “Brüderliche Eintracht” unfolds over four verses that are traded between a brother and sister, followed by a closing verse for both siblings. The refrain is a self-reflexive apostrophe: “These must well be siblings,/ Because their love is tremendous!” Hiller’s setting is a slow minuet in rounded binary form with a straightforward conjunct melody (Figure 7A). In the final stanza, however—at the text “Oh, let us always burn with this friendship”—not only do the brother and sister sing together, they are singing in “brotherly” harmony (Figures 7B,C). Hiller singles out this Lied in his preface to the volume, showing how unusual this piece would have appeared to readers: “the last verse is sung by two voices, and I have given each voice its own line” (Weisse, 1769). The right hand of the keyboard splits into two staves, with the sister presumably taking the top line and the brother harmonizing a third below. For the refrain—“Where hearts stand in alliance,/There is the first blood-relationship beautiful!”—Hiller adds a new feature: a point of imitation, initiated by the lower voice and taken up by the higher. This call-and-response allows the “sister” to sing higher than in the previous verses, enhancing the poignancy of the duet.
[image: Figure 7]FIGURE 7 | Hiller, “Brüderliche Eintracht” (text: Weisse), from Lieder für Kinder (1769, 130–133).
VOCAL ENSEMBLES IN CHILDREN’S THEATRICALS
In addition to freestanding Lieder, readers might encounter arias, duets, ensembles, and choruses for family members (either solely as texts or with musical settings) in the many theatricals for domestic performance that were published in children’s periodicals and in separate collections (Table 2). Theatricals for juvenile readers were often based on everyday life, with children portraying thinly fictionalized versions of themselves, and their parents or older siblings portraying their fathers and mothers. The roles were often stereotyped: “rational fathers, mischievous sons, virtuous daughters, caring mothers,” as Ute Dettmar (2002, 11) summarizes it. This was a participatory, interactive repertoire, one in which, as Dettmar argues, the close-knit family “instantiates itself in its rituals and at the same time celebrates itself in its staging. [Fictional] setting and performance venue blend together, and the family-theater does not seek to build a “fourth wall”; the amateur actors perform as family members and as such are addressed as spectators” (20).
TABLE 2 | Selected Children’s Theatricals with Vocal Ensembles for Multiple Family Members, 1760–1800. Italics are the titles of individual plays/Singspiele.
[image: Table 2]Putting children on display in private theatricals was another way to monitor and coopt their free time for the projects of Erziehung and Bildung. By memorizing moralistic dialogue, submitting to the direction of an adult “director,” and impersonating idealized children, all for the approval of an adult audience, children could affirm the principles of virtue and filial obedience (Wild, 1987). A number of the plays exposed child misbehavior to critique, even mockery, as in “Die Schadenfreude” from Der Kinderfreund (1776:5), or “Denk, daß zu deinem Glück dir niemand fehlt, als du!” (Keep in Mind That You Do Not Need Anyone But Yourself To Be Happy!), from Salzmann’s Unterhaltungen für Kinder und Kinderfreunde (1780:3) (Mueller, 2021). Since this top-down, edifying function of plays, scenes, and dialogues was foregrounded within the works themselves, as well as prized highly by both authors and critics, this tends to be the aspect most frequently emphasized by modern-day scholars (Cardi, 1983; Mairbäurl, 1983; Dettmar, 2002).
As with the Kinderlieder, however, there was more at work in domestic children’s theater than just Foucauldian disciplining of children, or the exporting of religious instruction to an increasingly secular domestic space. Parents needed “disciplining,” too, an opportunity to rehearse the kind of familial intimacy called for by pedagogical reformers. This is confirmed in paratexts such as Carl August Gottlieb Seidel’s preface to his 1780 Sammlung von Kinderschauspielen mit Gesängen (Collection of Plays with Songs), in which he wrote that he not only gave these theatricals to his children, but performed them with them. Meanwhile, the melodramatic plots borrowed from the sentimental theater offered plenty of opportunity for pathos: abandonment and reunion, war, disaster, poverty, and death featured prominently. The heightened emotions and often traumatic nature of such events, as Wild (1987) notes, offered a pretext for tenderness and vulnerability to be foregrounded. As a Neue allgemeine deutsche Bibliothek review of one Kinderschauspiele collection noted, “We already know that Kinderschauspiele are mostly of the sentimental genre [rührenden Gattung], in which innocent children or thoughtful parents are usually the main roles, in contrast to hard-hearted people or spoiled children” (1795:15, 60). In other words, the goal was not just to give children models for how to be innocent instead of spoiled, but also to give parents models for how to be thoughtful instead of hard-hearted. In their “double address” to both children and their parents, then, the dialogues, plays, and Singspiele in collections like Der Kinderfreund encompassed more than moral guidance. They also offered a template for frank emotional expressivity, a training ground for knitting the family together along more intimate lines than ever before.
Musical Ritual in Rode’s Der Ausgang
This knitting-together was often modeled within the works themselves, in those rituals (inevitably set to music) with which family members marked birthdays, anniversaries, reconciliations, and especially reunions—again, moments that lay outside the everyday, thus eliciting heightened emotional response. Such moments of self-conscious celebration served to make explicit these works concern with promoting family solidarity (Dettmar, 2002). Music and stage directions often egged readers on to tears and effusive embraces, facilitating a kind of emotional role-play as parents and children habituated themselves to the ideal of familial devotion. When plays brought family members together, their embedded songs capitalized on music’s power to facilitate communal feeling (Joubert, 2006). This was especially true of vocal ensembles for family members, which were already marked as they occurred much more rarely than solo arias.
One poignant vocal ensemble occurs in August Rode’s Der Ausgang, oder die Genesung (The Way Home, or The Convalescence/Recovery) (Ewers, 2010). Rode was a colleague of Basedow’s at the Philanthropinum, who published Der Ausgang in 1777 as one of a set of three Kinderschauspiele dedicated to the Philanthropinum. Der Ausgang portrays the return of a father to his family after overcoming a life-threatening illness in the care of his doctor (Mueller, 2011). In his preface, Rode instructed adults taking on the roles of “The Mother” or “The Father” that they must “not be present at these performances merely as a favor to the children; rather their attention (must) not waver, and they (should) feel their hearts moved by a good-natured sentiment” (n.p.). Such remarks echoed the imperatives for attentive parental involvement in childrearing treatises from Rousseau (1762) to Basedow (1770) (Hurrelmann, 1974), as well as the “rhetoric of attention” which Matthew Riley (2004) has identified across contemporaneous German aesthetics. Whether observing from the audience or acting alongside their children, parents were expected to be emotionally invested participants in the ritual.
Rode’s Der Ausgang has just one musical moment, for which no musical settings appear to survive. But it is an extended scene, the crux of the play. In a performance-within-the-play, the father’s five children sing and dance a “Ronde” (Round) in honor of his return. Rode calls for the music to change with each verse, as the children reflect on the range of possible catastrophic outcomes of his illness, and their good fortune that he is out of danger. The stage directions set out in exacting detail both the emotional turns in the music, and the father’s subsequent outburst of affection and gratitude.
(The children stand so that when the father enters, he comes right into their circle; they close it at once; a light, cheerful music arises; and they dance with simplicity, decency, and cheerfulness around their father, and sing, as follows:)
Be welcome, welcome
With joy, Father, here!
(The music is here slower, and the children only sing, do not dance.)
If Death had taken you,
Beloved, we would have mourned.
[ . . . ]
(The music changes here again, and expresses joy, and the children dance again.)
But now, now joy shouts
Out of your children’s breast.
[ . . . ]
Be welcome, welcome
With joy, Father, here!
(The Father, surprised by these entrances, stands entirely without moving, among his children. Soon the tears come into his eyes, his head sinks down a little sideways, and with the deepest sentiment in his eyes he looks down at the dancing. When they have sung and danced, he embraces them all with silent emotion; the children are full of joy and caress him.)
The precise choreography, even down to gaze and head position, implies that such demonstrative signs of familial affection could not be taken for granted among Rode’s readers. In other words, children’s theatricals like these offered not just a pretext, but also a textual and even physical vocabulary—a blueprint—for parental participation in the theatrical modeling of the devoted family.
Model Families in Weisse’s Theatricals
Just as Christian Felix Weisse dominated the genre of the children’s periodical, so too with the children’s theatrical—no surprise, given his long history as a playwright, librettist, and translator. Over the course of its seven-year run, Der Kinderfreund included twenty-four one- and two-act plays, and its sequel, Briefwechsel der Familie des Kinderfreundes (Correspondence of the Kinderfreund Family, 1784–92), which ran for another eight years, had thirteen. Most of these plays were also published separately, as well being anthologized in the 1778 Sechs Schauspiele für Kinder and the three-volume 1792 Schauspiele für Kinder. Of Der Kinderfreund’s twenty-four plays, three include solo songs, while five include songs and vocal ensembles. Briefwechsel’s thirteen included one with a solo song, another with “untermischten Liederchen” (intermingled little songs), and a third billed as a “comische Oper.”
As already mentioned, Hiller set many of the songs in Weisse’s plays, and published vocal scores to at least two: Die kleine Aehrenleserinn (The Little Gleaner-Girl, 1778) and Die Friedensfeyer, oder die unvermuthete Wiederkunft (The Peace Festival, or The Unexpected Return, 1779). In Die kleine Aehrenleserinn, the titular heroine and her poor, widowed mother are adopted into the family of a benevolent landowner. The final vaudeville has each character reflect on their experiences, concluding with a pun on the play’s title. Thus the harvest becomes an allegory for the cultivation of family along sentimental and companionate lines (Mueller, 2011, 46). In Die Friedensfeyer, a local nobleman’s children participate in a peace festival following the end of the War of the Bavarian Succession. The nobleman is feared dead, but he secretly takes the place of the monument that is being dedicated to his memory, and just as the children finish singing a verse at the festival about Peace returning to families their missing “husbands, sons, fathers, and brothers,” the curtain rises to reveal the living father, the stone made flesh (a moment memorialized in the engraving that accompanies the play). The effect of this transcendent reunion is, as Carola Cardi (1982, 186) argues, to lift war and peace “out of social reality” and into the realm of other “natural and God-given phenomena” (Mueller, 2011, 53-61).
In addition to songs in children’s theatricals that were billed as “Schauspiel” (play) or “Lustspiel” (comedy), some theatricals were labelled as musical theater, whether “Operette für Kinder” or “komische Oper.” An example of this appears in volume five of Weisse’s sequel to Der Kinderfreund, Briefwechsel der Familie des Kinderfreundes. The Singspiele is called Unverhoft kömmt oft, oder Das Findelkind (Things Always Happen When You Least Expect Them, or The Foundling) (1786:5; Bauman, 1985), and it was soon set to music by the famed composer Georg Benda, who published a free-standing piano-vocal score. In keeping with Der Kinderfreund’s frame narratives, this “komische Oper” is presented as an offering by the family friend Herr Spirit, inspired by Karl’s account of a walking excursion with his friends, during which a storm broke out and a kindly woodcutter offered them shelter. The story introduces an officer’s wife, Frau von Lilienfeld, despondent and guilt-ridden at her six-year-old son having gone missing while her husband is away at war. She encounters a poor woodcutter’s son who is the same age as her lost child, and, in her grief, immediately offers the boy’s father money if he will let her adopt his son. Despite her and her maid’s bribes, the rationalizations of the woodcutter’s greedy wife, and the temptations of wealth for the child’s elder siblings, the father holds strong and rejects Frau von Lilienfeld’s offer. Chastened by his devotion, she withdraws the request, which immediately triggers the miraculous reappearance of her own boy. Mother and son are reunited in a dénouement memorialized in the play’s lone illustration, with Frau von Lilienfeld depicted in a transcendent pose reminiscent of the Fainting of the Virgin (Figure 8).
[image: Figure 8]FIGURE 8 | Tipped-in illustration, “Unverhoft kommt oft, oder das Findelkind,” from Weisse, Briefwechsel der Familie des Kinderfreundes (1786:5, after 162). Courtesy of Bayerische Staatsbibliothek München, shelfmark Paed.pr. 4415 i-5, urn:nbn:de:bvb:12-bsb10761748-7.
Frau von Lilienfeld gives the woodcutter’s family a sizable reward for teaching her a valuable lesson about parental devotion, and her maidservant even draws an analogy to parental love in the animal kingdom in the aria “Die Affen lieben ihre Kinder” (Apes love their children) (176):
Apes love their children
(So they say) no less,
The baby ape is their plaything and game,
They love it so much, and press, and press
Their baby ape so close to their heart
That they nearly choke the baby.
The image of the mother embracing her child to the point of smothering him is the polar opposite of her earlier carelessness, for which she had blamed the son’s disappearance. Thus did Weisse’s comic opera serve as a cautionary tale for indifferent parents, as well as offering a model—outside even the human—for the kind of intimacy sacralized in the drama. As Frau von Lilienfeld puts it in the aria she sings after being reunited with her son (174):
Bey Vaterpfleg und Mutter Sorgen, Only through father’s care and mother’s concern
Ist nur der Kinder Glück geborgen. Is children’s happiness ensured (safe).
FRAMING TEXTS AND EARLY RECEPTION
Nearly all of these children’s periodicals and collections (whether of Lieder or plays) included prefaces in which the author, composer, or editor addressed their readers and set out their goals for the publication. I have already referred to several such prefaces, and there are numerous other examples. Many were addressed directly to “meine kleinen Leser” (my young readers), or “An die Jugend” (to the youth), advancing the conceit that children’s literature was exclusively read by the young. But as all young readers surely knew, the main consumers—indeed, patrons—of children’s literature were parents and educators. Lathey (2006, 2) describes prefaces in children’s literature as seeking “to justify the choice of text, to commend its didactic intent, or to reconcile teachers, parents, and child readers to its provenance and content.” Bruce (2015, 83) puts it somewhat more strongly: prefaces sought “to exert control over the relationship between author and reader,” in much the same way as the aforementioned frame narratives featuring model families sought to circumscribe the reading experience, and by extension, shared free time as a whole.
In prefaces to Kinderlieder collections, composers often enumerated the benefits of singing the songs, while also occasionally offering guidelines for their performance or apologias for their unassuming appearance. Hiller’s preface to his first set of Lieder für Kinder (Weisse, 1769) sets this out plainly: “I have,” he writes, “given preference to light and natural singability over the bombastic and artificial. Good coherence of the voice, pure intonation, and a clear and affecting delivery is more important than (executing) all the mordents, trills, and turns.” Claudius (1780) exhibited a trait common to many of these prefaces: paying tribute to those who had already published in the genre, especially Weisse and Hiller. Claudius acknowledged the primacy of Hiller’s collection, and professed only to have published his set for very young players, “those of you who would always come away from the Clavier with a sad face, and lament that (Hiller’s Lieder für Kinder) was still too difficult for your little fingers.” Claudius went on to insist, with conventional humility, that his melodies were “not nearly as beautiful as those of the excellent Hiller—but I have done what was within my ability, and you will have to be content with that.”
Such modest prefaces may have been a way to forestall criticism—after all, these publications were reviewed in general-interest periodicals like the Allgemeine deutsche Bibliothek (General German Library) as well as specialty education periodicals like the Allgemeine Bibliothek für das Schul- und Erziehungswesen in Deutschland (General Library for the Schooling and Education System in Germany), and in the newly emerging music journals that were establishing a robust critical tradition around music for domestic consumption (Rose, 2019). In fact, like Weisse himself, many of the composers who produced music for the juvenile market were also themselves music critics. Scheibe was the editor of one of the earliest music journals, Der Critische Musicus (1737–38, 1740). Hiller edited one of the earliest music periodicals, the Wöchentliche Nachrichten und Anmerkungen die Musik betreffend (Weekly News and Notes Regarding Music, 1766–70), which, as Rose (2019) points out, was aimed at amateurs. Reichardt also advanced the cause of simple, unaffected music in his own Musikalisches Kunstmagazin (1782, 1791). With so many of these agents of German canon formation “moonlighting” as composers of music for the young, it is little surprise that the narrative of “edle Einfalt” (noble simplicity) should be such a key tenet of German nationalism in music.
Despite composers’ best efforts, however, music critics pulled no punches when it came to Kinderlieder collections. Possibly the earliest such collection, Scheibe’s Kleine Lieder für Kinder, volume 1 (1766), received a scathing review in the Hamburg Unterhaltungen (1768:5, 343–344) that was particularly unforgiving of Scheibe’s use of parallel fifths and octaves. Scheibe—already infamous for his critique of J. S. Bach in 1737— was incensed enough by this review to publish a sprawling rebuttal that took up seven and a half pages of the eight-page preface to volume two of his Kleine Lieder für Kinder (1768, 1–8). Scheibe even referred to the reviewer as “mein Gegner” (my enemy/adversary). Hiller published a gentler review of Scheibe’s volume two in his Wöchentliche Nachrichten (1766:1, 356–360), sympathetically noting the “heftigen Kritiker” (severe criticism) Scheibe had received, while also confessing, “the more fierce (Scheibe) is, the less we wish to get embroiled in the debate” (356). A few years later, perhaps apprehensive of similar treatment, Burmann wrote in the preface to the first of his collections, Burmann (1773), that “The musical critic will of course find reason enough for criticism—and perhaps no one criticizes more, than myself.”
As for the subject of the present article—songs for family members to sing to or with each other—most critics do not seem to have addressed these songs individually in their reviews of Lieder collections. One exception was Hiller’s (1776:1, 358) review of Scheibe’s volume 2. He praised his fellow composer Weisse for his “expressive melodies,” particularly in those duets where Scheibe supplied different music for different strophes (as discussed above). In general, songs in plays and theatrical anthologies tended to be largely overlooked by critics, in favor of criticisms of plot and language. The only one of Weisse’s three separately-printed children’s Singspiele to have received a review appears to be Hiller’s setting of Die kleine Aehrenleserinn, in the Allgemeine deutsche Bibliothek. The short, muted review suggests that parents who had first read the Singspiele were “doubtless eager to see it performed by their children” (1780:40, 127). The reviewer goes on to observe, however, that Hiller’s music is not accessible to the average child, and was clearly composed with the professional stage in mind. Indeed, a number of these plays made their way into the repertoires of professional children’s troupes (Dieke, 1934; Mueller, 2013).
Another strain of criticism may have been motivated by regional or confessional rivalries. The Jesuit priest Franz Xaver Jann, professor at a Gymnasium in Augsburg, published a seven-volume series entitled Etwas wider die Mode: Gedichte und Schauspiele ohne Caressen, und Heurathen, für die studierende Jugend (Something Against the Fashion: Poems and Plays Without Caresses and Marriages, for Studious Youth, 1782–1821). Nearly every volume included a handful of Singspiele alongside spoken plays, all on vehemently chaste subjects. The first few volumes came in for harsh criticism from the Allgemeine deutsche Bibliothek, with one reviewer singling out the Singspiele as “so indescribably wretched and pedantically dumb that there is nothing more to say” (1789:84, 554). Another reviewer even suggested that a better title for the collection might be “Etwas wider den gesunden Menschenverstand” (Something Against Common Sense) (1790:95, 297). Either or both anonymous reviews may have been by Friedrich Nicolai, the editor of the Allgemeine deutsche Bibliothek, who in his Beschreibung einer Reise durch Deutschland und die Schweiz, im Jahre 1781 twice excoriated Jann’s “tasteless” collection (1787:8, 126, 154–155). Concluding that the concept of a “Jesuit comedy” was virtually an oxymoron, Nicolai “pitied” the “poor children who have to ruin their minds with such nonsense.” The occasional critique notwithstanding, the many reprints and anthologies of children’s Lieder and plays shows just how much traction they had in the marketplace.
DISCUSSION
Free-standing and theatrically embedded songs for parents and children to sing to and with one another constituted—for the first time that we know of in European print culture—a shared, notated repertoire for young and old. The learning taking place here was reciprocal: parents listened to their children perform, siblings listened to one another as they traded verses in a song, and older siblings played parents alongside and in front of their own parents and younger siblings. At the level of the everyday, such reciprocity has been observed in our own time, in more casual musical interactions between parents and infants. Custodero and Johnson-Green (2008, 16) liken such “musical parenting” to “the musical phenomenon of counterpoint,” and describe it as contributing to various aspects of child development. In the eighteenth century, the explicit and implicit goals of German repertoire for family singing bore the weight of many ideological burdens: psychological, moral, social, even nationalistic. As Georg Carl Claudius summed it up in the preface to volume two of his Kleine Unterhaltungen (1783, n.p.): “Honor your God, love your parents, treasure your teachers, respect religion and virtue, and you will—and you must—be happy.” In other words, through obedience, morality, and a sense of shared obligation, children could find fulfillment. A poet and composer of Kinderlieder himself, Claudius knew well the role that singing could play in supporting all of those pursuits. But as the intimate family portrait on the title page of Claudius’ volume makes clear (Figure 9), parents shared their children’s burden of responsibility. They had to make themselves worthy of that all-consuming love, and return it. The father, mother, girl, and boy shown in the engraving are woven together, their hands entwined, their bodies pressed together in a tableau of idealized intimacy. They fulfill Weisse’s profession in the first issue of Der Kinderfreund, to love his own children “almost more than my life.”
[image: Figure 9]FIGURE 9 | Title-page illustration, Claudius (1783). Universitätsbibliothek Augsburg, shelfmark 221/GK 9951 C615 K6-1.2.
This sense of mutual devotion would become even more nostalgic and sentimentalized in the next century. In his Über naïve und sentimentalische Dichtung [On Naïve and Sentimental Poetry, 1795], Friedrich Schiller argued that young and old, like nature and the man-made, were incomplete in and of themselves:
They are what we were; they are what we should become once more. We were nature like them, and our culture should lead us along the path of reason and freedom back to nature. [. . .] We are free and what they are is necessary; we alter, they remain one. Yet only if both are combined with one another—only if the will freely adheres to the law of necessity and reason maintains its rule in the face of every change in the imagination, only then does the divine or the ideal emerge. [. . .] In the child are exhibited the potential and the calling, in us their fulfillment, and the latter always remains infinitely behind that potential and that calling (180–182; emphasis original).
Whether practical or sentimental, utilitarian or romantic, the mutual obligation between young and old, encapsulated in that compound word “Kinderfreund,” was modeled—indeed, transacted—in songs and ensembles for family members to sing to and with each other. None of them, not even the lullabies, were ever truly solos.
As that cold spring journey from Salzmann’s Unterhaltungen für Kinder und Kinderfreunde had allegorized so well, both everyday life and intergenerational rapprochement were treacherous, with many foreseen and unpredictable hazards along the way. But there would always be “Rosen auf den Weg gestreut,” roses strewn upon the path. The children’s authors, poets, and composers encountered here all seem to have shared the hope that, by affirming the blessings of familial affection, children might be helped to weather all of life’s dangers and challenges, while also reassuring their elders that all would be well. “Instantiating and celebrating themselves” in these participatory rituals (Dettmar, 2002, 20), German families consuming this repertoire were afforded both pretexts and scripts for performing the devoted family—along with enough pleasing music to make it worth rehearsing again and again.
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From a biological point of view, the singing of songs is based on the human vocal learning capacity. It is universally widespread in all cultures. The transmission of songs is an elementary cultural practice, by which members of the older generations introduce both musico-linguistic rules and affect-regulative means to the younger ones. Traditionally, informal singing in familiar settings primarily subserves affect-regulation goals, whereas formal song transmission is embedded in various normative claims and interests, such as preserving cultural heritage and representing collective and national identity. Songs are vocal acts and abstract models that are densely structured and conform to cultural rules. Songs mirror each generations’ wishes, desires, values, hopes, humor, and stories and rest on unfathomable traditions of our cultural and human history. Framed in the emerging scientific field of didactics, I argue that research on formal song transmission needs to make explicit the norms and rules that govern the relationships between song, teacher, and pupils. I investigate these three didactic components, first, by conceptualizing song as rule-governed in terms of a grammar, with songs for children representing the most elementary musico-linguistic genre. The Children’s Song Grammar presented here is based on syllables as elements and on syntactic rules concerning timing, tonality, and poetic language. It makes it possible to examine and evaluate songs in terms of correctness and well-formedness. Second, the pupils’ learning of a target song is exemplified by an acoustical micro-genetic study that shows how vocalization is gradually adapted to the song model. Third, I address the teachers’ role in song transmission with normative accounts and provide exemplary insights into how we study song teaching empirically. With each new song, a teacher teaches the musico-linguistic rules that constitute the respective genre and conveys related cultural feelings. Formal teaching includes self-evaluation and judgments with respect to educational duties and aesthetic norms. This study of the three-fold didactic process shows song transmission as experiencing shared rule-following that induces feelings of well-formedness. I argue that making the inherent normativity of this process more explicit – here systematically at a descriptive and conceptual level – enhances the scientificity of this research domain.
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INTRODUCTION

The singing of songs builds on the human capacity for vocal production learning and our propensity to entrain to repetitive, evenly paced signals (Merker, 2006, 2012; Merker et al., 2018). Social gatherings for joint singing are a cultural practice through which the musico-linguistic lore is transmitted between generations. Joint singing is universal in all human cultures (Jordania, 2011), unless suppressed by authorities for political reasons. Producing and sharing vocal sounds that are jointly organized according to certain rules is regarded as a key issue in theorizing on the origins of music and language in anthropogony (Merker, 2005; Merker et al., 2018) and ontogeny (Stadler Elmer, 2020). Song is an elementary cultural practice accessible from infancy to old age. It may take at least three forms: a memorized vocal pattern performed by a singer who may vary and alter its form, a recording with the possibility of identical repetition, and, finally, in the form of musical notation by which the song escapes the ephemeral. As I will show, the distinctions between these three forms of song are important in the study of song transmission.

In this paper, my focus is not the evolution of song transmission but the cultural practice of intergenerational song transmission as organized in many nations’ educational systems nowadays. I examine some of the constitutive norms and rules in an attempt to render them more explicit. For this purpose, I distinguish between informal and formal transmission, and I focus on the latter in greater detail and by adopting a didactic perspective. The concept of “didactic” denotes an emerging scientific field in Europe that systematically studies the processes of transmission of knowledge in the broadest sense – covering science and cultural practices – that are organized by institutions specialized for this purpose (Chevallard and Bosch, 2020; Schneuwly, 2020). The original Greek term διδάσκειν [didáskein] mainly means “to teach, to be a teacher, to train,” as well as “to learn by being taught” and “to put someone in the position of learning” (Schneuwly, 2021). Didactics in the various disciplines deals with the relationship between three components: knowledge (including skills), teachers, and pupils. Here, I adapt this ternary approach to the components song, teacher, and pupils, drawing on my research on children’s song acquisition and development (e.g., Stadler Elmer, 2002) and on a research project on song teaching carried out by me and my team.1 With reference to empirical research on song teaching and learning, this paper aims, first, to render visible and explicit some of the dynamics in the process of song transmission; second, to provide a conceptual framework that allows researchers to describe song transmission systematically and explain its key aspects; and third, to render explicit some of the rules and norms that govern the practice of song transmission.

The new methods we have developed for our empirical research are descriptive in nature and serve to analyze and describe various dynamic aspects of formal song transmission. Readers who miss the application of standard methods or inferential statistics are reminded that at least since Kuhn (1962) and Feyerabend (1975), it has been considered one-sided and inadequate to regard the application of scientific methods as sufficient for the proof of scientificity. Kuhn’s and Feyerabend’s positions have been further developed in the theory of systematicity by Hoyningen-Huene (2013), which provides an important orientation for the research presented here. The philosopher of science Hoyningen-Huene answers the question about the nature of science as follows: “Scientific knowledge differs from other kinds of knowledge, in particular from everyday knowledge, primarily by being more systematic.” (Hoyningen-Huene, 2013, p. 14).

Systematicity is gradual and manifests itself in nine dimensions (Hoyningen-Huene, 2013). I articulate eight of them directly or indirectly below: descriptions, explanations, the defense of knowledge claims, critical discourse, epistemic connectedness, an ideal of completeness, knowledge generation, and the representation of knowledge. Not relevant to the present context is the dimension of prediction. In this theoretical article, the theory of systematicity is useful, firstly, to correct the misconception of science as constituted by methods or even statistics, as already postulated by Kuhn and Feyerabend. Secondly, the theory of systematicity offers a rationale for the scientification of the cultural practice of formal song transmission. Accordingly, the aims of this article can be summarized as describing and explaining the practice of formal song transmission in its dynamics and norms. By presenting a conceptual system and methodology that I apply to two empirical examples, I claim to proceed more systematically than has been the case so far in this research field.


Intergenerational Song Transmission as a Cultural Practice

Before I concentrate on formal song transmission, it is important to consider this cultural practice in a broader context. The overarching concept is intergenerational transmission, without which there would be no human culture at all. In informal and formal cultural practices, the leader performs and guides selected pieces of a memorized repertoire, drawing on an ample supply based on traditions extending back over centuries and, ultimately, even millennia of acquired cultural lore transmitted down the generations (Merker, 2012; Morley, 2013). Following Merker et al. (2015), the process of cultural evolution is gradual, unconscious, obligatory, “and restructures the cultural corpus in ways that increase its salience, expressive economy, communicative generality, and grammatical power, all of which turn on enhanced communicability and learnability in various ways” (p. 2). The present-day practice of song transmission is based on biological and evolutionary adaptations. Hence, each song performed in situ for and with children represents a cultural practice that functions on the basis of biological constraints and according to norms and rules that are mostly unconscious and implicit.

In both ontogeny and cultural history, song transmission was practiced informally before the institutionalized form and thus precedes it. The institutional form serves the purposes of organized and deliberate cultural transmission and presupposes a society that has a differentiated division of labor, whereas informal transmission is much less regulated. The latter is typically performed with infants and young children in familiar settings, dyads, and small groups. It may also occur among peers or as parts of religious or ritual practices. At early stages, parents and caretakers intuitively use musical features in their child-directed vocal communication. They do this in order to establish and maintain states of joint attention and shared intentionality, as well as to prepare common ground for building up communication and emotional bonds with the youngsters (Papoušek and Papoušek, 1981). Early vocal communication by both participants is considered the manifestation of biological predispositions of support for infants’ vulnerable regulation of their physiological states (Papoušek and Papoušek, 1987). These early processes of adaptation and acculturation are viewed as affect-regulating support for building social bonds. Infants’ vocal play and its counterpart, caretakers’ musical features in intuitive communication, including children’s songs, mark the beginnings of protoconversation, as well as the precursors of the elementary cultural practice of joint singing. The youngest are introduced into the surrounding culture with its conventions and the means by which to regulate affective states by mutual responsiveness. The initial practice of song transmission happens in intimate, one-to-one relationships, and its prevailing nature is playful and joyful; thus, it is affect-regulating yet, nonetheless, rule-governed.

Many nations organize their education system by requiring children to attend school, where they are taught by teachers. Formal education typically begins when children enter kindergarten or elementary school. Here, educators and teachers tacitly presume that all children have been introduced into the song culture prior to attending school and that they are able to decode what is expected during music lessons in class. Song transmission in educational institutions is formal because a specialized person – a teacher – is mandated to transmit cultural rules through a song repertoire to a younger generation – the pupils.



Cultural Practice and Normativity

By denoting song transmission as a cultural practice – be it informal or formal – I rely on the practice idiom that is widely used in social sciences and philosophy (e.g., Brandom, 1994; Turner, 1994; Schatzki, 1996; Rouse, 2007). For Turner, practice is variously interchangeable with tradition, tacit knowledge, paradigm, presupposition, and much more, whereas Rouse emphasizes norms as a constituent of practices:


Practices are constituted as such by the mutual normative accountability of their performances to “norms” that are always at issue within the practice. To say these norms are “at issue” is to say not merely that the norms change over time. It indicates that change results in significant part from the ongoing effort to sustain a common practice accountable to norms, even though what the norms are is not yet settled (Rouse, 2015, p. 152).
 

The widely discussed notion of “norm” is understood to concern what “ought to be” (Broome, 2018), that is, values and judgments of what is “correct,” “appropriate,” and “accurate” and their respective negations. Although joint singing belongs to cultural traditions, it has not yet been considered from the perspective of a normative practice. By doing so here, I argue that joint singing or song transmission is a prototypical cultural practice and, specifically, that it is multilayered in its normativity for at least three reasons. First, its content – songs – is deeply rooted in a culture’s traditions, which bear a kind of authority regarding adherence to norms and rules. Second, the actors involved in this didactic practice have defined roles: a responsible teacher guides pupils, who are expected to be motivated to follow. The overarching goals of song transmission are tacitly and collectively agreed upon, and when institutionally regulated, they have some national legal basis. Third, the teaching and learning of songs require complex in situ actions whose norms and rules are enacted very quickly and, thus, mostly implicitly. However, the agents’ involved in song teaching and learning do not need explicit knowledge of the rules that govern their actions to achieve the goal of transmission. Nevertheless, to understand this cultural practice from a scientific point of view, it is important to articulate and explicate the inherently enacted norms and rules.

The concept of normativity implies the absence of a true or untrue basis: actions and action-related statements are not verifiable or falsifiable but rather valid or invalid, correct or incorrect, and appropriate or inappropriate. Due to this lack of verifiability of the truth, validity must be negotiated, for instance, on the basis of traditions, established conventions that are changeable, or authority. In order to clarify further aspects of normativity for the present context, I adopt the three main types of norms introduced by the philosopher von Wright (1963) – prescriptions, customs, and rules –, and use them to scrutinize the practice of song transmission and to reconstruct some of its normative layers.

The first main type, the state laws in terms of legal prescriptions (only briefly mentioned here), articulate the political and educational interests of a society or nation in the issue at stake. For instance, certain practices can be prescribed, banned, or censored. Formal song transmission happens in institutions and is most often part of school curricula. This type of norms – prescriptions – focuses on the embedding of song transmission within a larger context. First and foremost, it includes historical aspects. Traditions may be the most powerful underpinning influence in maintaining rituals, including rules and norms. Second, at the national level, the representation and maintenance of a nation’s identity and heritage is of interest; hence, at regional levels, educational institutions are commissioned to implement curricula. Third, schoolteachers are mandated and, thus, obliged to follow the curriculum. For them, being employed and accepting an obligation implicates judging, evaluating, and monitoring their own work, along with accounting to others for the fulfillment of their obligations, including the transmission of songs. Obligations are subject to self-evaluation and, at some points, to professional judgment and evaluation. Thus, teachers are guided by regulations, norms, and rules that frame their pedagogical interactions with children. Specifically, the teaching of songs is expected to adhere to preset criteria, such as children’s learning outcomes in the form of correct performance and familiarity with the prescribed repertoire. To fulfill their duty, teachers take for granted children’s motivation, their capacity to learn, and their cultural learning experiences prior to entering school. The influence of early individual experiences is difficult to assess and has often been simplistically diagnosed in terms of talent or giftedness or the lack thereof. Hence, teachers have to cope with and adapt to heterogenous conditions. However, depending on their personal norms or standards regarding their duties and on the institutions’ policies governing the implementation and monitoring of quality, teaching songs may at times be considered important or unimportant. As a consequence, the appreciation of this practice varies, ranging from high to low or from desirable to neglected to ignored. What happens in a class is thus not up to any individual’s free choice but is influenced by values and norms represented and enacted on national, community, and institutional levels and by professional training and political conditions. In saying so, I emphasize an essential property of norms: the issue at stake with norms is not about truth and facts, as it is in the human and natural sciences, but about negotiations of values and, as a consequence, power relations. Roth (2016, p. 46) states that there is no escape from the paradox that “any application of norms already presupposes and employs a special capacity for normative judgments.”

The second main type of norms proposed by von Wright (1963) is customs which give directives and tell how actions are carried out and what the corresponding social practice looks like. The notion of ritual culture, as conceptualized by Merker (2005, 2009), fits into this type well. In essence, it is about obligatory adherence to arbitrary forms; the prototypical cases are systems with long traditions, such as language or music systems. While languages are the richest, most important, and most powerful symbolic systems, music belong to the domain of rituals. Ritual actions, which are typically characterized by repetition and variation, can serve interindividual, behavioral, and affective synchronization, as they enable the anticipation of upcoming events (Merker, 2009). Ritual performances further involve the correct performance of a procedure or appropriate rule-following in order to achieve an aesthetic form and respective feelings. Hence, this type of norm is pertinent to song leading – a technical term for conducting or leading a group in song.

The third main type of norm proposed by von Wright (1963) is rules, such as those that prototypically govern games like chess but also those that take on a more flexible form as grammars. I will take up this conception in section “The Musico-Linguistic Rules: The Grammar of Songs for Children”, when I introduce a grammar of songs for children. There is a consensus to conceive of norms as generic and broad notions and rules as types of norms that are made explicit (see e.g., Brandom, 1994).

After framing song transmission as a cultural practice governed by rules and norms, next, in section “Research on Formal Song Transmission and Implicit Norms”, I report on recent research in this domain with a focus on how normativity is handled. The pivotal study by Liao and Campbell (2014, 2016) serves as an example. It is situated at kindergarten level, which is one of the first institutions children adapt to and in which they formally begin acquiring cultural lore, including songs. Although this study appears to be the first to explore song transmission and seems preeminent in providing a detailed analysis of it, the norms and rules in question remain largely implicit. This raises questions and highlights the need to address normativity.

In this paper, I argue that a structural and didactic conception of song transmission contributes to rendering unspoken normativity explicit. Therefore, in section “The Musico-Linguistic Rules: The Grammar of Songs for Children”, I make explicit the rules that govern children’s songs as an elementary, traditionally transmitted cultural device. I propose a slightly revised version of the grammar I published in the German language (Stadler Elmer, 2015) and only partly in English (Stadler Elmer, 2020). In section “Methodologies and Examples of Research on Teachers’ and Children’s Song Constructions”, I present two empirical examples, one from my own research and the other from my team’s current research project, in order to demonstrate a structural and didactic approach. The first shows a yet unpublished excerpt from a child acquiring a song from a study partly published in 2002, and the second concerns a current study on teachers’ song leading in class. One of the characteristics of a structural approach is using concepts and methods that permit the units and their interrelations involved in the transmission process to be maintained, (i.e., the song, teacher, and pupils). Both cases make evident that the structural analysis of agents enacting songs requires a conceptualization of the normative layers and rules that govern the teaching and learning. I argue that explicating the different rules and norms helps to reveal and illuminate the inherent normativity of the formal song-transmission practice. Finally, in section “Conclusion”, I outline a synthesis and some advantages of using a paradigm that seeks to describe and explain formal song transmission as a ternary didactic system rather than studying this process by focusing selected features such as pitch accuracy.




RESEARCH ON FORMAL SONG TRANSMISSION AND IMPLICIT NORMS

Cultural practices are typically enacted on the basis of implicit norms and rules that may, therefore, remain largely unconscious. In didactic research, however, norms and rules are of central importance because they govern teaching and learning in relation to subject matter. Within this normative field, the explication of norms has a crucial bearing on how actions are judged, evaluated, or justified. Because of the social nature of singing as a cultural practice, the norms and rules are taken for granted and often remain unquestioned and poorly reflected in the research literature. In the following, I will elaborate on this assertion with a focus on formal music teaching at school.


Research on Formal Teaching of Music and Song at Elementary Level

With regard to research on the teachers’ role, two major topics prevail: one consists in giving advice and instruction on how to teach songs to young children, and the other reports shortcomings in practice and expresses the need for improvements. Research on generalist teachers’ song leading reports this practice to be notoriously inadequate, with teachers ill-prepared and lacking musical skills and knowledge. Specifically, many researchers have identified that generalist teachers lack the confidence and necessary musical skills to transmit songs to children. They hold the opinion that generalist teachers teach songs inadequately or do not teach them at all (see e.g., Hennessy, 2017; Swain and Bodkin-Allen, 2017). There is a consensus that generalist teachers should develop competences to mediate children’s musical learning and should build their confidence in doing so. After working with generalist teachers for more than 30 years, Hennessy (2017) concludes that they can and should develop and strengthen the following abilities in the process of training: maintaining a steady pulse, clapping, speaking or moving rhythmically, using their voice expressively whether singing or speaking, and recognizing simple patterns, forms, and textural features when listening (p. 3).

I argue that didactic research on formal song teaching can make a promising contribution to more systematized norms, as this practice represents a prototype of such a process. However, there is still a long way to go before we can conceptualize a firm foundation of the dynamics between teacher, knowledge, and pupils and render their multilayered normativity more explicit.



Observational Research on Song Leading

As a next step, I report on the only observational study that we – as a research team – have found so far on song leading. This study contains many aspects of tacit and implicit evaluation bearing on normativity. In their pioneering work, Liao and Campbell (2014, 2016) aimed at comparing differences in approaches to teaching children’s songs by kindergarten teachers in Taiwan and the United States. They pursued three goals: (1) to examine components of the song leading process practiced by kindergarten teachers, (2) to examine teachers’ starting pitch in singing children’s songs, and (3) to compare teachers’ song leading in Taiwan and the United States.

Five public school kindergarten teachers in Taipei, Taiwan, and five in Seattle, United States, participated voluntarily in this study. They were asked to teach six children’s songs on six different occasions. Non-participant observations (video recordings) were undertaken to identify the processes by which these kindergarten teachers taught songs. Interviews and field notes provided further data. Each teacher was observed during her singing activities with children in twenty- to thirty-minute sessions. According to Liao and Campbell (2014, 2016), most kindergarten teachers were proficient in applying materials and resources in teaching the songs.

A particular focus of Liao and Campbell was the starting pitch of the teachers’ singing. They accessed “accuracy of pitch” by identifying the initial sung sound with the help of a piano, without discussing the reliability and validity of this method. They reported that the teachers had the capacity to provide a starting pitch for the children’s voices, but that in general, the teachers sang too low. The authors concluded that most of the kindergarten teachers did not provide appropriate vocal models and did not clearly employ a song leading process. Most teachers did not provide a reference note or starting pitch, with the result “that their children joined the singing several pitches into the first phrase of the song or drifted in at a later point along the way” (p. 157). Most gave little feedback to children on the accuracy and quality of their singing; however, most teachers “set a pulse, provided a sense of meter (however inaccurate) and cued the children’s singing with a gestural signal of some sort” (p. 157).

On the one hand, this is a groundbreaking study because it analyzes and describes various and detailed aspects of song leading. On the other hand, the researchers approach the song leading process using certain traditional concepts from the pedagogical literature. In doing so, they fall into the trap of adopting unspoken and selected norms. For instance, the focus on the accuracy of the starting pitch appears as a single and isolated criterion without an explicitly stated rationale. I will return to this issue by claiming that a grammar of children’s songs defines structural relations of the song as a unit, which allows single features or elements to be treated and justified as integral parts. Another implicit normative account the authors use to describe and evaluate song leading practices concerns their naming many inadequacies and shortcomings. Here, they join the tradition of considering generalist teachers as musical dilettantes and of expressing unspoken demands on them. Indeed, as will be shown later, the process of teaching a song in class is a complex endeavor. It is insufficient to use certain selected criteria and implicit norms for its description, analysis, and evaluation because this often leads to unjustified judgments about generalist teachers’ aesthetic and pedagogical work and to the neglect of their intentions. Against this backdrop, I argue that the formal practice of song transmission calls for a theoretical foundation that aims to explicate the norms and rules used in order to describe the didactic processes that take place between teachers and learners; moreover, it needs to account for the actors’ and researchers’ views to understand and negotiate their judgments and evaluations.




THE MUSICO-LINGUISTIC RULES: THE GRAMMAR OF SONGS FOR CHILDREN

In this section, I proceed to make explicit the norms and rules that govern the formal transmission of songs. The songs that introduce children to the musico-linguistic rules of their environment can be considered an elementary and rule-governed form or genre. Because of their introductory or elementary nature, I refer to this genre as “songs for children” and also as “children’s songs,” although these songs are not created by children but usually dedicated to them. The song – and the rules or underlying grammar – is the teaching and learning object in the didactic system. My attempt to explicate the rules of this elementary genre and formalize a grammar involves reference to general and abstract features, as well as to technical terms from various disciplines [music, linguistics (phonology, morphology, etc.), acoustics] that have been empirically generalized and are used worldwide to communicate about musics, languages, and songs. This allows basing conceptual analysis on established scientific knowledge and the application of technical terms to the analysis and description of the practice of song transmission. This scientific strategy can be seen as rooted in the dimension of “epistemic connectedness” of Hoyningen-Huene’s systematicity theory (Hoyningen-Huene, 2013). The Children’s Song Grammar presented below thus draws on existing scientific concepts. Whether and how these scientific concepts are also used in other cultures outside the European languages I know is beyond the scope of this article.


Attempts to Formalize Melodies

What are the essential properties and the rules of children’s songs as the introductory genre for children? The music ethnologist Nettl (2000) describes the features of simple, universal children’s songs as consisting of short phrases, repeated with small variations, and covering three or four different pitch categories in the range of a fifth. Yet, children’s songs are not only melodies but also always a combination of two different yet intertwined systems: music and language. Although there is much research on the comparison of music and language (e.g., Patel, 2008; Rebuschat et al., 2012), only rarely is the combination of the two addressed with respect to the traditional form of songs (Stadler Elmer, 2002).

The rules of music systems are a key issue, and composers and researchers have long been proposing various attempts to formalize them. Of primary interest here are propositions for analyzing and describing performances, with the aim of helping to unveil implicit rule-following. Related, but secondary, is the act of transforming a notation system into a performance, where it serves as a model and memory aid. Regarding the detection of rule-following, Sundberg and Lindblom (1976) for instance, described Swedish nursery tunes in terms of a generative rule system. Langer (1953) mentioned that music, like language, has discrete parts that can be combined in a variety of ways to make new expressive wholes. Lerdahl and Jackendoff (1983) published their generative theory of tonal music, and Povel (2010) designed algorithms for generating melodies. All these approaches focus on melodies as hierarchically organized units and deal with tonality and with musical time in terms of metrically based durations with proportional values. However, and this is most remarkable, these attempts have not dealt with the combination of melodies with texts. This combination is the main topic of the next section.



Elaboration of a Grammar of Songs for Children

Because there has been no systematic attempt to formalize the rules and principles of children’s songs to date, I have designed a grammar for this genre (Stadler Elmer, 2015, 2020). The aim is to explicate the abstract rules of how the linguistic and musical elements are combined into a coherent unit: a song. Before I go into sketching out this grammar, it is necessary to show how music and language – with the focus on song and speech – are constructed as generative systems.

In 2002, Merker proposed that human music, like language, is a generative system. He elaborated the core principles of music as an open-ended self-diversifying (Abler, 1989) or generative system: humans do not exploit the full continua of frequency (pitch) – of their voice or of instruments – and time; instead, they create limited sets of discrete categories and combine them into complex patterns. A generative system combines discrete elements (“particulates” that do not blend to an average upon combination) in composite patterns of boundless variety. In music, the particulate elements are obtained by discretizing the continua of pitch and time, yielding tones of distinct pitches to which a melody can return (such as the seven tones of a diatonic scale) and distinct durations (Merker, 2015). When these durations are related by whole integer proportions and combined in cycles and stress patterns, they supply the elements for the rhythms of all rhythmic (metric) music.

The idea that language and music are generative systems goes mainly back to von Humboldt (1836, p. 70). He characterized language as a system that makes infinite use of finite media, of which the synthesis creates something that is not present per se in any of the constituents. In languages, the discretized elements are the phonemes. Each language uses a select sample of the phonatory capacities of the human vocal apparatus. These elements are combined into syllables and words, and these, in turn, into sentences in boundless variety. Specific to each language, these combinatory rules govern word formation on the basis of metrically accentuating the syllables. An accent or stress is a relational feature of a sung or spoken syllable defined by the contrast to its adjacent syllables in terms of contrasting intensity, duration, pitch, or a combination of these (Hall, 2000; Ewen and van der Hulst, 2001; van der Hulst, 2014). In other words, accent, stress, or strong and weak beats do not have a unique phonetic, musical, or acoustic property; rather, they exist only in contrast to adjacent syllables with respect to intensity, duration, or pitch and, thus, are relational. Cross-linguistically and musically, it is highly probable for stressed or accented syllables or sounds to exhibit greater loudness, longer duration, and higher pitch levels than unstressed syllables (e.g., Kager, 2007; Santa, 2019). Whereas intensity, duration, and pitch are continuous and can be measured or calculated, and furthermore, pitch and time are discretized in music (see aforementioned, Merker, 2002), stress or accent is relational in the manner explained above (see also Table 1 below).



TABLE 1. Syllables and their properties are differently organized in song, reciting poems, and in speech.
[image: Table1]



Identification of the Building Blocks

The starting point for designing a grammar that combines the musical and linguistic systems in an elementary manner as in songs for children is the assumption that syllables are an element common to both. Syllables, consisting of vowels (V) and combined with consonants (C; VC, CV, CVC), entail both musical and linguistic properties. Researchers have shown that the repetition of fragments of spoken language is soon perceived as singing (see e.g., Deutsch et al., 2011; Tierney et al., 2018). The reasons for the dual characteristics of syllables lies, first, in the fact that the sonority of a syllable, when its duration is prolonged, creates the impression of singing due to pitch becoming salient and modular. This statement can be specified in four ways:

a. Sonority is a technical term in phonology (e.g., Goldsmith, 1990; van der Hulst, 2014). High sonority tends to align with the head of a stress foot (e.g., de Lacy, 2006).

b. Historically, many researchers have cited, the feature of vowel duration to distinguish speech from song (e.g., Stumpf, 1911; Langer, 1948; Dowling, 1984; Stadler Elmer, 2002).

c. Acoustically, the effect of the lengthened and shortened duration of vowels on the auditory perception of song and speech can be easily visualized and verified with digital tools.

d. In the literature, the temporal correspondence of short vowels with speaking and of long vowels with singing has been visualized by, for example, Lindblom and Sundberg (2007, p. 697, Figure 16:38).

Second, when repeating syllables and varying inherent features of intensity, sonority, duration, pitch, another feature then emerges: a stress pattern or periodic accentuation. These inherent constituents of syllables and the properties vocally produced by repetition and variation are fundamental to the organization of song and speech. As explained above, stress or accent is a relational property that, when produced periodically, is called musical meter in melody and verse meter in poetry, and in song, the stress patterns of melody and lyrics come together.

In each of the two vocal modes, and also when reciting poems, syllables are the building blocks, although in each case, they are differently organized. Poetic language occupies a position in between song and speech by exhibiting features of each. Table 1 presents an overview of how syllables, as a common basic unit, are organized differently in singing, reciting, and speaking due to different generative principles and combination rules applied to them.

The metrical rules of song, recitation, and speech differ. For speech, accents primarily govern word formation, and the segmental syllables meld together while talking. For song, meter governs the synchronization of the melody with the lyrics by means of the periodic accentuation of syllables, and the sung syllables meld into a melody while retaining their segmental character through their metrical structure. In reciting poems, the syllables are bound to metric patterns (binary: trochee, iambus; ternary: dactyl, and anapest), and onomatopoetic features begin or end verse lines as alliterations or cross rhymes. Recited poetry is bound to rhythmic and rhyming patterns although, in contrast to song, without melody.



The Notion of a Grammar

A grammar should define at least the building blocks and syntactic rules that permit explication of how typical children’s songs are constructed and recognized as exemplars of this genre, be they sung, technically reproduced, or symbolically represented. By knowing the constitutive elements and rules, it is possible to describe or even to predict the process of how a target model is transformed into adopted versions and how this process is monitored and evaluated by comparing the various song versions. Just as the grammar of a natural language makes it possible to produce an utterance, monitor it, and evaluate it as either correct or incorrect or well-formed according to the rules, the Grammar of Songs for Children serves to identify a song as similar to a target model, to assign it to the genre “children’s songs” or not, and to describe a sung song as more or less well-formed according to the rules. The term well-formedness has become established in linguistics and also art theory (Plümacher, 1999) to refer to a more appropriate kind of correctness that corresponds to the character of a grammar.

In children’s and folk songs, the lyrics follow poetic language rules and thereby provide not only a periodic meter that needs to be combined with melodic meter but also rhymes that mark the ending of a verse line or phrase. It follows that the combination of lyrics and melody – a defining property of children’s songs – may create tensions between competing syllable accentuations, namely, linguistic stress patterns for word formation, poetic verse meter, and melodic meter. What is required here are combinatory rules that constrain the possibilities. After having defined the syllables as the building blocks of children’s songs, the next step in constructing a Grammar of Children’s Songs consists in identifying the syntactic rules.

The Children’s Song Grammar presented here grew out of my research and analysis of countless songs sung by children, as well as song models and the necessity of explicating the inherent structures. Inevitably, normative questions arose about what is considered correct or incorrect and for what reasons. The goal of this Grammar of Songs for Children is to identify and explicate the recurring elements, patterns, and regularities that underlie both the song as an abstract and rule-governed model and the act of singing, that is, using the voice to produce sound patterns that conform to some minimal cultural rules. The model song typically represents a general and abstract device collectively shared, and the act of singing – unless recorded – is the epitome of a transient event, although densely structured and resembling the general model.



The Grammar of Songs for Children

In order to reconstruct formal song transmission as a practice, it is necessary to make explicit the rules that govern songs as vocal productions and as abstract models in written from. The completion or effectiveness of song transmission can be evidenced by similarity between an original or target song and the adopted versions. The expected result is an identical or at least highly similar form. Ideally, teachers achieve this goal by constantly monitoring and evaluating the process. They know the model and pass it on by intuitive or deliberate instructions that aim to make the target attractive and progressively adoptable. The learner is assumed to have the vocal capacity to grasp and acquire the rules of the target song, to memorize it, and to feel the effects created by the sharing of synchronized and synphonized2 actions and repetitions. Figure 1 schematizes the process of song transmission. Characteristic of this process is that songs as vocal products are the epitome of an ephemeral event. Whereas the teaching and learning of a new song occurs as a very fast interaction, the researcher must decouple this process from its actual temporality. To achieve this, an important assumption is to consider each song as an exemplar of the repertoire of the genre of children’s songs. This repertoire shares essential features with all other instances of this group, which is defined by these features. Children’s songs are used as an elementary practice to introduce the next generation into the musico-linguistic culture. Hence, the features must have a basic character, along with rules that govern the configuration of the constitutive features. These considerations have guided the process of making explicit the Grammar of Songs for Children presented here.
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FIGURE 1. A schematized representation of formal song transmission. A teacher teaches a song to school children. Finally, the acquired song should have a structural similarity to the model.



The Grammar of Songs for Children: General Properties3

1. Songs for children consist of lyrics (a verse or a poem) and a melody.

2. As the two generative systems – music and language – are both involved, an infinite variety of songs can be potentially generated.

3. The building block of both systems of song-making is the syllable, consisting of a vowel (V), alone or combined with one or more consonants (C). Syllables inherently have linguistic and musically properties: V and VC with pitch, duration, and accents.

4. Songs are hierarchically organized.

5. Lyrics and melody are relatively autonomous (see 2), thus forming parallel hierarchies (see 4). Ideally, lyrics and melody are well matched. If this is not possible, one or the other is subordinated.

6. The verse meter of the lyrics and the musical meter of the melody simultaneously govern the timing of the syllables. This may create tension and call for compromises.

7. Symmetries of temporal and sonorous forms aim to create a well-formed whole or Gestalt.



The Grammar of Songs for Children: Timing Rules4

1. The syllables are timed by a regular pulse and by periodic accents that yield a binary or ternary meter. Thus, basically, the duration of every syllable is equal (syllable-timed).

2. The duration between two isochronous pulsations (onset time of syllables) is the basic temporal unit and determines the tempo. In songs for children, the tempo is regular and constant, and usually does not change.

3. In songs for children, pauses appear at the end of a phrase and not within.

4. All the durations of the syllables and pauses are defined in relation to the pulsation. Syllables and pauses can be long or short, and the longer duration is always two times the lengths of the basic unit, the pulsation, and the shorter is half of it. Usually in songs for children, these three duration ratios are used, that is, the basic unit of the pulsation with double or half values.

5. Once the binary or ternary meter (measure – a pattern of periodic accents) is set, it is valid for the entire song. Songs for children do not change their measure or meter.

6. The entire duration of a song is segmented into phrases (groupings) of equal duration. As the subunits, the phrases can be repeated. A phrase normally consists of two or four measures and rarely of only one measure.

7. The duration of a phrase is related to the duration of exhalation. Breathing occurs between phrases. Phrases are shaped by the melody and the lyrics: they may consist of a short and easy-to-memorize melodic motive and, simultaneously, of a verse line.

8. Songs for children have an even number of measures, typically four, eight, ten, twelve, fourteen, or sixteen.

9. A song and also the phrases may begin with an incomplete measure on an upbeat. The upbeat is always unstressed, for example, Incy Wincey, Spider; Did You Ever See a Lassie?; or The Sandman Comes. As a consequence, the final measure is reduced by the duration of the upbeat, which together yield the duration of a full measure, thereby maintaining the continuous metrical timing of the lyrics.

10. The temporal structure consisting of meter (measures) and phrases is the framework within which the syllables (including tones) are organized. This means that no syllables or tones exist outside the defined meter, the even-numbered quantity of measures, or the phrases. All syllables and tones are integrated into the meter of the melody and of the lyrics.



The Grammar of Songs for Children: Tonal Rules

1. Songs for children are nearly always in major keys and rarely in pentatonic scales or minor keys.

2. The major key, once chosen, is maintained throughout the song. There is no change of key.

3. Songs for children begin with one of the three tones of a tonic triad (do, mi, sol); thus, the key of songs for children is marked in the first measure.

4. The melody consists of a limited set of tones of a major (or minor) scale (with seven tones: do, re, mi, fa, so, la, and ti). Again, as a consequence, the key does not change (cf. tonal rule 2).

5. The pitch range of the melody does not exceed a major ninth (fourteen semitones, or an octave and two semitones).

6. Usually, songs for children end on the root of the key (do), most often as a descending melody. So-called “chain songs”5 may end on the second tone of a tonic triad (mi) as do, for instance, In Mutters Stübele or Laurenzia.

7. Each tone is connected to a syllable. Therefore, the number of syllables and the number of tones are equal. Only rarely is it the case that a syllable is combined with two melodic tones (e.g., in Bye, Baby Bunting).

8. If the melody moves with an interval in one direction (a fourth or larger up- or downward), the subsequent movement changes direction.



The Grammar of Songs for Children: Poetic Rules

1. The lyrics follow the rules of poetic language. This means they have a meter and verse lines that end with rhymes (pair and cross rhymes).

2. The verse meter defines the periodic stress pattern of the syllables (or words). The binary patterns are trochee and iambic, and the ternary patterns are dactyl and anapest.

3. The verse meter matches the musical meter (measure, binary and ternary meters) of the melody to yield a well-formed entity or Gestalt. This means that the stressed syllables of a word correspond exactly with the stressed beats (accents) of the musical meter. Text and melody provide a temporal framework in which the lyrics and the melody are simultaneously synchronized. Their relative autonomy (cf. general properties 5) makes it possible to match a single melody with many verses.

4. Well-formed synchrony of melody and text can be achieved by subordination, for example, by adding or omitting syllables (abbreviating a word) or tones, as when fitting names into birthday songs and greeting songs.

5. The verse lines correspond to the phrases in that the number of syllables equals the number of tones (one-to-one relationship) and by ending on pair or cross rhymes, thus interconnecting the verse lines and the phrases.

6. The simplest lyrics combined with a melody consist of one or a few repetitive syllables. This pattern is characteristic of the refrain of a verse. Repetitive syllables are also sung in order to replace or extend the lyrics for many reasons, for example, well-formedness, completeness, simplicity.

7. Unsemantized, repetitive syllables – for the sake of their sound – are typical elements of lyrics in songs for children.



A Prototypical Form of Songs for Children

As song for children may have the following properties:

– a narrow pitch range (fifth, octave)

– repetitions of the same pitch

– small melodic intervals

– all tones belong to the same key

– tones have two or, at most, three duration ratios, determined by the pulsation

– each syllable corresponds to one tone

– eight measures, or equally timed phrases yielding a symmetrical structure

– repetition of phrases

Figure 2 represents the well-known children’s song Twinkle Little Star. It follows all the rules and has the properties of a prototypical exemplar.
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FIGURE 2. A typical children’s song that follows the rules of the grammar. Above the notes, the phrases and subphrases are marked by brackets, and the ones below the text mark the rhymes. Note, for instance, the symmetrical organization and the salient boundaries of the phrases and subphrases.




Functions of the Grammar of Songs for Children

By analogy with the role of grammar in linguistics, the Grammar of Songs for Children presented here serves to organize parts or elements systematically into a coherent unit, be it a sentence or a song. In the present context of research on song transmission, I point out three interrelated functions of the Grammar of Songs for Children:

1. It is a tool to reflect songs at an abstract level and thereby make them an object of conscious consideration and communication. When we are able to analyze and conceptualize the elements and rules, they gain a new status and become objects of reflection with some general validity. A grammar, thus, is a mental reference system for the evaluation and judgment of one’s own productions, as well as those of others. To explore and understand how people share and shape their culture, it is essential in research to know the abstract rules that guide such behavior.

2. It is a tool that provides an orientation for and a justification of aesthetic judgments and feelings. A grammar allows aesthetic judgments about whether rule-following yields coherence that is well-formed. The striving for well-formedness in vocal utterances – speaking and singing – and in other media such as writing and painting, is rooted in the Gestalt principles on the one hand (e.g., von Ehrenfels, 1890; Wertheimer, 1923) and in the ritual character of song and music (Merker, 2005, 2009) on the other hand. Both, well-formedness and Gestalt principles correspond to aesthetic dimensions with roots in human evolution (Merker, 2018) and sensuality (Valsiner, 2020). The concept of well-formedness originates in linguistics and refers to a perceived correct or coherent application of generative rules when, for example, making a sentence (Meyer, 2009), a song (Stadler Elmer, 2015), or drawing a certain type of picture (Plümacher, 1999; Stadler Elmer and Weniger, 2019). Intuitively, a sentence, a melody, or a song that conforms to grammatical rules appears well-formed. Accordingly, language and music competencies show up in implicitly grammatically oriented judgments, as well as in the formation of statements or expressions with reference to well-formedness. We acquire this grammatical knowledge from early childhood, and it manifests itself in socially shared cultural practices, usually without explicit awareness (Stadler Elmer, 2020). In general, systems consisting of defined elements and combinatorial rules – so-called generative systems – imply the property of well-formedness with respect to the products arising from them.

3. It is a tool that provides an orientation for and a justification of pedagogical judgments and decisions. Conceiving of teaching and learning songs in terms of transmitting a set of immanent rules or a grammar helps to analyze and better understand the complex practice of song by means of a normative frame of reference. Without knowledge of the cultural rules that govern vocal expression in its shaping as song, there is no structural or conceptual framework on which to base description, analysis, or theorizing. Thus, the Grammar of Children’s Songs presented here makes it possible to identify a song as an exemplar that conforms grammatically on the basis of the linguistic-musical rules applied. At the same time, the grammar can be used to determine the extent to which an exemplar deviates from it. A deviation from the simple rules can mean that the song is more complex, that it can no longer be considered a typical children’s song, or even that it belongs to a different genre. Determining the structural complexity of a song can thus clarify whether a song is appropriate for the intended target group from a linguistic-musical perspective. Since songs can be used in the classroom to pursue many and varied learning objectives, a grammatical analysis of the intended song helps to identify the easy and more difficult parts and to clarify the level of requirements. Also, a grammatical analysis brings clarity to the extent to which a children’s song is well composed – again the aesthetic dimension – or to inconsistencies present that one might wish to correct oneself. This Grammar of Children’s Songs also makes it possible to analyze the actual performance of a song with regard to its regular structure and to obtain hints regarding which aspects of the structural composition can still be improved during production. If the criterion of exact intonation is solely used in the evaluation of joint singing, the focus is on just one single, albeit demanding feature. In this case, the view of the whole seems to be lost.





METHODOLOGIES AND EXAMPLES OF RESEARCH ON TEACHERS’ AND CHILDREN’S SONG CONSTRUCTIONS

Having focused on the song as an object of transmission, in this section, I use the outlined Children’s Song Grammar to empirically demonstrate the perspectives of the other two didactic components, that is, the acquisition of a new song by a pupil and, as an independent case, the teaching of a new song by a teacher in class. Both cases are paradigmatic examples of how we systematically analyze and describe the process of song acquisition and song teaching based on a conceptual framework. The two examples serve to demonstrate the development of new and tailored descriptive methodologies and the strategy of obtaining new knowledge about norms in a hitherto little-studied area through systematic empirical description.


Didactic and Structure-Genetic Conceptualization of Song Transmission

As schematized in Figure 1, the practice of teaching and learning new songs concerns one song at a time. As stated in section “The Musico-Linguistic Rules: The Grammar of Songs for Children”, each song exemplifies general underlying rules or a grammar applied in a new song-transmission context. Teachers are expected to know the song repertoire of the institution’s textbooks and to select those they can perform and teach to the class by progressive guidance. By adopting a didactic and structural view on the process of transmitting songs, one aim is to characterize the structural similarity that ought to emerge from the teaching and learning, that is, to describe how both parties vocally construct the target object, the song, while the pupils adapt to the teacher’s model. The emergence of new vocal structures expressed by pupils and those that teachers intentionally perform for them can also be conceptualized in terms of the structure-genetic view introduced by Piaget. In this view, the focus is on the genesis of vocal structures and emergent cultural forms, feelings, and consciousness in human development (Stadler Elmer, 2002, 2015). Thus, this perspective conforms to research in didactics, where teaching is conceptualized as transforming knowledge to facilitate the pupils’ acquisition (Dowling, 2020; Schneuwly, 2021), hence, implying the emergence of new structures.

The first empirical example draws on a quasi-experimental study on the song-acquisition process in children and concerns an as yet unpublished case as part of a larger study (Stadler Elmer, 2002). The second concerns insights from our current research on the development of the capacity of song leading. Both empirical cases articulate the ternary components of didactics – teacher, song, pupils – and modalities of their interrelations. The key issue is the transmission of knowledge and skills related to song as a formal cultural practice that is shared in order to deliberately transfer it from one party to another. In other words, the teacher’s goal is to enable the pupil to achieve a structural similarity between his or her vocal utterances or singing (i.e., to teach and learn a new song). How does the teacher present the song in a learnable way, and how does the pupil accomplish this task? I give the answer to these two questions below through a primarily descriptive account. However, it is based on a conceptual framework with technical terms that can be generalized to other cases in the same subject area, for example, the conceptualization of the rule-governed object as a grammar of songs for children. Therefore, the methodology and the systematic description of paradigmatic empirical examples contribute to my goal of uncovering implicit normativity and thereby increasing systematicity (Hoyningen-Huene, 2013).



A Pupil Acquires a New Song: The Production of Structural Similarities With the Song Model

The first empirical example draws on my research on the song-acquisition process in children; thus, it focuses on pupils’ singing and less on teacher’s activities (Stadler Elmer, 2002, 2015). The quasi-experimental study concerns the above-mentioned task, that is, to teach and learn a new song in a formal setting. For this context, I composed seven new songs, of which some violate the grammar in order to assure unfamiliarity to all, and to explore children’s coping with unconventional rules. Each of the songs is connected to a picture in a book that I used while teaching the songs. More than sixty children aged between 2 and 1/2, and 9 years participated, each one in several sessions in pairs or groups of three, or exceptionally, alone with me. Here, I present an excerpt on the case of Sabine (9 years old) and her learning the song Emma Kirsch. For the structural analysis of her productions, I used a tailored computer-assisted acoustic method devised to analyze and graphically represent in detail the syllables and their pitches, timing, and accents (Stadler Elmer and Elmer, 2000).

Figure 3 provides an overview of the interaction between the teacher and the child, Sabine, with regard to the target song Emma Kirsch. It shows all sixteen events of the target song sung either by the teacher or the child. We see the expected pattern that characterizes an effective song transmission: the teacher presents a song in an adaptive way, and the child eventually adopts it. The interaction analysis in Figure 3 provides an overview of the temporal frame to contextualize all song versions sequentially produced as the model or as Sabine’s versions.
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FIGURE 3. Analysis of the interaction between teacher and child (Sabine) with respect to the target song. Squares represent the song sung by the teacher or by Sabine, and half squares represent incomplete reproductions of the first part. The vertical lines separate the sessions. The interaction analysis shows the typical pattern of transmission: The teacher presents the song, and the child gradually adopts it.


How does Sabine learn this new song? Figures 4A–F show six out of her ten song versions to provide insight into her acquisition process. The figures show the results of the acoustically based analysis, and they provide a structural analysis of how Sabine – with each song version – organized her vocal expression with the intention of adapting to the model.
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FIGURE 4. The song model is represented by the thin, continuous line. Sabine’s production is shown by the syllables and duration at the bottom and by the dots representing the quality and tonal position of the pitches which are connected by the dotted line. The x-axis represents time in seconds, and the y-axis pitch as continuum that is subdivided into the pitch categories of our Western tonal system. The symbol W means “Words,” and H stands for “Help” given by the teacher. The title at the top of each figure indicates the name of the singer, the number of the song (here number 6), the solo version, the event in the sequence (see overview in Figure 3) and the duration of the song. (A) Sabine interrupts her first version (see W) and is given help with one syllable (see H). (B) After the first reproduction, she sings a tune that she considers to be similar. (C) She gets help to begin the song (see H) and again at the beginning of the second phrase. (D) After the first phrase, she says “no, no” (see W), and she begins again. (E) In the new session, she asks for giving the beginning (see H). (F) Her last solo version (number 10, event 16), she sung rather fast and low.


Her first version, represented in Figure 4A, already shows a fairly good adaptation to the model. Yet, also typical of her song inventions and learning other songs (Stadler Elmer, 2002), she interrupts her production, comments on it, pauses, and repeats fragments. Overall, I interpret these signals as indicating her monitoring the process by self-evaluation and self-judgments. Such increased self-control contrasts with the spontaneous productions of younger children. In her first version, she meets obstacles in the transition to the second phrase. Within ten seconds, she interrupts, comments, sings “kommt” with clear pitch, pauses, and sings “und” with a lower pitch, while the teacher almost simultaneously sings “und” to provide the proper pitch to continue. At second 19, Sabine begins again with the second phrase and ends the song by following the model with a minor variation. She now says: “That is a familiar tune” and produces a tune with the repetitive syllable “ne,” as shown in Figure 4B. It has the same temporal structure as the target song and, obviously, Sabine’s own phrases produced three times – the last phrase of the version in A and the two phrases in B – are very similar. They vary in conventional ways; that is, they follow the Grammar of Children’s Songs.

In the next session, Sabine begins her fourth version (Figure 4C), interrupting and getting help with the first three notes. She sings the first phrase of the target song, pauses, comments with one word, receives help with the next syllable and notes “kommt,” repeats it, and sings the second phrase by ending on the root note, and a similar pattern as produced in version two by ending three times almost on the root note as in the tune she regarded as familiar in Figure 4B.

In her fifth version (Figure 4D), she begins by repeating the first syllable, sings the first phrase by producing intervals almost fitting into the major triad upwards to the octave, but obviously too high. She says “no, no” (see W for words in Figure 4D) and starts the first phrase again, this time much lower and in a tonally unstable manner. Yet, amazingly, at the end of this phrase, she seems to have gained the tonal stability of G major again (see the patterns do – mi – so), as given in the model and as alluded to in her first phrase of this version. This song production shows that she adopts tonal patterns of the model as well as repeats her already adopted patterns; however, the combination is either not yet correct or unstable.

In the last session, in which Sabine produces version 8 to 10 (see overview in Figure 3), she wishes to be given the beginning of the song (see event 13 in Figure 3 and corresponding symbol H in Figure 4E). Thereafter, and once more amazingly, she produces the whole song while matching the model fairly well (see Figure 4E, event 14). More interesting than the pitch deviations in the second phrase is her slowing down before and during the transition from the end of the first phrase to the beginning of the second. Here, she pauses as if reflecting on the continuation.

Figure 4F shows Sabine’s final solo version, sung rather fast and low. She sung two syllables, interrupted, and started again, yet, transposed the entire tune from the original starting pitch G4 to H3.

Overall, the structural conception of songs with syllables as building blocks gave rise to an acoustically based method for the analysis of singing. The example of Sabine’s case shows this method’s capacity to provide graphic descriptions at the level of sung syllables and their timing and integration with the lyrics and the melody. Hence, the resulting Figures 4A–F show Sabine’s vocal productions and make it possible to reconstruct the process of how she elaborated song versions that are similar to the model song. One of her strategies is revealed by her second version, where she recalls a tune that she considers to be similar, and that serves as a kind of auxiliary model. It conforms well to the presented Grammar of Children’s Songs, yet seems to be a spontaneous invention by Sabine. Whether this interpretation is true or false, by song version two, she expresses a clear understanding of the general properties and tonal and timing rules of song. These internalized rules and norms guide her production and monitoring, and she is able to combine and recombine parts and construct versions that appear well-formed. For instance, most of her tunes are in G major, except for the last version, which is transposed. Overall, we observe and can say that in the end, she succeeds, although on the way, the structures of her vocalization indicate some instabilities. Her two final productions in the last session are similar to the one depicted here as her tenth version (Figure 4F); thus, it has been left out. Whereas her productions can be interpreted as exhibiting a clear intention to adapt to the given song model, the teacher likewise contributed to the transmission by presenting the song in an adaptive manner, especially by providing help prompts on demand to begin or to continue the song production.

Taken together, these insights from a case study reveal a descriptive methodology that accounts for the child’s structural adaptation to a song model that the teacher performed flexibly in adaptive ways. To achieve structural similarity between the teacher’s model and the child’s reproductions seems to be the mutually shared intention. There is no need to assume that these agents would be aware of their rule-following productions; however, as researchers interested in the norms and rules that govern cultural practice, we ought to consider these abstract levels. Making explicit some of the norms and rules means seeking what various song transmission events have in common and what could be generalizable in this context. To extract the abstract rules that govern the event is a process of systematizing. Using the concept of systematicity, Hoyningen-Huene (2013) characterizes and differentiates scientific knowledge from other kinds of knowledge, particularly from everyday knowledge such as the practice of song teaching and learning.



Research on Formal Song Transmission: Transcription of Teachers’ Constitutive Activities

As a research team, we study formal song transmission in various ways by asking teachers to complete the task of teaching a new song of their own choice to a group of children aged between 4 and 9 years in the context of a lesson lasting between 20 and 40 min. The complexity of this task corresponds to formal cultural practice, and the task represents a prototypical and elementary form of cultural practice. We video-record the lesson, and immediately afterward, we watch it together with the teachers while interviewing them. In our research project, we use this task and procedure to study formal song transmission with two major emphases. First, we investigate longitudinally how pre-service teachers develop their professional capacity of song leading during their training by recording three lessons, each one a year apart, during their internship. Second, we study how experienced generalist teachers carry out this task. Moreover, members of the extended research group6 study (1) how teachers use instruments and digital media, (2) how experienced teachers teach songs in class, (3) how teachers in the teacher education institution train pre-service teachers, (4) how beginning in-service teachers cope with the transition into becoming professional song leaders in class, (5) how teachers guide the class from non-singing to singing states, and (6) how well selected children follow.

Here, I only focus on the methodological step of obtaining a descriptive overview of a lesson on the basis of observation and of video recordings. This step is fundamental since song teaching and learning is an event of which the temporal and transient aspects needs to be transcribed into some kind of atemporal format in order to study its organization. Therefore, in order to transcribe the teachers’ song-related activities in a systematic manner, the project team devised a new methodology, namely, a transcription system – the Lesson Activities Map (LAMap; Savona et al., 2021) – which consists of a limited set of icons and symbols. We developed this transcription methodology on the basis of the analysis of 45 lessons. We identified the recurrent song leading activities which constitute the course of the lessons. Figure 5 shows the set of icons and symbols we used for the transcription of a recorded lesson given as a LAMap in Figure 6. The full set encompasses some additional icons; however, the system is adaptable to new challenges if required to account for a phenomenon.
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FIGURE 5. Icons and symbols that represent the recurrent and constitutive activities during formal song transmission gained at the basis of the analysis of 45 lessons. The LAMap in Figure 6 is a transcript of a lesson. Our set contains other elements as needed, such as “piano,” “percussion instruments,” and “movements” (see Savona et al., 2021).
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FIGURE 6. An example of a Lesson Activities Map (LAMap). It is the transcript—based on video recordings—of the recurrent activities that constitute the course of a singing lesson (see key in Figure 5). Note the visualization of the song transmission process that starts with the teacher’s presentation of the first verse, and that ends with the children’s own reproduction of all three verses (Case study with Florence, © by Savona, 2021).


The LAMap is part of our research paradigm that emphasizes a structural and didactic approach; that is, to maintain the persons – teachers and pupils – and target object involved as units and to study their relationships instead of singling out certain features or factors in terms of externally produced cause-effect relations. Hence, Figure 6 shows an example of a systematic attempt to transcribe and describe how a pre-service generalist teacher guides the pupils by working with the complete song and its parts and by using props. The focus of this transcription methodology is the song and how teachers use their knowledge and skills to perform and present it to pupils to facilitate their learning. The usual way of transforming a complete song while teaching is to separate the lyrics from the melody. To keep track of the various song transformations, we symbolize them using five different rectangles. These indicate the properties defined in Figure 5: single verse, or single verse containing melody and lyrics, melody only, lyrics only, or rhythm only. These symbols can be used to study how teachers segment or transform the song into parts and the whole throughout the lesson. The line in the middle of Figure 6 represents the spoken conversation; the field above are the teacher’s activities; and the field below shows the pupils’ activities. Note that at the beginning, the pre-service teacher Florence asked the children to listen attentively and presented the song’s first verse that she herself accompanied by the guitar. Toward the end, they sing the whole song together three times, and finally, Florence asks them to sing it without her, which they do. The LAMap in Figure 6 visualizes the progression of this process and shows the teacher’s efforts to make the song learnable for the children based on parts and the whole.

Without considering the quality of the teacher’s work with the song and guidance, and without evaluating and judging the pupils’ final performance, Figure 6 shows the expected pattern of effective transmission. It is a much more detailed transcription of the interaction analysis compared to the one given in Figure 3, which is reduced to the sequence of events in terms of the teacher’s song presentations and pupil’s solo productions. In both cases, the focus is on the teacher’s handling of the song to facilitate transmission to the pupils. As this is current research, I point out that the LAMap has to be seen as the first step in our analysis of how teachers organize a target song and guide the pupils to achieve the goal. As subsequent methodological steps, we use the LAMap to contextualize the teacher’s statements made in the interview while watching the lesson. Thus, we combine the graphic overview of the event with the issues that arise in the interview (Savona, 2021). In this way, we account for a teacher’s activities while teaching and their various statements, which naturally include self-evaluations, judgments, and visions of future professional development. By using the LAMap methodology to transcribe lessons in the longitudinal study on the professional development of pre-service generalist teachers, we obtained a comprehensive overview of the course of each individual case.

So far, we have discovered a tendency in the pre-service teachers to shift attention from instructional issues to more musical ones with respect to not only their own performances and song transformations but also the quality of children’s productions. We have also found changes in their verbal reflections: for instance, an increase and differentiation of the vocabulary to describe and evaluate song-related activities.




CONCLUSION

In the present article, I have endeavored to conceptualize song transmission as a cultural practice, its informal and formal versions, and emphasized normativity as an inherent property that has far-reaching consequences for evaluation, judgment, and justification. Whereas song transmission as a practice may function well without any investment of extra effort in its analysis, a scientific perspective aims to render explicit the norms and rules that guide it. I have tried to demonstrate the need for this endeavor by reporting applications of unspoken and open-ended criteria to evaluate and judge generalist teachers’ work. With no existing consensus regarding some of the rules and norms applicable to characterizing formal song transmission and its efficiency, I have argued that this cultural practice remains unsatisfactory from the point of view of achieving convincing educational and aesthetic judgments and justifications. Therefore, I have proposed applying a structural and descriptive approach and a didactic perspective to study this process and underlying regularities systematically. Didactics, as an emerging scientific field, provides certain concepts that help in structuring the phenomena at stake; in the present case, these are teaching a song to pupils and achieving a structural similarity in subsequent performances. Teacher, pupils, knowledge, and their interrelations are the main focus of didactic research. These components, I claim, are also valid units to employ in studying formal song transmission.

As a secondary emphasis, I have made the case for making explicit the norms and rules that govern formal song transmission. To this end, I have proposed a Children’s Song Grammar that allows the song to be conceptualized as a regularly structured entirety or unit. The grammar permits explicit statements and criteria regarding the well-formedness of a vocal utterance on the one hand, and of song models as abstract ideas on the other. Hence, the outlined version of this grammar represents an attempt to systematize and render explicit some of the rules inherent in song and its transmission. As its normative nature is neither verifiable nor falsifiable, its validity must be negotiated with regard to, for instance, culturally specific traditions, changeable conventions, and ways of formal representation.

Finally, as proof of principle, I have described methodological and empirical research on formal song transmission, first by focusing on a child constructing her vocal expression adaptively toward a given song model. This case illustrated her strategies, one consisting in recalling her idea of a familiar song, which she expresses; however, it seemed to be a spontaneous tonal invention. Second, drawing on current research on generalist teachers’ song leading, I presented our methodology for transcribing the recurrent and constitutive activities that take place during a lesson at school. The aim is to gain a comprehensive view of teachers’ activities, such as monitoring, as well as self-evaluations and self-judgments, in order to reconstruct their professional development as song leaders in class.

Overall, I have attempted to support the argument that research on formal song transmission, a professional capacity of generalist teachers, ought to aim to make explicit the inherent normativity of this practice by applying a structure-genetic and didactic view of the phenomena. Although this statement is itself normative, I am convinced that the scientific strategy I advocate here promises to increase the systematicity of research in this field (Hoyningen-Huene, 2013).
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FOOTNOTES

1François Joliat, Annamaria Savona, Gabriella Cavasino, Anna Hürlimann, Armin Wyrsch.

2I use the term synphonize according to the Greek meaning to sound together. The term synchronous refers to simultaneity, and the term polyphonic to several voices singing together.

3The present version is a slight revision of the original one published in German language (Stadler Elmer, 2015). It is also partly published in English in Stadler Elmer (2020).

4In this context, I avoid the term “rhythm” because “there are so many meanings for this term that it would be useless to try to enumerate them all.” Arom (1991, p. 186). They have no common denominator

5“Chain songs” (Kettenlieder) are songs with minor changes and infinite verses that allow enumeration of things such as activities, colors, or names.

6Annamaria Savona, Gabriella Cavasino, Olivia Fündeling, Ana María Camiña Montero, and Anna Hürlimann.
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Song in oscine birds (as in human speech and song) relies upon the rare capacity of vocal learning. Transmission can be vertical, horizontal, or oblique. As a rule, memorization and production by a naïve bird are not simultaneous: the long-term storage of song phrases precedes their first vocal rehearsal by months. While a wealth of detail regarding songbird enculturation has been uncovered by focusing on the apprentice, whether observational learning can fully account for the ontogeny of birdsong, or whether there could also be an element of active teaching involved, has remained an open question. Given the paucity of knowledge on animal cultures, I argue for the utility of an inclusive definition of teaching that encourages data be collected across a wide range of taxa. Borrowing insights from musicology, I introduce the Australian pied butcherbird (Cracticus nigrogularis) into the debate surrounding mechanisms of cultural transmission. I probe the relevance and utility of mentalistic, culture-based, and functionalist approaches to teaching in this species. Sonographic analysis of birdsong recordings and observational data (including photographs) of pied butcherbird behavior at one field site provide evidence that I assess based on criteria laid down by Caro and Hauser, along with later refinements to their functionalist definition. The candidate case of teaching reviewed here adds to a limited but growing body of reports supporting the notion that teaching may be more widespread than is currently realized. Nonetheless, I describe the challenges of confirming that learning has occurred in songbird pupils, given the delay between vocal instruction and production, as well as the low status accorded to anecdote and other observational evidence commonly mustered in instances of purported teaching. As a corrective, I press for an emphasis on biodiversity that will guide the study of teaching beyond human accounts and intractable discipline-specific burdens of proof.
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VOCAL LEARNING

Song in oscine birds relies upon the learned acquisition of heard models (Koehler, 1951; Thorpe, 1951a,b; Baptista and King, 1980; Kroodsma and Baylis, 1982; Baker and Cunningham, 1985; Catchpole and Slater, 1995). Vocal learning allows for diversity and complexity not possible in innate song (Slater, 1986; Beecher and Brenowitz, 2005). The plasticity provided by the learning process may also give rise to variations that enable individual or kin recognition and other essential communication (Miller, 1979; Feekes, 1982). Vocal behavior, including acoustic features and the amount of learning incorporated in them, differs widely across songbird species (Devoogd, 2004). For instance, the white-crowned sparrow Zonotrichia leucophrys must only master a single stereotypical phrase (Marler and Tamura, 1964), while the improbably rich repertoire of the brown thrasher Toxostoma rufum runs to thousands of phrases, some likely improvised (Kroodsma and Parker, 1977).

Vocal learning can be vertical (from parents), horizontal (from peers), or oblique (from unrelated birds) (Marler and Tamura, 1964; Lynch et al., 1989; Baptista and Gaunt, 1997). Although the processes that guide song development can overlap (Nottebohm, 1969) and the time span varies widely, song acquisition by and large transpires in the first year of life during a critical sensitive period (Marler, 1970a; Nelson et al., 1995). Striking parallels exist between human speech and birdsong in their developmental stages (Darwin, 1871/1981; Marler, 1970b; Doupe and Kuhl, 1999; Hauser et al., 2002; Goldstein et al., 2003; Jarvis, 2004; Fitch, 2005; Merker and Okanoya, 2007; Bolhuis et al., 2010; Bolhuis and Everaert, 2016; Aamodt et al., 2020). Some songbirds retain vocal plasticity into adulthood; these open-ended learners may routinely learn new repertoire, re-open seasonally, or deliver previously unused song phrases (Yasukawa et al., 1980; Marler, 1981, 1990; Nottebohm et al., 1986; Brown et al., 1988; McGregor and Krebs, 1989; Nottebohm, 1989, 1993; Trainer, 1989; Adret-Hausberger et al., 1990; Chaiken et al., 1994; Mountjoy and Lemon, 1995; Payne, 1996; Baptista and Gaunt, 1997; Doupe and Kuhl, 1999; Adret, 2004; Taylor, 2017).

Young birds can commit songs to memory with very limited exposure (Hultsch and Todt, 1989b; Böhner, 1990; Peters et al., 1992). The “sensory” (memorization) and “motor” (sound reproduction or “sensorimotor”) phases of song learning are not typically simultaneous (Thorpe, 1961; Todt et al., 1979; Kroodsma and Pickert, 1984; Petrinovich, 1985; Moorman and Bolhuis, 2016; but see Tchernichovski et al., 2001; Roper and Zann, 2006). First attempts at production may begin weeks or months after the receipt and storage of song (Marler and Peters, 1982a; Marler, 1997; Podos et al., 2009). The separation between auditory memory formation and vocal production is common not just in songbirds but also extends to parrots (Pepperberg, 1997) and dolphins (Kremers et al., 2011). The stored neural representation of a tutor’s song may be activated and mediated through mirror neurons (Prather et al., 2008; Tchernichovski and Wallman, 2008; Mooney, 2014), whereby birds are able to compare and shape subsequent vocal rehearsals to their memory.

Since humans are the only primate species with the specialized cerebral capacity for vocal learning, this rare trait makes songbirds a powerful and versatile model for research on an array of problems. Intelligent, open to experimental manipulation, and inexpensive to feed and house, birds are easier to study and document than many species, although the quest for experimental control in laboratory experiments risks failing to give a complete description of real-world tutor/tutee relationships. Countless “professional” songbirds have been conscripted into ethology and neurobiology research projects, but despite the vast amount of scientific attention paid to vocal learning, it is striking that “tutor” may refer to a tape recorder or a human stand-in, while the term “live model” may stand in for “teacher” (e.g., Kroodsma and Pickert, 1984).

Efforts of everyday people to encourage songbirds’ vocal learning indicate an appreciation of this avian capacity pre-dating scholarly papers on the subject. Song tutoring of caged birds via mechanical instruments like the serinette (in the first half of the 18th century) was a popular hobby, with roots extending back to at least the third century BCE (Ord-Hume, 2001). The earliest print manuals for training songbirds on a flageolet, recorder, or flute date from c1700; The Bird Fancyer’s Delight targets nightingales Luscinia megarhynchos, canaries Serinus canaria domestica, blackbirds Agelaius phoeniceus, bullfinches Pyrrhula pyrrhula, starlings Sturnus vulgaris, and other songbirds, and is still in print (Godman, 1955/1717).

The learning trajectories of oscines are remarkably diverse (Beecher and Brenowitz, 2005). Birds raised in artificial conditions without access to song models produce “isolate,” or untutored, song, much of which develops abnormally (Marler et al., 1972; Nottebohm, 1972; Williams et al., 1993; Catchpole and Slater, 1995; Kroodsma and Miller, 1996; Marler, 1997; Payne and Payne, 1997; Doupe and Kuhl, 1999). Isolation as an acceptable and adequate context for the study of vocal communication, however, has not gone without critique (West et al., 1997). With the advent of magnetic tape recordings, researchers began to present conspecific and even allospecific songs to naïve, acoustic isolates. At one end of the continuum are species who learn to vocalize good copies of tape models played back on a loudspeaker (e.g., chaffinch Fringilla coelebs, Thorpe, 1958; e.g., song sparrow Melospiza melodia, Peters et al., 1992; e.g., swamp sparrow Melospiza georgiana, Marler and Peters, 1982b; e.g., white-crowned sparrow Zonotrichia leucophrys, Konishi, 1965; Marler, 1970a; Baptista and Petrinovich, 1986). For some species, social and/or visual contact with a tutor improves both quantity and quality of song acquisition (e.g., cardinal Richmondena cardinalis, Dittus and Lemon, 1969; e.g., canary, Waser and Marler, 1977; e.g., nightingale, Todt et al., 1979; e.g., indigo bunting Passerina cyanea, Rice and Thompson, 1968; Payne, 1996; e.g., marsh wren Cistothorus palustris, Kroodsma and Pickert, 1984; e.g., starling, Chaiken et al., 1994; e.g., zebra finch Taenopygia guttata, Slater, 1988; Eales, 1989; Mann et al., 1991; Chen et al., 2016). At the other extreme, some species require social interaction with a live tutor to develop normal song (e.g., sedge wren Cistothorus stellaris, Kroodsma and Verner, 1978; e.g., short-toed tree-creeper Certhia brachydactyla, Thielcke, 1984).

Songbirds do not arrive with a tabula rasa. Neural predisposition guides them to selectively learn and prefer conspecific models, and they may reject phrases of even closely related species (Marler and Peters, 1977), although social interaction can override a preference for conspecific songs (Gorton, 1977; Baptista and Gaunt, 1997). In some cases, birds will learn the songs of alien species with whom they have no social bond (Nottebohm, 1972; Baptista and Morton, 1981). For instance, songbirds that mimic (e.g., mockingbirds and lyrebirds) are not constrained by a species-specific template (Baylis, 1982). Despite their revelations concerning both instinct and learned behavior, Lorenz (1965) and other classical ethologists nonetheless held that the hard-wired “hereditary teaching machine which controls the primary programming” trumps learning and is central to understanding the process.

However, ethologists gradually moved away from drawing a hard line between “learned” and “innate,” the problematic labels of dichotimization that underpin nature/nurture (or nature/culture) debates (Johnston, 1988; Barlow, 1991). In place of categorical thinking’s strict border, biocultural labels like “inherited tendency” (Thorpe, 1958), “inborn blueprint” (Thorpe, 1961), “inherited or acquired auditory template” (Konishi, 1965); “instincts for inventiveness” (Marler, 1994), “template for learning preferences” (Marler, 1997), and “song templates” (Marler, 1997) mark attempts to account for the joint role of environmental and genetic instructions. With vocal learning guided and circumscribed by both in a complex intertwined process, contemporary research into the mechanisms of song learning continues to be a major project (Doupe and Kuhl, 1999; Adret, 2004; Bolhuis and Gahr, 2006). Even assigning a name and address to this “network of loops” distributed in multiple areas of the brain remains daunting (Reiner et al., 2004; Adret, 2008; Güntürkün, 2012). Terms like “natureculture” represent how scholars from other backgrounds, inspired by the work of Bateson (1980), also recognize the tendency for things inherited and acquired to percolate across the highly porous lines intended to confine them (Haraway, 2008; Fuentes, 2010; Taylor and Lestel, 2011; Latimer and Miele, 2013; Malone and Ovenden, 2017).



CULTURE

Culture is often characterized as what is left in the container once genetic instructions are removed, but the topic is the site of frequent definitional contestation (Bohannan et al., 1973; Williams, 1976; Byrne et al., 2004; Hurn, 2012). Frustrating simple declarative sentences, culture is variously described as learned behavior (Mundinger, 1980) – or else learned behavior and/or information (Boyd and Richerson, 1985; Richerson and Boyd, 2005), depending on whom is canvassed. Both Rogers (1988) and Dean et al. (2014) emphasize the social learning inherent in the mechanism of cultural inheritance, while others suggest that culture and tradition are synonyms (Galef, 1992). So wide are the definitions of culture and the processes that propagate it that a study of it could be limited to humans (e.g., Kroeber and Kluckhorn, 1952; Tylor, 1968/1871; Sahlins, 1976) or expanded to take in more than 11,000 species (Lumsden and Wilson, 1981; Dean et al., 2014).

Eschewing one “true” definition, Byrne et al. (2004) promote a range of manifestations of culture in order to explore the richness of human and animal lives: culture as pattern, as sign of mind, as bonus, as inefficiency, as physical product, and as meaning. A variety of patterns of socialization may serve to transmit a given trait (Boyd and Richerson, 1985), and social information exchange may have interspecific bearing (Seyfarth and Cheney, 1990; Oda, 1998; Zuberbühler, 2000). Although culture may take in knowledge, values, skills, traditions, rules, thoughts, physical products, art, codes, social transactions, beliefs, and feelings, there is no reason to establish requirements that any one culture must accommodate all of these “key characteristics” (Laland and Janik, 2006). Neither should we allow anthropocentric, pretentious, or arbitrary stipulations that culture be classified as “sophisticated” or Hochkultur (e.g., Wallaschek, 1893; Dehaene, 2009). Cultural knowledge can be survival knowledge.

Laland (2017) details the dynamic of how culture transformed the evolution of human minds, arguing “Human minds are not just built for culture; they are built by culture.” Tomasello (1994) coined the metaphor “ratchet” to describe the accumulation over time of knowledge and iterative technological improvements. Cumulative culture rests on the development of traits that far exceed what one individual could invent alone and is often restricted to humans (Tennie et al., 2009; Dean et al., 2012, 2014). Cumulative culture and teaching reinforce one another and may have coevolved (Fogarty et al., 2011).

Although animals are seldom credited with ratcheting to the level of complexity found in cumulative culture, cultural transmission through imitation or instruction is nonetheless recognized in and integral to many species (e.g., Bohannan et al., 1973; Bonner, 1980; Mundinger, 1980; Cavalli-Sforza et al., 1982; Griffin, 1992; Stamp Dawkins, 1993; McGrew, 1998; Kitchener, 1999; de Waal, 2001; Rendell and Whitehead, 2001; Laland and Hoppitt, 2003; Whitehead et al., 2004; Laland and Janik, 2006; Sapolsky, 2006; Lycett et al., 2007; Laland, 2008; Bentley-Condit and Smith, 2010). Mesoudi et al. (2006) and Mesoudi (2011) suggest that cultural evolution shares fundamental features with biological evolution, while Ingold (2007) strongly pushes back against their account of human beings as “trait-bearing cultural clones whose only role in life is to express – in their behavior, artifacts, and organizations – information that has been transmitted to them from previous generations.”

Cultural transmission can occur via asocial learning, social learning, and teaching. Asocial learning describes the efforts of a single individual, such as learning by trial-and-error (Laland, 2017). It is widely accepted that animals also regularly exploit social learning, which allows an individual to rapidly acquire new skills or knowledge through observing and/or interacting with others. Ubiquitous in nature, social learning (or copying or imitation) occurs when an individual that is going about their business is copied without any active assistance to the learner. Some argue that a young bird learns in such a manner (benefiting inadvertently from public information), believing that instead of actively choosing to deliver targeted information, a song tutor is simply carrying out their quotidian tasks in the presence of an individual with less knowledge (Danchin et al., 2004). While a wealth of detail regarding songbird enculturation has been uncovered with a preoccupation on the apprentice, whether observational (social) learning can fully account for the cultural transmission of birdsong, or whether there could also be an element of active teaching involved, remains an open question.



TEACHING

Like culture, the subset of teaching is regularly claimed to be a uniquely human capacity, and literature on the subject is dominated by the human animal. As a vital psychological adaptation, teaching is ubiquitous in human societies (Boyd and Richerson, 1985; Fogarty et al., 2011; but see Paradise and Rogoff, 2009; Gaskins and Paradise, 2010). Teaching can hasten the acquisition of novel behavior (Boesch, 1991) and can solve adaptive problems that cannot be addressed by a learner alone (Kline, 2015). A review of current theoretical differences and contested definitions of teaching identifies three approaches to the topic: mentalistic, culture-based, and functional (Kline, 2015). Mentalistic descriptions put forward psychological and cognitive prerequisites. They hinge on mental state attribution (and an exaggerated sense of its importance) like theory of mind-based intentionality, foresight, and the ability to take another’s perspective (Boesch, 1991; Tomasello et al., 1993; Kruger and Tomasello, 1996; Boesch and Tomasello, 1998; Tomasello, 2000). In addition, they typically require the teacher to be attentive to shifts in a pupil’s competence (e.g., Barnett, 1968, 2008; Pearson, 1989; Strauss et al., 2002). Although teaching does not require language (Csibra, 2006; Gärdenfors and Högberg, 2015), linguocentrism and the a priori assumption that culture depends upon language constitute another hurdle for students of animal culture (e.g., Washburn and Benedict, 1979; Gracyk, 2013). However, others argue that human language is merely a special case of language and reject characterizing it as an exclusive capacity of a single species (Čadková, 2015). This harks back to von Uexküll (1934/2010), who (despite maintaining various exceptionalisms and hierarchies) made major contributions to theoretical biology: his concept of Umwelten describes how meaning is made everywhere all the time, thus disconnecting meaning from language’s tight grip. In addition, complex birdsong and other animal communication systems appear to transmit much more information than previously suspected and could contain language-like structure (Kershenbaum et al., 2014; Fishbein et al., 2020b). In fact, many species display sophisticated cognitive abilities that antedate human language (Fishbein et al., 2020a). Nonetheless, mentalistic approaches by default exclude animal teachers since intentions are notoriously challenging to infer in animals.

Culture-based models of teaching (advanced in cross-cultural psychology and sociocultural anthropology) replace the anthropocentrism of mentalistic approaches with Eurocentrism: teaching is what happens in formal Western classrooms (Kline, 2015). In the culture-based viewfinder, instances of social learning that might be described as informal, simple, observational, guided instruction, or practical learning do not qualify as teaching (e.g., Paradise and Rogoff, 2009; Gaskins and Paradise, 2010). This stance has a corollary in the arts, where the only legitimate cultural agent may be assumed to be the bourgeois Westerner. Here I side with Ingold (1993), who cautions against according “ontological primacy to the Western model of agency” rather than networks of multiple voices and relationships. While culture-based definitions require teachers in the foreground, other models argue for their place in the background. For instance, Vygotsky’s social constructivist classroom understands the learner to be accountable for their own learning, whilst the teacher is more a facilitator and co-collaborator than a didactic lecturer (Ozer, 2004). Other incursions upon culture-based definitions include flipped classrooms, which promote a participatory learning experience by replacing what was formerly teacher-led instruction with what was formerly self-directed homework (O’Flaherty and Phillips, 2015). Like mentalistic approaches, culture-based models are unproductive in animal research. By refusing to allow for a variety of transmission types even among humans, culturalist definitions seem to overlook the irony that “cultural learning is itself a product of culture” (Schneuwly, 1993).

Functionalist definitions understand teaching as behavior (or an array of behaviors) evolved to facilitate, expedite, or accelerate learning in others, but they reject a concentration on the teacher’s motivational state or on Western habits. With a focus on observable behaviors and teaching outcomes (Kline, 2015), functionalists inject biodiversity into the psychology of cultural learning. Proponents of this approach consider the potential adaptive benefits and fitness consequences of teaching behavior, as well as its evolutionary roots, and are open to the possibility that teaching is not an arena of human exceptionality (Ewer, 1969; Heyes and Galef, 1996; Fragaszy and Perry, 2003; Kline, 2015). In their seminal article, Caro and Hauser (1992) sought to move beyond narrow conventional definitions of teaching that cause species to go unstudied and instances to go unreported. Their straightforward functionalist definition encourages cross-species comparisons of behavior rather than attributions of mental states:

An individual actor A can be said to teach if it modifies its behavior only in the presence of a naïve observer, B, at some cost or at least without obtaining an immediate benefit for itself. A’s behavior thereby encourages or punishes B’s behavior, or provides B with experience, or sets an example of B. As a result, B acquires knowledge or learns a skill earlier in life or more rapidly or efficiently than it might otherwise do, or that it would not learn at all (Caro and Hauser, 1992).

Documentation of different forms of teaching in non-human animals has built on this definition and later tweaks, although refinements may risk “intentionality creep” if they impose additional cognitive criteria (e.g., Franks and Richardson, 2006; Thornton and McAuliffe, 2006, 2012; Richardson et al., 2007; Thornton et al., 2007; Hoppitt et al., 2008; Raihani and Ridley, 2008; Thornton, 2008; Thornton and Raihani, 2010). For instance, some have proposed that a bidirectional feedback loop between student and teacher is diagnostic of teaching, which would distinguish teaching from broadcasting (where an observer takes advantage of social learning without the assistance of a teacher) (Franks and Richardson, 2006; Richardson et al., 2007).

On the other hand, Byrne and Rapaport (2011) find the Caro and Hauser definition overly restrictive. They underline the value of an observational approach where instances of “most likely teaching” are treated provisionally as the real thing and not expunged out of fear of anthropomorphism (Byrne and Rapaport, 2011). Thinking in line with Laland and Hoppitt’s (2003) provocation, it seems fair to ask what proportion of human teaching could satisfy Caro and Hauser’s definition. With many anthropocentric assumptions under challenge at this historical moment, the question of the animal is the focus of spirited debate. The signal importance of Caro and Hauser’s model is that it seeks to decouple reports of teaching from mentalistic assessments in order to stimulate interest in this poorly understood area of animal behavior.

Scenarios and mechanisms suggesting animal teaching see a wide taxonomic distribution (in addition to the extensive review in Caro and Hauser, 1992, with sections on felids and other carnivores, on pinnipeds and cetaceans, on non-human primates, and on birds, also see von Frisch, 1967 on honeybees; Caro, 1995 on cheetahs; Guinet and Bouvier, 1995 on killer whale; Maestripieri, 1995, 1996 on non-human primates; Nicol and Pope, 1996 on domestic hens; Boran and Heimlich, 1999 on cetaceans; Rendell and Whitehead, 2001 on whales and dolphins; Roush and Snowdon, 2001 on cotton-top tamarins; Rapaport and Ruiz-Miranda, 2002 on golden lion tamarins; Krützen et al., 2005 on bottlenose dolphins; Franks and Richardson, 2006 on tandem-running ants; Radford and Ridley, 2006 on pied babblers; Thornton and McAuliffe, 2006 on meerkats; Raihani and Ridley, 2008 on pied babblers; Rapaport and Brown, 2008 on non-human primates; Bender et al., 2009 on atlantic spotted dolphins; Menzel et al., 2011 on honeybees; Bunkley and Barber, 2014 on pallid bats; Scheel et al., 2015 on chimpanzees; Wild et al., 2020 on dolphins). Of the numerous candidate cases scrutinized up to 1992 by Caro and Hauser, none as described exactly fit their definition. Certain issues could simply be unresolved technicalities, like reports of teaching that fail to state that the teacher does not modify their behavior in the presence of non-novices. Still, many of the other conditions in their definition are met (some are researcher’s observational data and not experimentally tested). Later scholarship uncovers strong cases that do meet their requirements, including tandem-running ants Temnothorax albipennis that guide naïve followers to a food source (Franks and Richardson, 2006), wild meerkats Suricata suricatta that teach their pups prey-handling skills (Thornton and McAuliffe, 2006), and an adult female pallid bat Antrozous pallidus that apparently assists a juvenile to learn a foraging task (Bunkley and Barber, 2014).

In addition to the caution built into the scientific method, other theoretical disputations moderate candidate cases, often cordoning off most or all areas of teaching as uniquely human (e.g., Tomasello et al., 1993; Premack and Premack, 1994, 1996; Povinelli and Preuss, 1995; Kruger and Tomasello, 1996; Bering, 2001; Strauss et al., 2002; Leadbeater et al., 2006; Csibra, 2006; Premack, 2007; Csibra and Gergely, 2009; Dehaene, 2009). Bracketing the animal with inability and the human with ability inhibits not just debate but field studies and seems unwarranted given recent theoretical and empirical developments in the area of animal cognition that reveal diverse intelligences (e.g., Reznikova, 2007; de Waal, 2009). Instead of characterizing teaching as an all-or-nothing phenomenon, we could allow for and expect distinct teaching mechanisms among species (e.g., Laland and Hoppitt, 2003; Hoppitt et al., 2008). This is consistent with Caro’s (2015) call for a comparative database of different types of teaching rather than focusing on “a single high-bar definition.”

The belief that songbirds are capable of not just learning but also teaching stretches back at least to Aristotle (Arbo and Arbo, 2006). DNA sequence data implicate Eastern Gondwana (Australia and Papua New Guinea) as the birthplace of songbirds (Edwards and Boles, 2002; Ericson et al., 2002; Norman et al., 2007). Many Australian birds are highly social (with long-term associations), cooperative, and long-lived, and their intelligence could exceed that of Northern Hemisphere temperate zone migrant species (Kaplan, 2015). (Male) songbirds that compete would likely differ in vocal behavior from males (and females) that cooperate (Kaplan, 2008). Nonetheless, with the notable exception of the Australian zebra finch (an opportunistic breeder with an unusually compressed developmental phase), studies, experiments, and theories have concentrated on the songs and vocal learning capacities of a handful of Northern Hemisphere species of male songbirds that compete (Brown and Farabaugh, 1997). Evidence is mounting that findings based on this subset are unrepresentative and lack comprehensive explanatory power, so considering the vocal behavior of a more representative Australian songbird stands to enhance current understanding of vocal learning and teaching. Below, I introduce the Australian pied butcherbird Cracticus nigrogularis into the wider debate surrounding mechanisms of cultural transmission and teaching.



WAYS AND MEANS


Study Species

The pied butcherbird is a member of the oscine family Artamidae. The two subspecies, Cracticus nigrogularis nigrogularis and Cracticus nigrogularis picatus, are indistinguishable in the field (Higgins et al., 2006). This sedentary mid-sized black and white songbird is distributed across much of mainland Australia (Higgins et al., 2006). Although the sexes are monomorphic, juvenile plumage is pale brown-gray for the first year. Social organization and behavior are poorly known (Higgins et al., 2006). Pied butcherbirds exhibit year-round territoriality, and one or more immature birds may remain to help feed and protect the next season’s nestlings (Robinson, 1994). While competition is the dominant model in birdsong neurobiology, a remarkably high proportion of Australian oscines are, like pied butcherbirds, cooperative breeders (Cockburn, 2003; Kaplan, 2008). While particularly common in Australia, cooperative breeding is rare in Northern Hemisphere songbirds (Cockburn, 2003). Helpers’ apparent altruistic behavior (postponing dispersal and reproduction, as well as taking on the costs of raising others’ young) poses an evolutionary quandary that was recognized by Darwin and continues to garner scientific interest (Darwin, 1859/1985; Wilson, 1975; Boland and Cockburn, 2002).

Pied butcherbird vocalizations are sonic heirlooms, the manifestation of likely millions of years of culture (Low, 2014). (While modifications to repertoire are enacted annually, it is not possible to claim this as cumulative culture since we have no recordings that span the substantial length of time necessary to speculate on this). Since 2005, I have spent 3–4 months annually listening, recording, and making observations on their vocal and other social behavior across the continent. Both sexes sing with formidable exuberance, including in duos and larger groups (Higgins et al., 2006; Taylor, 2008b). Duets and other diurnal group songs range from interchanges of apparently informal timing to intricate, coordinated performances, with the bulk of group song delivered in the hour after the dawn chorus. Material in group song may be repeated (exactly or with variation) several times before switching to new song phrases, usually with a regular change in songposts (Taylor, 2017). Brief interjections aside, only two types of solo singing practices are identified in pied butcherbirds: (1) formal song sees a soloist singing 1–3 s phrases of immediate variety and discontinuously, with a longer inter-phrase interval (often double the length of the phrase), and almost all of this is delivered nocturnally in the spring; while (2) subsong is delivered diurnally, where an individual might sing (usually softly) with immediate variety and almost non-stop for fifteen or more minutes, often incorporating elements of mimicry (Higgins et al., 2006; Taylor, 2017). The nocturnal solo songs of adult birds display strong individual variability (Janney et al., 2016; Taylor, 2017). Both solo and group song are noteworthy for their combinatorial complexity (additive process), but unlike most solo repertoire, group repertoire may see a strong overlap with neighbors and be stable over years (Taylor, 2017). Elements of group song may enter into solo repertoire (and perhaps vice versa).

In addition, pied butcherbirds excel at mimicry, including various avian species, other animals, and anthropogenic-sourced mechanical sounds (Higgins et al., 2006; Taylor, 2008a,b). Avian mimicry is poorly understood, with comparative studies suggesting that no single functional accounting can suffice for all mimicking species (Baylis, 1982; Dalziell et al., 2015). It is not known what motivates pied butcherbirds, with a good-sized repertoire of their own, to incorporate the sonic constructs of other species. Another Australian songbird, the lyrebird, learns their mimicry of alien species preferentially from other lyrebirds but may also learn from the original models (Powys et al., 2020); it is not known how the capacity for mimicry in pied butcherbirds might correlate to active teaching or vocal learning.



Study Area

The study area is a 2.7-acre property in Maleny, Queensland, 56 miles north of Brisbane in the South Eastern Queensland Bioregion (GPS: 26°44′40.2″ S, 152°52′ 08.2″ E; 1,404 feet in elevation). I recorded nocturnal solo and diurnal group song at this property in the spring of 2008, 2009, 2010, 2012, and 2013, as well as diurnal group song in the autumn of 2008, 2010, and 2013. In this multispecies entanglement, free-living pied butcherbirds are habituated to the property owners, who feed and interact with them, and at times record their vocalizations (Figure 1). Since individuals are not banded, I base assumptions about the relatedness of the family on the straightforward field identification of immature birds (Figures 2A,B), the property owners’ accounts, and my own experiences at this property and hundreds of other field sites.
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FIGURE 1. An immature pied butcherbird flying in to feed at the Maleny property.
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FIGURE 2. (A,B) An adult (l.) and an immature (r.) pied butcherbird perch on the deck rails, waiting for (and apparently singing for) a feeding at the Maleny property.




Apparatus and Procedure

On 25 March 2013, I made sound recordings on an Olympus LS-10 Linear PCM Field Recorder with a pair of Sennheiser ME67 shotgun microphones mounted on a tripod. I took GPS measurements on a Garmin GPSmap 6.2s and photographs on a Pentax 8.l0 megapixels digital camera. I recorded behavioral observations at the end of each track, amplified by written annotations made on the same day. I assessed the recordings aurally and visually (in sonograms, which I generated with Raven Pro v1.6.1). Audio processing software included iZotope RX 7 Audio Editor for eliminating low bandwidth traffic.

This study takes place as part of longitudinal investigations into pied butcherbird vocalizations and concomitant behavior. Since I embrace the situated, embodied, and contested conditions of knowledge, fieldwork is fundamental to how I get my epistemological bearings (e.g., Haraway, 1988; Latour and Davis, 2015). In recognizing pied butcherbird agency, I eschew laboratory supervision and experimental control with the confidence that if my studies were dependent upon birds singing in such an impoverished setting, my understanding of their vocal world would be compromised. My project does not measure song development throughout a vocal ontogeny. Instead, my focus is on the spring nocturnal solo songs of these heretofore scarcely studied songbirds. I record and analyze their long solo songs (up to 7 h) in order to determine complexity, combinatorial rules, and other structural attributes, as well as their relationship to human music and musicality. With no reports of nocturnal solo song being delivered in the autumn, the rationale for these trips is to augment the vocal ethogram. Autumn trips typically yield bountiful group song, which could be significant in revealing the reach of a motif across territories, seasons, song types, and years.



IN THE FIELD

Maleny, Queensland, Australia, 25 March 2013. At 5:00 AM, I set up the recording gear to a chorus of crickets and frogs and turn on the recorder at 5:10 AM. Supplementary Audio 1 documents entries to the dawn chorus arriving in this order: laughing kookaburra Dacelo novaeguineae (at 5:14 AM), pied currawong Strepera graculina (5:18 AM), pied butcherbird (5:28 AM), Australian magpie Cracticus tibicen (5:29 AM), yellow-throated miner Manorina flavigula (5:32 AM), mosquitoes (5:34 AM), and Eastern whipbird Psophodes olivaceus (5:38 AM). The pied butcherbird contribution comes from two immature and two adult birds, who deliver varied antiphonal phrases for 20 min beginning at 18:27 of the track (from 5:28 AM to 5:48 AM). Their vocal activity is then much reduced whilst the birds are feeding. Sunrise arrives at 5:54 AM.

A new track (Supplementary Audio 2) commences at 6:17 AM, where this analysis will focus. Beginning at 0:15 in (the listed times below are track timings of Supplementary Audio 2 and not time of day), pied butcherbird vocalizations pick up again, with the delivery of 19 varied group phrases. As is typical, group singing is pieced together with motifs (a clearly defined subsection of a phrase) slotted into diverse combinations. Some group phrases run 10 s or longer (Figure 3). The pace of delivery fluctuates, and I expect the singing to be winding up by approximately 6:28 AM, based on my field observations on these and other individuals. However, at 12:59 in (6:30 AM), one individual recommences: an adult pied butcherbird perched high on a utility wire, facing an immature bird just inches away. The immature bird hunches over, looking toward the adult bird (Figure 4). Rather than singing with immediate variety, the adult sings quite repetitively, at times with a high rate of delivery, and with no conspecific vocal response. Singing for 25′59″ total, the adult raises and lowers their bill as the notes apparently demand and also delivers three “species calls” (a multi-purpose call deployed by the species) (Taylor, 2005).
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FIGURE 3. An extended group phrase sung by a pied butcherbird family at Maleny on 25 March 2013 (at 11:51 of Supplementary Audio 2).
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FIGURE 4. (A–D) An adult pied butcherbird sings whilst an immature bird faces the adult on 25 March 2013.


Twice, I hear a series of beak claps from the adult bird, which could be a threat display or the preface to (or sound of) a bite or stab. Following the first series of beak claps, the young bird flies off with a shriek (at 18:38) but immediately returns (Figure 5). At 38:59, the adult bird stops singing and flies down to their larder to retrieve a morsel of cached chicken (Figure 6). Holding it in their beak, the adult makes a soft barking sound that continues whilst the immature bird flies to the tree where the adult is, singing 8′58″ minutes total (from 40:08 to 49:06). A second immature bird also contributes a few phrases, which are softer or more distant from me, or both. In the end, the adult swallows or re-caches the treat and flies off. The track duration is 52′43″.
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FIGURE 5. Beak claps of an adult pied butcherbird (1.3 s, 1.6 s, 3.3 s, and 9.3 s), followed by the “noisy” shriek of an immature bird (9.7 s), which includes harmonics that appear as stripes above the fundamental (at 18:29 of Supplementary Audio 2).
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FIGURE 6. An adult pied butcherbird removes a morsel of cached chicken from their larder.


Phrases A, B, C, D, and E as delivered by the adult bird are summarized in music notation in Figure 7, in a sonogram in Figure 8, in Table 1, and in Supplementary Audio 3, A distributional analysis (in this case, with letters assigned to phrases) of the adult bird’s phrases, with track timings of Supplementary Audio 2 beginning each line, reveals:
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FIGURE 7. A music transcription of phrases A, B, C, D, and E as delivered by the adult bird as summarized in Supplementary Audio 3. #Means sharp in music notation.
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FIGURE 8. Each line of the sonogram displays one of the five phrases (A, B, C, D, and E) of the adult bird as delivered from 13:00 to 38:58 in Supplementary Audio 2 and summarized in Supplementary Audio 3.



TABLE 1. A summary of the adult bird’s phrases, delivered in Supplementary Audio 2 from 12:59 to 38:58 = 25′59″ total.

[image: Table 1]12:59 A B A B B B A A A A A A A A A A A A A A A A A A A A A A A A

18:38 [beak claps followed by a shriek from the immature bird]

18:45 B A A A

19:33 [two species calls]

19:43 B A A A A A A A B B C C C C C C C C D D

24:52 [species call]

24:57 B A D D D D D D

28:36 [one bark]

28:37 D D D D D D D D D D D E E E E E D D D D D D D D D D D D D D D D

38:59 [barking begins in earnest].

The adult repertoire (with the following timings sourced from Figure 8 and Supplementary Audio 3) exploits a wide range of timbres and note types, including steep, swift frequency sweeps (e.g., 12.7 s and 13 s) at the beginning of Phrase D; a wide, ascending leap (5.5–5.7 s) in the first two notes of Phrase B; a descending rattle (5.8 s) in Phrase B; a broad spectrum (“noisy”) rattle (16.5–19.5 s) in Phrase E; an apparent double note (possibly sung from two sides of the syrinx) (9.85 s) in Phrase C; and notes at the low end of the species’ range (e.g., 0.7 s and 8.8 s) in Phrases A and C. Some phrases are delivered at a very high rate of repetition. For instance, Phrase A sees 37 iterations, with 27 delivered consecutively at a rate of almost 9 per minute (from 15:07 to 18:14).

Phrases F, G, H, and I as delivered by the immature bird are summarized in music notation in Figure 9, in a sonogram in Figure 10, in Table 2, and Supplementary Audio 4. A distributional analysis of the immature bird’s phrases, with track timings of Supplementary Audio 2 beginning each line, reveals:
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FIGURE 9. A music transcription of phrases F, G, H, and I as delivered by the immature bird as summarized in Supplementary Audio 4. #Means sharp in music notation.
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FIGURE 10. Each line of the sonogram displays one of the four phrases (F, G, H, and I) of the immature bird as delivered from 40:08 to 49:06 in Supplementary Audio 2 and summarized in Supplementary Audio 4. The regular soft “barking” sound of the adult bird is also visible on each line.



TABLE 2. A summary of the immature bird’s phrases, delivered in Supplementary Audio 2 from 40:08 to 49:06 = 8′58″ total.

[image: Table 2]40:08 F G H H H

40:49 [faster barking from adult bird]

41:01 H I F H H H I I I I I I I I I I G H H H.

None of the immature phrases match any of the material from the adult bird as sung from 13:00 to 38:58. Instead, the phrases are limited to relatively pure, flute-like notes (with the following timings sourced from Figure 10 and Supplementary Audio 4), although one immature phrase contains two notes that warble slightly (Phrase B from 5.1 to 6.1 s) – almost a “quasi-rattle,” whose units do not fully separate, as opposed to the adult bird’s well-separated rattles in Phrases B and E.

The frequency range for the adult bird is 542–3,023 Hz (C#5-F#7), spanning 2,481 Hz (two octaves plus a perfect fourth); for the immature bird, 913–2,205 Hz (A#5-C#7), spanning 1,292 Hz (one octave plus a minor third). Excluding calls, the delivery rate of song phrases for the adult bird is 94 in 25′59″, or approximately 3.6 per minute, and for the immature bird, 25 in 8′58″, or approximately 2.8 per minute. A comparative analysis of the 42 group songs delivered from 18:27 to 38:26 in Supplementary Audio 1 finds both adult and immature phrases (or parts of them) deployed as combinatorial components: phrase A (22x), B (13x), C (15x), F (4x), G (18x), and H (3x); some feature more than once in the same group song (summarized in Table 3). Phrase I does not feature in the group songs in Supplementary Audio 1. Visual contact was not sufficient to parse who (adult or juvenile) delivered which phrases.


TABLE 3. A tally of adult and immature phrases deployed as combinatorial components in group songs in Supplementary Audio 1 during the 20 min from 18:27 to 38:26 (each X = one delivery; some phrases feature more than once in the same group song).

[image: Table 3]During the 52′43″ period of Supplementary Audio 2, neither the second adult pied butcherbird nor another human were seen or heard, nor was there any ambient noise of significance, either from the anthrophony (detritus like airplanes, vehicles, and other mechanical noises) or from the geophony (non-biological natural sound like wind, waves, and rain).



AT THE DESK

Since birdsong is relevant to the study of both music and biology, it is worthwhile to consider what the workshop of a musicologist (or zoömusicologist) can contribute to our discussion. Musicology’s toolkit is well placed to move our discussion from the previous section’s description and transcription of this musical event to its upcoming analysis and interpretation. As a lifelong violinist/composer, I do not think of pied butcherbird song as music; I hear it as music – and not as an enchanting pastorale but as an intellectual exercise of close listening for me. Thoughts, arguments, and theories come later. Verdicts of human uniqueness shadow not just animal teaching but animal music, like the claim “informed listening requires the acquisition of language” (Gracyk, 2013). Because language may encode culture, some conflate the two. However, language, like music, is merely a subset of culture. Music and language do overlap in some parameters, with instances of resource sharing in neural processing (Patel, 2008), although Peretz (2006) and Peretz et al. (2015) argue that the overlap is minimal. Both consist of “culturally transmitted patterns whose specifics are biologically arbitrary yet obligatory in a given tradition” (Merker, 2005). Some projects offer linguistic-analytical explanations of music (Powers, 1980; Lerdahl and Jackendoff, 1983); others feel this has been less than fruitful (Lidov, 1997; Fink, 1999; also see Feld and Fox, 1994). There are also stark differences between the two. Lacking a fixed, unanimous reference, music elevates ambiguity to an asset, and rather than signaling a lack of imagination, repetition can serve as an essential tool. Higgins (2012) argues for music’s significance in the philosophy of mind as an alternative to models that frame the structure of language as the structure of thought. Music is a cognitive system. Rice (1997) makes a similar linkage, describing cases of “highly sophisticated non-verbal musical understanding” in practicing human musicians.

By analyzing avian sonic constructs as music, my work responds to Bateson’s (1972) provocation: “How is it that the art of one culture can have meaning or validity for critics raised in a different culture?” I build not only on heritage musicological tools and theory but also on work by ethnomusicologists (e.g., Nettl, 1983; Koskoff, 2014), New Musicologists (e.g., McClary, 1993; Kramer, 1995), anthropologists (e.g., Merriam, 1964; Feld, 1990), and sociologists (e.g., DeNora, 2000; Born, 2010), who have taught us to hear music from a much-expanded discursive space that recognizes music’s role in social formation. Human music, like birdsong, is more than its surface features; it is enacted in a social setting. Music is functional.

To my mind, placing birdsong solely within the domain of science endows the discipline with an unwarranted monopoly. Although my multidisciplinary birdsong research is robustly informed by the natural sciences and benefits from many of its knowledge claims, it does not walk in lock step with its practices of knowledge production. My grounding in musicology as a category of analysis prompts me to avoid using or inventing jargon for non-human animals that would duplicate universal terms developed over the centuries to describe and analyze sound. Instead, applying human music’s terminology to birdsong is central to my work, although claiming blanket equivalence is not.

We are now better equipped to return to our Maleny vocalists. Below, I test the event against Caro and Hauser’s guidelines.

A teacher must modify its behavior only in the presence of a naïve observer, and this must come at some cost or at minimum without immediate benefit to the teacher. Active teaching is perhaps the most complex form of sharing knowledge amongst non-human animals (Reznikova, 2007), and as such is a costly path for a song tutor (Merker, 2005; Merker and Okanoya, 2007). Caro and Hauser (1992) make the further point that cases of purported teaching that most intrigue researchers are behaviors that conspicuously deviate from a species’ customary repertoire, rather than being merely rare occurrences. Kline (2015) also underlines the importance of distinguishing between actors’ baseline behaviors and those during a teaching episode, since this might assist in clarifying the stipulation only in the presence of a naïve observer. The Maleny adult’s behavior marks a major modification since it fits neither of the documented song types, formal song or subsong. It combines elements of formal nocturnal song (discontinuous singing and an inter-phrase interval – but not nocturnal, not in the spring, and not sung with immediate variety) with elements of subsong (diurnal delivery – but not soft, not non-stop, and without mimicry) (Table 4). Crucially, in neither formal song nor subsong is the singing with eventual variety, as it is in the Maleny event. This is the sole example I can point to in my catalog where a pied butcherbird sang with eventual variety, as well as the sole example where a bird sang solo phrases with another bird facing them and in such close proximity (duetting birds will sing from the same tree). Taken together, the teacher’s highly repetitive singing at a later time of day than normal (which matches no known or documented pied butcherbird song type), with no answer from a conspecific, and while facing a naïve bird from just inches away – all are extraordinary. All vocal signaling comes at a cost: singing takes time from potentially more imperative activities like predator vigilance and foraging (Oberweger and Goller, 2001; Merker, 2012). The Maleny adult modified their behavior at some cost (setting a high-fidelity example and singing for 25′59″) without apparent immediate benefit. However, I am unable to rule out that this individual never behaved like this in the presence of another adult bird. The proviso seems not just a high bar but an impossible one. Even if my educated hunch is correct about this event, as a matter of logic, the lack of an ability or the absence of a cause or action cannot be demonstrated (Hauser, 1993; Laland and Hoppitt, 2003). I recommend removing “only” from this part of the definition.


TABLE 4. A comparison of species-typical song characteristics in pied butcherbird formal song, the Maleny song event, and subsong.

[image: Table 4]The teacher’s actions must encourage or punish the pupil’s behavior, or provide the pupil with experience, or set an example. Social influences impinge upon a young bird engaged in vocal learning. In this case, the teacher has played an active role, apparently both punishing (beak clap threats and possibly a peck, judging from the shriek) and encouraging (tempting with a morsel from the larder) the pupil. Such behavior could take in nuances like “approval” and “disapproval,” “feedback” and “bribe.” My previous encounters with the barking sound at this and other locations suggest it is deployed when in competition for food (Taylor, 2017), although I find nothing in the literature detailing an adult bird offering a food reward to a vocal student. Also relevant is that human listeners readily hear pied butcherbird songs as musical, and those who feed meat scraps to their local birds report that that they “sing for their supper” or reward humans with song, although this has not been formally studied. I have witnessed numerous such cases, including both the teacher and pupil in question. If these birds do “sing for their supper” to humans, can we allow for the possibility that they might translate the behavior to their own kin? As for the pupil, the brief flight away, the shriek, the return to the utility line close to and facing the adult, the singing for 8′58″ at the end – these all could suggest reactions to encouragement and punishment.

Beyond carrot-and-stick approaches, this section of the definition can also be met by providing the pupil with experience or by setting an example. The long period of time that the adult held the morsel in their beak and delivered the barking sound could be interpreted as provisioning an experience, since when the immature bird began to sing, the adult might have stopped immediately but instead persisted. In addition, in a focus on sound, there may be an assumption that only one modality is open. Nonetheless, extra-auditory influences act at and value add to multiple levels of song development (West and King, 1996). In an article on demonstration and pantomime in teaching, Gärdenfors (2017) makes the case that “showing how to do” is a crucial step separating animals and humans, since it requires advanced mind-reading. Although the communicative function is not known, a singing pied butcherbirds’ multimodal display sees them alternate a standard upright posture with raising the bill high (often for higher-pitched notes) and sinking it on the breast (for lower-pitched notes) – which could be a product of physical or physiological constraints rather than (or as well as) part of a coordinated visual display – along with opening or even flapping wings (Taylor, 2017). The Maleny adult bird’s whole-body motor performance is consistent with this. Birdsong is a multifaceted communicative device designed to draw and focus attention through the manipulation of sound and movement. Could it be that part of the lesson was a close-up demonstration of body comportment when vocalizing high and low notes, rattles, steep frequency sweeps, and other technical challenges? (When pied butcherbirds sing solo or together, they are usually more physically distant from one another; in addition, this would mark the only occasion I witnessed two individuals facing each other whilst one is singing.) Harking back to the mirror neurons that mediate song in oscines, it seems fair to ponder if this demonstration provoked kinesthetic empathy in the naïve viewer, where what is perceived is linked to how to perform it and the energy costs involved. All four gradations of this requirement appear to be met.

As a result, the pupil must acquire knowledge or learn a skill earlier in life or more rapidly or more efficiently than they might otherwise do, or that they would not learn at all. Skills and information that are difficult or impossible to acquire in the absence of teaching are powerful pointers to the presence of teaching (Ewer, 1969; Ridley and Ashton, 2015). Nowhere is deliberate teaching more essential than in “the acquisition of complex arbitrary patterns” (Merker, 2005). The melodic, timbral, rhythmic, and combinatorial diversity of pied butcherbird vocalizations keep company with the most extravagant and challenging in the avian world. Not all human musical capacities depend on formal musical training (Bigand and Poulin-Charronnat, 2006; Peretz, 2006). Nonetheless, I imagine that a human music student presented with this level of difficulty (Figures 7, 8) would be greatly stimulated and aided by guidance from a teacher, so perhaps a pied butcherbird would as well. In addition to a teacher’s advocacy, there is the utility song provides to both teacher and learner. Singing is a family affair. Brown and Farabaugh (1997) argue that vocal learning is targeted and local, allowing a songbird to share vocalizations with a particular subset of conspecifics. Further, teaching is believed most common when costs to teachers are low and benefits to students high (Galef et al., 2005; Thornton and Raihani, 2008). An immature pied butcherbird would be expected to join in cooperative territorial defense, with potential fitness consequences for the family group. I would prefer to linger with the purported teacher, who has provided a repetitive, focused singing demonstration that directly assists the pupil in learning challenging repertoire more rapidly and efficiently than they might otherwise do. However, the words As a result, the pupil must acquire demand a response. Whilst the adult bird’s actions seem to tick the box, producing proof that the pupil has acquired this knowledge or skill is problematical. Given the learning proclivities of immature songbirds, it is possible that the Maleny event was one of only a handful of apparent singing lessons – and since pied butcherbirds are known to be vocal learners, that aspect is not in question. Perhaps a bit of anthropocentrism has crept into this part of the definition – for songbirds, there will be no call-and-response lesson. Despite studies of memory mechanisms showing birds like nightingales can learn with very limited exposure (Hultsch and Todt, 1989a), vocal production lag time conflicts with the problematical requirement central to much teaching theory that there be no period of delay between instruction and production, an issue Caro and Hauser (1992) acknowledged as unresolved. Measuring what was learned based on vocal production may underestimate what was memorized but not (yet) produced in a pupil, so delays in benefit may be expected for both student and teacher. With oscines so significantly underwriting our knowledge of the capacity for vocal learning, prerequisites that virtually exclude them from teaching are highly problematical.

Despite the episode failing to meet this aspect of the definition, I want to stay momentarily with the issue of relatedness, a recurring theme in teaching since it is considered an altruistic act (Caro and Hauser, 1992; Galef et al., 2005; Tennie et al., 2009). In my experience, the adult pied butcherbird at this time of day (6:30 AM) and at this season (autumn) would not be singing solo phrases at all – or at most, they might deliver several phrases in this 25′59″ time period. Instead, they would be feeding. Could this be an example of altruism? Teaching is thought more prevalent when the teacher and student are closely related (Galef et al., 2005; Thornton and Raihani, 2008). Fogarty et al. (2011) argue that cooperative breeders like ants, bees, meerkats, and pied babblers provide the most compelling instances of animal teaching, possibly on account of shared provisioning costs, resulting in a lower per capita cost—and I again note that pied butcherbirds are cooperative breeders, although no helpers-at-the-nest were observed in this year by the author or the property owners. Laland (2017) questioned this odd assortment of animals, arriving at a similar conclusion: “What cases of animal teaching have in common are a high degree of relatedness between tutor and pupil, factors that reduce the costs of teaching, and an otherwise difficult-to-learn skill that confers a substantial fitness benefit.” Tolerance of close observation also seems applicable here, with these birds engaged in intense joint attention with one another. Their interaction would not be an isolated event but instead would be situated within a wider context of sociality and reciprocal relationship.

Finally, more stringent definitions require the teacher to be sensitive to the student’s changing competence and modify their behavior to these changing skills (Premack and Premack, 1994). Barnett (1968) insists that the teacher must persist, perhaps even adapt, until the student achieves an acceptable outcome. The Maleny tutor provisioned five motifs/phrases that the immature bird had apparently not yet learned or perhaps not yet attempted to sing. While a mentalistic add-on requirement is not essential to make my case, the level of difficulty of the adult song as heard by the ear and represented in music notation and sonographic analysis stands in striking contrast to the much simpler repertoire of the immature bird. Since pied butcherbirds apparently lack a human language counterpart with which to enhance a lesson plan and impart complex subject matter, they must find another way through. Is this a case of evaluative teaching, with the lesson adjusted to the level of skill attained by the immature bird? One could speculate that the recording, music transcription, and sonogram serve as a behavioral readout of an internal state – that the adult recognizes that the apprentice lacks a certain skill and has targeted the deficiency. However, if our definition insists that a non-linguistic agent confirm in some other manner that they have chosen developmentally appropriate phrases, this aspect of the definition remains inconclusive and unproven.

This episode underscores the need for a definition of, or a range of characterizations of, teaching that link explanations of how songbirds learn to explanations of how songbirds (might) teach. The striking neural, cognitive, and molecular parallels between vocal learning in birds and human language acquisition suggest not just comparable morphological adaptations but also comparable behavioral ones (Bolhuis et al., 2010). We cannot foreclose the possibility that these parallels extend to the closely related activity of teaching.



WHOSE EVIDENCE?

We began by noting that despite the considerable amount of ink spilt on vocal learning in songbirds, the topic of teaching is all but neglected. In the account given above, quantitative engagements and qualitative narratives guided by an expert in the species converge to suggest that a cultural apprenticeship may have been supported through active teaching. However, some components of the Caro and Hauser definition remain unfulfilled, even as the episode appears to exceed other more stringent requirements. Moreover, the adult and immature birds’ actions have been seen, heard, and measured – but not replicated. Neither is this study tied to individuals’ full life history or based on banded birds and empirical testing. On the other hand, while variables are largely controlled out of laboratory studies, an artificial environment lacks the rich circumstances a young bird requires to develop normally (Kroodsma, 2004). Just as Northern hemisphere songbirds cannot supply a complete description of oscine behavior, neither can laboratory results seamlessly reflect what actually occurs in the field (Kroodsma, 1982, 1996; Clayton, 1989; Beecher, 1996). Although laboratory and field observations can be complementary, “field behavior has epistemic primacy” (Clayton, 1989). Additionally, a wealth of precision measuring and recording devices can accompany researchers into the field.

Thus, when instances of purported animal teaching are reported, the question “whose evidence?” is germane. In asking how far observational evidence can take us, a number of ethologists have argued that careful anecdote and other qualitative reportage of rarities and one-offs, of the fleeting and the subjective, merit wider consideration. These come into their own when crafted by those who have cultivated “a feeling for the organism” (Fox Keller, 1983) – observers attuned to the nuances of an animal’s communication system and proficient in careful structural descriptions of behavior (Wemelsfelder et al., 2001; Whiten and Byrne, 2010; Kaplan, 2015). Bekoff’s (2000) claim that “the plural of anecdote is data” highlights the confidence that ensues as multiple records are reported and collated and the comparative framework expanded (Whiten and Byrne, 2010). This is consistent with Darwin, whose unit of selection was the individual (Crist, 1996). Experts’ observational data are precious evidence for studying anomalies unavailable to laboratory-bound researchers.

Similarly, Despret (2013) roundly champions the subjective experiences of scientists with “risky practices”: “Rather than being unscientific, empathy becomes a scientific tool, a tool that needs to be shaped, forged, refined, and embodied.” Daston and Mitman (2005) have documented how the tendency of ethologists to anthropomorphize increases, not decreases, as their experience with a species accumulates. Meanwhile, Prum (2017) has pushed for an evolutionary theory that embraces non-human animals’ subjective experiences, since these give rise to “critical and decisive consequences for their evolution.” Might the threat anecdote presents to the validity of the scientific method (used to explore research questions guided by a dislocated, dispassionate observer) be waning? In my work, critically assessed input from everyday people, citizen scientists, and others (who may lack formal credentials but nonetheless possess significant knowledge) provides a valuable supplement. Likewise, the natural sciences have begun to recognize the potential of ordinary people to increase animal observations on both time and geographic scales (e.g., Cohn, 2008; Bonney et al., 2009; Hecht and Cooper, 2014). Citizen scientists and other perspectives that we might only source from anecdotes stand to document rare and novel behavior previously disregarded in knowledge enterprises. In order to tell the fullest story possible about animal teaching, the window must be opened wide.

In part, the dearth of evidence for teaching in non-human animals may reflect the difficulty in framing evidence and mustering unequivocal support for it rather than its absence (Thornton and McAuliffe, 2006). Since disciplinary caution may prompt biologists to avoid “teaching/teacher” altogether, it is not unusual to come across research describing how a dolphin is a “demonstrator” (Wild et al., 2020), while a science journalist popularizing the same report straightforwardly interprets the study as an account of dolphins who “teach” and dolphin “teaching” (Langley, 2020). Moreover, Latour has called attention to the constructed nature of documentation in science culture, asking “are data a subset of narratives, or an opposition to narratives, or are narratives inside data?” (Latour and Davis, 2015). Scientists must constantly decide which data to retain and which to ignore, and accounts of intriguing animal behavior situated outside a scientist’s methodology or testable hypothesis may be branded “officially unusable” (Dennett, 1987). In these days of dwindling funding along with pressure to publish (quickly) or perish, the rarity of reports on (and possibly the rarity of occurrence of) animal teaching makes the subject a precarious research enterprise. We can add to this the tyranny of journal impact factor that encourages theory over field studies. While broader theoretical discussions that set field studies in context and search for their meaning are laudable, as Tinbergen (1963) observed, “Contempt for simple observation is a lethal trait in any science.” It could be that reports of animal teachers will arrive principally from opportunistic observations made whilst conducting other research rather than in controlled laboratory settings. Many of the scholars I have cited believe they can maintain rigor whilst drawing on observational evidence. Bekoff (2000) urges that the burden of proof be shared – that skeptics actively defend their position, rather than hiding behind “we can never really know.”

My advocacy for a broad, inclusive appreciation of teaching, rather than rehearsing definitions that refine and narrow the activity, builds on ethologists who have appealed for a moratorium on claims of discontinuity, with humans as the center of meaning, knowing, and value (Scheel et al., 2015; de Waal, 2016). In theory, scholars have a right to craft a restrictive definition based on the ontological difference inherent in their belief system, even if it is overly generous to ourselves or constructed without taking animals into account. For example, Barnett (2008) bemoans the neglect of teaching as a subject of study, although in the same sentence declares it “distinctively human.” However, how such borders are drawn and policed piques my interest when the politics of dividing the human and non-human becomes a barrier to research. Categorical rejection of animal teaching is an affront to the open-mindedness upon which scientific discovery is founded.

With so few species canvassed to this point, our current over-reliance on an extreme case – the psychological and mentalistic mechanisms of human culture – is highly premature. In their avoidance of a monolithic view of teaching, Thornton and McAuliffe (2012) would widen our understanding of skill monitoring, believing that “responses to physical or behavioral cues may suffice for teaching to be targeted appropriately.” The acceptance of minimal criteria will encourage further investigations and reports. Granted, in even the most thoughtful and generous characterization, something of promise will be left out, whilst something else of dubious merit will find its way in. Nonetheless, since categories at their edges are where we find noteworthy goings-on, if enough reports on the cluster of practices linked to the term “teaching” across a wide and uneven range of taxa are cataloged and systematically compared, the field will progress beyond the “most likely teaching” versus “we can never really know” impasse. In this, songbirds’ well-documented capacity for vocal learning places them in a potentially key strategic position in the related study of teaching.
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We describe an art–science project called “Feral Interactions—The Answer of the Humpback Whale” inspired by humpback whale songs and interactions between individuals based on mutual influences, learning process, or ranking in the dominance hierarchy. The aim was to build new sounds that can be used to initiate acoustic interactions with these whales, not in a one-way direction, as playbacks do, but in real interspecies exchanges. Thus, we investigated how the humpback whales generate sounds in order to better understand their abilities and limits. By carefully listening to their emitted vocalizations, we also describe their acoustic features and temporal structure, in a scientific way and also with a musical approach as it is done with musique concrète, in order to specify the types and the morphologies of whale sounds. The idea is to highlight the most precise information to generate our own sounds that will be suggested to the whales. Based on the approach developed in musique concrète, similarities with the sounds produced by bassoon were identified and then were processed to become “concrete sound elements.” This analysis also brought us to design a new music interface that allows us to create adapted musical phrases in real-time. With this approach, interactions will be possible in both directions, from and to whales.
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INTRODUCTION

Intra- or interspecies interactions are the effects between individuals respectively from the same or different species, based on sensory stimuli from at least one of their senses including sight, smell, touch, taste, and hearing (Cheng, 1991). Durations of these interactions have different levels of consequences on their life and vital activities (Wootton and Emmerson, 2005) and could be largely different from simple to complex interactions with positive associations (predator–prey relationships, symbiotic relationships such as mutualism, commensalism, and parasitism) and negative associations (competition). Cetaceans are highly social species living in groups. Intraspecies interactions are strong during their activities and strengthen the structure of their societies (see, for example, MacLeod, 1998; Orbach, 2019). However, numerous observations were also already done between different cetacean species. Observations of these interspecies interactions published in scientific revues mostly involved delphinids (Weller et al., 1996; Frantzis and Herzing, 2002; Herzing et al., 2003; Psarakos et al., 2003; Smultea et al., 2014). Interactions between odontoceti and mysticeti species seems rarer, sometimes in a relationship as prey/predator (Whitehead and Glass, 1985; Arnbom et al., 1987; Vidal and Pechter, 1989; Jefferson et al., 1991; Palacios and Mate, 1996; Rossi-Santos et al., 2009; Deakos et al., 2010; Cotter et al., 2012) or as competitors for food (Wedekin et al., 2004).

Humans were always interested in nature and their inhabitants, even when marine wildlife was more difficult to observe and to be in contact with, in spiritual and practical ways. In occidental civilizations, over centuries, cetaceans were shown like scary creatures with deformed imaginary bodies. In other parts of the world, cetaceans were considered gods and were revered (Constantine, 2002). More recently, during the 19th and 20th centuries, whales were massively hunted for food and goods. After the international whale moratorium in 1982, interactions with cetaceans were still negative, due to the numerous marine anthropogenic activities, like fisheries, marine traffic, plastic, chemical and sound pollution, and climate change. Nevertheless, the public progressively started to interact differently with cetaceans, especially because of another intellectual view of understanding the oceans (Alpers, 1963; Cousteau and Diolé, 1972; Constantine, 2002; Neimi, 2010; Allen, 2014). It is interesting to note that the cetacean morphology, and not their emitted sounds, was one of the main criteria for positive or negative perceptions that humans have from cetaceans. However, since the easier democratic access for all to pleasure sail and motor crafts, and the new interests for marine life, and more largely for the ocean, meetings with cetaceans became not rare anymore, and then interactions were possible and happened more often (Parsons and Brown, 2017). Thus, positive and negative interactions were described when cetacean species respectively come to or go away from humans (Allen, 2014; Butterworth and Simmonds, 2017). Films, documentaries, and seaworlds have also implied, in their own way, a radical change in public attitudes and in particular a renewed interest for these marine mammals (Lavigne et al., 1999; Samuels and Tyack, 2000). Moreover, countries started a new management of the oceans; and international, regional, and national policies to protect cetaceans and their marine environment have been written and put in place, also contributing to higher respect for these species (Baur et al., 1999).

Research projects were done on cetacean species, to better understand their behaviors, their interactions, their habitats, and their migrations routes and also to better describe the potential effects of anthropogenic activities on them and their marine environment. These programs involved scientists with different skills, such as biology, ecology, ethology, genetics, acoustics, signal processing, mathematics, and computer science. In 2007, we started an international project in collaboration with the Malagasy Ngo Cetamada and the Department of Animal Biology of the University of Antananarivo, Madagascar. The main objective was to characterize the Southwestern Indian Ocean humpback whale population (individual identification, spatial distribution, and potential breeding hotspots). We also focused on the songs emitted by the male individuals with the idea to automatically classify their vocalizations. Because these songs are mainly emitted by males during the breeding seasons, they could have specific roles in mating and for reproduction, to attract females and/or to keep males away from each other (Winn and Winn, 1978; Tyack, 1981; Tyack and Whitehead, 1983; Helweg et al., 1992; Darling and Bérubé, 2001; Darling et al., 2006; see review in Cholewiak et al., 2013). From the detection and the extraction of the vocalizations, their songs were analyzed in order to characterize the internal structures of the successive phrases. Payne and McVay (1971) introduced the concept of units (also called song units), as harmonic or pulsed vocalizations emitted between two silences. Manual and automatic classifications of units are usually done from acoustic time and frequency features, such as duration, relative acoustic intensity, fundamental frequency, presence of harmonics, and shape of the Fourier spectrogram (Dunlop et al., 2007; Cholewiak et al., 2013). These units are organized in time sequences and repeated to form the song themes (Payne and McVay, 1971). During the last five decades, scientists studied these songs, and it was firstly shown that their evolutions are very slow from 1 year to another with the transformations of existing units, and the removal and the insertion of few new units in a cultural evolution (Payne et al., 1983; Payne and Payne, 1985; Allen et al., 2019; see review in Garland and McGregor, 2020). None of these changes reveal the functions of songs. Secondly, whales from the same ocean interact with each other by sharing the same themes, considered as regional dialects. In a few cases, songs changed faster, with new units introduced by humpback whales from another area, although in fact the mechanism is still being disentangled and may include song learning on migratory routes leading to their characterization as cultural revolution (Noad et al., 2000; Allen et al., 2019; Owen et al., 2019). However, different populations often emit different themes, as do whales within the same population across spans of several years.

In 1970, Payne published a vinyl album record with humpback whale song recordings (Payne, 1970). This album was played at the United Nations and at the Japanese House of Representatives to motivate governments and official authorities to stop whale hunting. Whale songs were also a source of inspiration for artistic works (for example, Collins, 1970; Hovhaness, 1970; Crumb, 1971; Bush, 1978; Cage, 1980; Nollman, 1982; Walker, 2001; Potter, 2003—see a review in Rothenberg, 2008a).

Another motivation was the goal to interact with a nonhuman species. Some of them are directly linked with vital activities, like territory defense or food search. Other interactions are based on mutual visual observations. With cetaceans, first experiments were focused on their abilities, their behaviors, and even their intelligence to manage such exchanges with humans. For example, a catalog of words was taught to dolphins (Lilly, 1967), showing that they can learn more than 30 words and can organize them in sentences (Herman et al., 1969; see review in Herman, 2010). Recently, this anthropomorphism approach was replaced by studies using what the cetaceans can do by themselves, as emitted sounds and behaviors (Dudzinski, 2010; Herzing, 2011; Reiss, 2011). For humpback whales, studies based on playback of their own emitted sounds helped to distinguish specific sounds like breeding or feeding sounds (Tyack, 1983; Mobley et al., 1988; Frankel and Clark, 1998; Darling et al., 2012; Dunlop et al., 2013).

Human music was also introduced during interactions; for example, composed and improvised musical pieces produced with flute, cello, violin, and even orchestra were played for dolphins, belugas, and humpback whales (for example, Video on YouTube, 2008, 2011a, 2011b, 2015). A small number of musical performances were also done by listening to sounds emitted by cetaceans during bidirectional interactions and already showed that these interactions were possible even with wild cetaceans. For example, Rothenberg (2008b) played clarinet to humpback whales in Hawaii, United States, and was able to adjust his musical improvisation taking account of the units emitted by the whale. Nollman (2008) played music with orcas in their marine environment. However, beside the musicians’ perceptions, no scientific method has been used to objectively characterize these interactions with whales.

Our art–science project “Feral Interactions—The Answer of the Humpback Whale” began in this context, with the motivation to take into account the humpback whale units and also to objectively measure the interaction level. Our first step was to carefully listen to the humpback whale songs following the analytic listening invented by Schaeffer (1967). Analytic listening is the foundation of musique concrète, which is not based on music sheets or on relationships between music notes and chords, or on personal perception by instrumentalists. It consists of selecting musical objects and analyzing the contents as well as their positions within a musical theme. Then, audio processing can be applied on these raw sounds to transform them into sound objects, finally totally disconnected from the musical instruments that produced the sounds. The aim is to assemble these objects to produce an original musical composition, which is played on loudspeakers. Schaeffer’s fundamental discovery was that these sound objects taken out of their context and used as musical objects are freed from the connotation of their source and can thus reveal their inherent sonic qualities.

Then, we identified some common acoustic features with sounds that can be obtained from a bassoon. We investigated the mechanical structure and the acoustic features of these two sound generators. In this paper, we will explain how our recent scientific study on the humpback whale larynx anatomy brought new inputs showing why the bassoon is the musical instrument closer to the vocal system of the humpback whales, rather than tapped or strummed string instruments or drums, even to simulate pulsating sounds. We will also present and analyze the results of a first experiment of human–animal interactions. Finally, we will discuss the design of a gestural interface for more nuanced and adaptive human–whale interaction.



SIMILARITIES BETWEEN THE BASSOON AND THE HUMPBACK WHALE VOCAL GENERATOR

Schaeffer (1966) highlighted the language of things and considered listening as the important first step, far from our cultural referents, to be able to create sound objects (Dufour et al., 1999). This process started from the origin of the sounds, i.e., what produced them but also on the perception and sensation of the listeners. It goes through “écouter” (indicative listening), “ouïr” (to be able to listen), before “entendre” (selective listening), and finally “comprendre” (identity listening) (Schaeffer, 1966). In this current study, we strictly followed these successive steps, beginning with the awareness of musical similarities between vocalizations emitted by humpback whales and sounds produced from bassoons. This “trouvaille,” as defined by Schaeffer (1966), is based on several common mechanical and acoustic features between the body of this musical instrument and the humpback whale vocal generator. Therefore, we were able to make comparisons between vibrators and resonators based on the features of the bassoon and our recent knowledge about the anatomy of the humpback whale larynx.


Connections Between the Vibrators

For the bassoon, the vibrator consists of two reeds tied together (Figure 1). The mouthpiece is thus made up of two parallel strips of delicately prepared and ligated reeds, unlike the clarinet and the saxophone, which have only one reed. Reeds are generally made from a plant call Arundo Donax. The long fibers are positioned from the heel up to the tip. A high quality of the reeds is absolutely needed to create sustainable sounds and not to produce unwanted whistles, generated by irregular facing (Brand, 1950; Giudici, 2019). These two reeds are flexible and mobile. Moistened and pinched between the lips of the instrumentalist, they vibrate with the airflow coming from the mouth. Periodic oscillations of the mouthpiece excite the air column (Nederveen, 1969). The fundamental frequency and the harmonics will depend on different parameters including the stiffness of the two reeds, the pressure of the lips, the power of the airflow, the length of the air–column, and the mechanical resonances obtained by opening or closing tone-holes. The colors of the sounds that will be emitted by the instrumentalists depend on the air attack of the reed involving the lips as well as the pressure and the precision of the airflow. Musicians have also to press their lips on the reed blades to intentionally control the slit opening between the two reeds, in order to tune the color, the pitch, and loudness of the notes that they want to play.
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FIGURE 1. Schematics of the bassoon: The bell (6), extending upward; the bass joint (or long joint) (5), connecting the bell and the boot; the boot (or butt) (4), at the bottom of the instrument and folding over on itself; the wing joint (or tenor joint) (3), which extends from boot to bocal; and the bocal (or crook) (2), a crooked metal tube that attaches the wing joint to a reed (1) (from https://commons.wikimedia.org/wiki/File: Fagott-Bassoon.svg by users Mezzofortist, GMaxwell CC-BY-SA 3.0).



The humpback whale vibrator is made by two parallel identical 30-cm-long cartilages, called arytenoid cartilages, covered by a more or less thick membrane over their entire length (Reidenberg and Laitman, 2007; Figure 2). The arytenoids work as a valve. The whale will unseal these cartilages by relaxing the muscles so that air can move inside the respiratory system. The whale can move the cartilages in three directions: (a) to longitudinally open with a constant gap on the whole length, (b) to gradually open them in triangular form larger at the apex, or (3) to place them in a V shape (Damien et al., 2018). By adjusting the slit opening of the cartilages, and also by adjusting the stiffness of the membranes and the pressure from the airflow, the whale can precisely control the acoustic features of the emitted vocalizations that allow a great variety of sounds to be generated (Adam et al., 2013; Damien et al., 2018).
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FIGURE 2. Respiratory system for humpback whales.



The humpback whale vibrator therefore has no common anatomical characteristic with the vocal folds of terrestrial mammals and monkey lips of the odontoceti species. The arytenoids cannot be stretched more or less to modulate the frequencies as terrestrial mammals do. As well, their vibrator can produce pulsed sounds but no clicks as odontoceti species do. The functional anatomies of their own sound generators explain the different time and frequency acoustic features: the clicks emitted by odontoceti species are transient broadband signals, and the humpback whale vocalizations are tonal signals.

Even if the vibrators of the bassoon and of the humpback whale vocal generator are far from each other in terms of the intrinsic features of the materials, including the size, the stiffness, and the thickness, the way to vibrate follows the same principle of fluid dynamics: the specific volume and speed of the airflow creates pressure and passes through the opening between the two constrained symmetrical rigid parts. These two systems can be both modeled by a harmonic oscillator as the mass (ms)–damper (rs)–spring (stiffness ks) controlled valve:
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where pr and pm are the inner and outer air pressures, respectively. For the bassoon, pm and pr are the pressures before the reeds from the mouth and after the reeds, respectively. For the whale, these two pressures are, respectively, in the trachea before the arytenoids and right after the arytenoids at the entrance of the laryngeal sac.

In both cases, we considered the flows as low as possible to be laminar, which allows to simplify the equation and obtain preliminary simulated results from physics models (Almeida et al., 2003). Note that non-linearities in vibrator oscillations, especially due to faster variations of the airflows, are usually smoothed by the mass damper in the physics models (Almeida et al., 2003; Guillemain, 2004). However, whether for the current playing of the bassoon or for the loud vocalizations emitted by humpback whales, the airflows have to be mainly considered as turbulent due to the high volumes of air relative to the size of the duct and the resulting pressures on the vibrator walls (Wijnands and Hirschberg, 1995; Adam et al., 2013).

Feedback controls (from the instrumentalist and the whale) make it possible to adjust the resonance of the vibrators and to sustain the harmonic oscillations. Bassoon players will more or less force on his/her lips to slightly modify the pm values. For the whale, a fat membrane called the cushion is localized perfectly above the arytenoids. Its role is to dramatically reduce the space just before the vibrated membranes covering the arytenoid cartilages (Damien et al., 2018). Basically, this cushion brings the airflow to the arytenoids and also presses the membranes around the cartilages, in the same way that the bassoon instrumentalist does with his/her lips on the reeds. An original mechanical model of the humpback whale vocal generator was designed and used to test the different pressures on the vibrator and also to characterize the airflow propagation especially before and after the arytenoids (Lallemand et al., 2014; Cazau et al., 2016; Midforth et al., 2016; Figure 3).
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FIGURE 3. Mechanical model of the humpback whale vocal generator.





From Structure and Anatomy

Interestingly, geometrical similarities were also found in the structure and the size of both sound systems.

The bassoon is made with a 2.50-m-long conical drill tube made of precious wood (Figure 1). The total length is 1.30 m when they are folded up. The internal pipe is conical with a diameter that widens regularly from 4 to 40 mm. It is composed of four parts: the wing joint, the butt, the bass joint, and the bell. Depending on the construction, about 30 tone-holes are positioned on the instrument. A curved bocal, a 30-cm metal tube, connects the instrument to the mouthpiece. The original compass was 3 octaves upward from the Bb0 (58 Hz). However, the modern version now allows to reach treble Eb5 (622 Hz). The sound timbre also changes by opening and closing the tone-holes.

The humpback whale vocal generator is also made with two pipes linked by the arytenoids: the trachea and the nasal cavities (Figure 2; Reidenberg and Laitman, 2007; Adam et al., 2013; Adam et al., 2018). The trachea is the pipe between the lungs and the arytenoid cartilages. The nasal cavities and the laryngeal sac are the acoustic resonators. The features of these two pipes vary from one individual to another, with lengths from 0.60 to 1.20 m (Reidenberg and Laitman, 2007). This specific anatomy allows them to produce tonal sounds with a fundamental frequency less than 100 Hz. To produce sounds, humpback whales can include or not the nasal cavities by opening or closing the epiglottis. Then, the nasal cavities focus more energy in specific harmonic frequencies, called formants, that can be up to 8 kHz (Adam et al., 2013).



Temporal Aspects of Sounds

Unit repertoires are not easy to create, especially because of the variabilities of the unit features, even for repetitive units emitted by the same singer. Therefore, manual annotations of acoustic datasets, even by experts trained to detect and classify units, showed inter-annotator variability for different reasons, and in particular due to the subjectivity of the analysis (Leroy et al., 2018). The automatic approaches clearly help to better describe these songs. A very large panel of methods were proposed, for example, based on the information entropy (Suzuki et al., 2005), on a threshold on the Fourier coefficients (Mellinger, 2005), on the extraction of the edge contour (Gillespie, 2004), on the analysis of the mel-frequency cepstral coefficient (MFCC) (Pace et al., 2010) or the wavelet coefficients (Kaplun et al., 2020), or with the use of artificial neural networks (Allen et al., 2017; Mohebbi-Kalkhoran, 2019). To go further with the perception of these vocalizations, new representations were suggested and were very interesting to better extract the similarities of units in these songs, especially based on colored pictograms (Rothenberg and Deal, 2015). These representations, even though with less precise details, encouraged us to think differently about the vocalizations and the whole time structure of the songs. However, automatic classifications are still a current challenge because whale singers are not predictable like machines and constantly add changes and ornaments in their units, altering the duration, the fundamental frequency, some formants, or even the shape of the vocalizations.

The units’ acoustic features are important, but some of them also seem to play a specific role in the syntactic structures (Mercado III, 2016). Durations of silences between units in the successive phrases give specific rhythms (Schneider and Mercado III, 2018). In this study, we also focused on the intonation and the prosody of the themes, including the duration, the melody, and the rhythm of the successive units (Picot et al., 2007).

Musical sounds can be described in three temporal phases, named attack, sustain, release (ASR): the attack when the vibration is enough to generate a sound, the sustain when the mechanical control is adjusted to maintain the sound as a stationary process, and the release when the energy comes lower and lower. Schaeffer (1967) describes more in detail different types of sound morphologies and further characteristics like mass, timbre, pace, dynamics, and profiles. The attack part plays a specific role in music and human perception of sound events. It is one of the (multiple) central questions of electroacoustic music and musique concrète. Schaeffer even suggested to cut off these attack parts in order to no longer be able to identify the musical instrument from which the sound was emitted. The objective is clearly to lose any references about the origin of the sounds and then to consider sound objects.

For humpback whale vocalizations, it was also possible to identify these three classical ASR temporal envelope phases. Attacks are directly correlated to the minimum of the sub glottal pressure needed to excite the arytenoid membranes and to set this vibrator into oscillations (Adam et al., 2013). Then, the sustain part appears when the whales control the vibrations propagated to the laryngeal sac, and to the nasal cavities when opened. They adjust the global shape of the vocalization with static or dynamic amplitude and frequency modulations by reducing the glottal flow intensity and/or by modifying the biomechanical properties of the vibrators, like the surface and the stiffness of the arytenoid membranes. Finally, the whales will decrease the outer pressure, by reducing the air flow from the lungs, until reaching the static inner pressure of the fully inflated laryngeal sac. These decay parts can be highly variable, with short or long time durations.

Our method started from careful listening of the emitted whale songs, which is the first step in showing whales that they are being listened to. Then, our approach is to go further than standard playback studies: firstly, our study is not based on simple synthetic sounds or pre-recorded sounds but on sounds created adaptively and suggested from whale vocalizations in real-time. Secondly, the musical interface we used makes it possible to introduce specific features, as modified attacks of few units in the phrase, or playing with the duration of silences to highlight some units like the pulsed sounds, for example. The interface gave us the potentiality of real two-way interactions.



Airflow Recirculation

For wind musical instruments, the airflow is used to put the vibrator actively into oscillations. The air is coming directly from the lungs, and the durations of the musical notes are directly linked to the specific apnea abilities of the musicians. Thus, aspects of an individual musician’s performance style are partially determined by their breath control. However, in order to obtain a tonal sound held over a longer time period, wind instrumentalists have developed a particular technique: the circular breath. This technique is based on the use of the air stored inside the mouth, especially in the cheek and jowl cavities. This air volume can be used as a second source of air after the lungs in order to maintain the sustain part or to modulate the current notes based on the unidirectional airflow. The contemporary bassoonists with whom Aline Pénitot works have all explored circular breathing.

Even if humpback whales do not take advantage of their mouth to perform the “circular breath” described previously, it was interesting to notice that they also moved the airflow in two directions inside their respiratory system. The natural one is the way from the lungs to the laryngeal sac. The opposite way is back from the laryngeal sac to the lungs, in a circular breathing process (Reidenberg and Laitman, 2007). The main objective of this bidirectional airflow is to make the apnea longer, but whales could also use this technique to increase the duration of their vocalizations or to add new tonal shapes (Adam et al., 2013).

In both cases (bassoon and humpback whale), airflows are crucial to create the initial vibrations of the oscillators and then to maintain and control the sustainable part of the sounds. These flows can be used with air coming from the lungs or coming from a second tank, as the laryngeal sac for the whale and the mouth cavity for the bassoon instrumentalist. These two options of the air sources could increase the acoustic diversity of the expected sounds under the mechanical and anatomical constraints of these generators.



Pulsed Sounds

Musicians also work the instrument in all of their mechanical and musical capacities, assembled or disassembled. For example, by blowing directly into the bell (the upper part of the bassoon) or the boot (lower part), certain types of bassoon sounds are obtained, or by blowing with a reed pierced in the boot, pulsed sounds can be produced. These musical sounds are patterned in time sequences of successive tonal or transient sounds, spaced enough to be distinguishable by human listeners for which the time separation hearing efficiency is around 50 and max 100 ms (Auriol, 1986).

Humpback whales are also able to generate this type of sounds. Pulsed sounds are emitted when they simultaneously release the arytenoid membrane stress and reduce the airflow through the vibrator but keep it strong enough to maintain the membrane in oscillation. It is interesting that similar pulsed sounds can be found in human speech, as the glottalization, popularly known as vocal fry (Childers and Lee, 1991; Redi and Shattuck-Hufnagelf, 2001).

For bassoons and humpback whales, pulsed sounds can finally be obtained under similar biomechanical conditions, by slowing down the movements of the vibrators. In both cases, these vibrators can produce two different types of sounds: tonal and pulsed sounds. The range of both vibrators extend to the production of chaotic sounds (Cazau and Adam, 2013; Cazau et al., 2016).




METHODS AND RESULTS

From our “trouvaille,” we were able to design sound objects. This process was motivated by decorrelating the sounds from their origin (in our case, from the bassoon that produced them), in accordance with Schaeffer’s approach. The use of the bassoon was needed to better work on the similarities described previously, but it should not be a limit to the perception of the sounds, as labeled as bassoon sounds. The way to envision musique concrète is to go beyond the instruments—or the things that create the original sounds—so as not to be limited by its mechanical constraints and also by the representation listeners can have from it (Schaeffer, 1966).


Production of Concrete Sound Elements

Considering the acoustic and morphologic similarities between the bassoon sounds and the humpback whale vocalizations, sessions in a professional music recording studio were planned to elaborate and to record a typology of sound morphologies with special attention to the attack, described previously (see section “Temporal Aspects of Sounds”), using Schaeffer’s methodology of analytic listening and characterization of sound objects. These recorded sounds are then classified and renamed by their morphological and typological characteristics. This approach is called reduced listening by Schaeffer. “The sound is listened to for itself, disregarding the real or supposed origin, and the meaning that it can convey” (Chion, 1983). We applied this approach to create a library of 47 sounds (available to readers by request to the corresponding author) originally produced with the bassoon and played taking into account the acoustic features of the units emitted by humpback whales. Following Schaeffer’s method, our sounds were classified and named in the rest of the article as concrete sound elements (CSEs). To name them, onomatopoeias were used (Waou, Oyé, and Ouin), characteristics of intention (accent and support), or a variation around the notion of pulsed sounds (Frot, iteration, and shuffling). The first word used to name the sound is the main characteristic, and then secondary characteristics are added depending on the quality of the sound. The purpose of these CSEs was to broaden the perception of the whale units. This unique sound library was used during human–machine–whale interactions.



Data Collection

In their study of humpback whale songs, Payne and McVay (1971) conclude that “the function of the songs is unknown.” However, because singers were recorded during breeding seasons, it was firstly assumed that songs could be linked with mating activities, as interactions between females and males, and/or between males. Up to now, the role of these songs is not totally clear and still under investigation. It is the same for the time structure and the meaning of its evolution over the years. Therefore, acoustic playbacks on humpback whales should be done with high caution. In any case, this kind of experiment has to be done by experts, with marine mammal observers (MMOs) on boats and following the rules of protection and respect of the cetacean species.

Therefore, this project done during the humpback whale breeding season in July–August 2018 off La Réunion Island (Indian Ocean) followed strict ethics rules, especially based on the charter of responsible approach of marine mammals (Region Réunion, 2017). During the three field missions, our boat was stopped at 300 m away from the isolated singer, with the engine turned off. No swimmers or divers went into the water. A MMO was on board to observe behaviors of humpback whales and to report any exterior signs from the whales that could be interpreted as a disturbance or a harassment, like stop singing, change in the breathing rate, moving away from the boat, or any exhibition of what can be perceived as agonistic behaviors.

After the experiments, humpback whales were not tracked. The boat went away at very slow speed (3 knots) up to 500 m before adopting a higher speed.

During the experiments, the sounds were played by the musician-experimenter seated on the boat desk, using a laptop and a MIDI controller. The hydrophone Ambient, ASF-1 MKII, and the underwater speaker Lubell LL916 were deployed in the water at 10-m depth right under the boat (Figure 4). The acoustic intensities were lower than 135 dB re 1 μPa at 1 m. The duration of the experiment was limited to 15 min and was done just one time to the same whale.
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FIGURE 4. Play and recording setup for the 2018 interactive data collection.



Before any sounds in the water were played, the humpback whales were visually observed and their songs were carefully listened to. Then, to initiate the whale–human interactions, the concrete sound elements were chosen in the sound library taking into account the vocalizations emitted by the humpback whale singer. Because the CSEs were recorded in a music studio before going on sea, the approach of the musician-experimenter was not to mimic the humpback whale units but more to play CSEs that could match some acoustic features of units, taking into account the musical structures of the phrases. These CSEs were played in real-time, using the sampler connected to the underwater speaker following, anticipating, and synchronizing the successive units, in order to adjust the rhythm and tonation.

For this study, we analyzed the acoustic recording done during the last experimental day because (a) it corresponded to the longest interaction, (b) the recording was done continuously with no interruption, and (c) the weather conditions and the sea state were sunny and calm.

The duration of this acoustic recordings (48 kHz, 24 bits) was 17 min 35 s. During the annotation phase, the bioacoustic expert manually detected all units and concrete sound elements, by carefully listening to the acoustic recordings and by visually examining the spectrograms. The types of the sounds (tonal and pulsed; Adam et al., 2013), the contour of the fundamental frequency (flat, upsweep, downsweep, convex, concave, and continually modulated shape; Hickey et al., 2009), and the presence of harmonic frequencies (Adam et al., 2013) were used to create new classes. When only the unit durations were significantly different but the other acoustic features were still close, sub-classes were created and notated with the letter of the class and a number (for example, C2, C3, and C4 are subclasses of C). In a few cases of overlapping units and CSEs, they did not start at the same time, and it was easy to manually classify them. Finally, for this acoustic recording, 307 acoustic events were detected, including 40 concrete sound elements and 267 units. To name the units, we used letters of the Latin alphabet, assigned in alphabetic order, for each new type of vocalization successively detected in the acoustic recording, as suggested by Payne and McVay (1971). The same letter followed by a number is used when the units are closed enough not to create a new category. Finally, the humpback whale individual emitted 21 different units, and 13 different concrete sound elements were played during this experiment (Table 1). These units and CSEs are available to readers by request to the corresponding author.



TABLE 1. Names and occurrences of the humpback whale song units (SUs) and the played concrete sound elements (CSEs).
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Comparison Between Concrete Sound Elements and Humpback Whale Sounds

After mechanical and anatomical similarities between the sound generators were noticed, the underlying question was to know if the CSEs and units share common acoustic features or at least were distributed close to each other. We firstly provided the spectrograms using the 512-sample fast Fourier transform and the weighted Blackman–Harris window, with 75% overlap in order to detect all the acoustic events, CSEs, and units (Figure 5).
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FIGURE 5. (A) Waveform and spectrogram representation of the concrete sound element (CSE) “Waou frot grav 2.” (B) Waveform and spectrogram representation of humpback whale song units.



To compare the CSEs and the units, two different sets of acoustic features were automatically provided with the motivation to investigate two levels of complexity. Firstly, five characteristics were computed: the duration and the spectral properties, including minimum, maximum, peak, and bandwidth. For each feature, the obtained results with the means and the standard deviations are given in Table 2.



TABLE 2A. Dispersion of the acoustic features for CSE.
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TABLE 2B. Mean and dispersion of the acoustic features for units.
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The humpback whale units last from less than 1–5 s, as do almost all the CSEs (Table 2B). Only the CSE “WFG1” lasts more than 5 s, and finally, it was the sound with the longest duration (Table 2A). Moreover, regarding spectral properties, these sounds also show similarity, for all CSEs compared with the units. Therefore, the minimal frequencies of the CSEs and the units were between 80 Hz (units “F” and CSEs “P4O”) and 500 Hz (units “D” and “A” and concrete sound element “WFG2”). Only for the unit “R” was this frequency higher than for the other sounds (740 Hz). The peak frequencies were also distributed in the same range, except for the CSE “OC3” (2 kHz) in which we can recognize the resonance property of the bassoon.

To have a better view, a principal component analysis (PCA) was computed. The two first PCA components provided 46 and 29% of the variance proportion of the data. This proportion will increase to 94% by adding the third component. However, the 3D figure would have been hard to understand, so we chose to keep only the two components. Figure 6 displays, with the same color, all sounds of the same category showing their dispersion inside their own category. We can see that the majority of the CSEs and the units are grouped between -2 and 2 on both axes, showing close values of their acoustic features. The unit dispersions were measured by computing the mean Euclidean distances between these sounds in their own category (Tables 2A,B). As a result, only five sound categories have a mean distance higher than 2. The distances are lower than 1 for 64% of these categories (23 out of 36), showing that the CSEs and units are well clustered. The circles showed the overlapping of the different categories. It means firstly that some units had acoustic similarities. Furthermore, it seemed that the unit reproducibility depends on the type of sounds with lower standard deviations for tonal sounds than for pulsed sounds. Secondly, the units shared acoustic features close to those of CSEs, as shown with Euclidian distances and standard deviations in Figure 6.
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FIGURE 6. Distribution of the concrete sound elements (stars) and the units (dots). Circles are centered on clusters with a radius corresponding to the standard deviation of 1.



However, the diversities were not equal for the different categories (Figure 6). The lower dispersion suggested that the different units of the same category have closer acoustic features than when the dispersion is higher. These diversities can be explained by the different numbers of the units and also because in the same category, the whale can slightly modify one of the parameters. For example, the time duration of units in one category could be longer or shorter, while the types of the sounds (tonal or pulsed) and the spectrogram shapes are still very similar. As a result, in Figure 6, we can see that the two units “A” and “B” are very close to the unit “C.” On the other hand, the C2 category showed a large dispersion, because these units were emitted with lower acoustic intensities and were shorter (meaning that the mean of the acoustic parameters gave less constant values) and also because the occurrence of these units was higher (Table 1).

Secondly, we would like to investigate a higher complexity of these concrete sound elements and units. Therefore, from each detected unit, a total of 74 acoustic features were automatically computed from the time and spectral representations (see the mathematical definition of these features in Malfante et al., 2018) (Table 3). All implementations were taken from the Librosa toolbox (McFee et al., 2020), the audio_analysis software package (Lerch, 2012), and the pyaudio analysis toolbox (Giannakopoulos, 2015). The t-distributed stochastic neighbor embedding (t-SNE) was implemented to enable the representation and visualization of the feature space (van der Maaten and Hinton, 2012) using the Scikit-learn Python package (Pedregosa et al., 2011). The aim of using t-SNE was to explicitly show the similar and dissimilar sounds from the CSEs and the units based on these acoustic features (Table 2). With this approach, dissimilar points should be further from each other (Poupard et al., 2019). On the contrary, if the CSEs and the units share similar acoustic properties, they should be close in the t-SNE map.



TABLE 3. Acoustic features used in the t-SNE algorithm.
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Note that default parameters were used to compute the features and to compute the t-SNE with the Scikit-learn implementation.

From the 74 acoustic features, we also provided the t-SNE map. In Figure 7, we used the same color for all the CSEs and units inside the same category, making it easier to visualize the variability of these sounds. Circles are centered on the cluster of each categories, and the radius was provided for the standard deviation of 1.5.
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FIGURE 7. t-Distributed stochastic neighbor embedding (t-SNE) map. Stars represent concrete element sounds, and dots represent humpback whale units. Circles are centered on clusters with a radius corresponding to the standard deviation of 1.5.



From this map, we can see that units and CSEs are well clustered showing that the acoustic features enable to discriminate all the different types of sounds. Furthermore, the mixed distribution of the stars, for CSEs, and the dots, for units, shows the close similarity of the different sequences emitted after a specific concrete sound element. For example, the CSEs are found inside the cloud of the units with their t-SNE dimension 1 between −5 and 5 when the units are distributed between −15 and 20. For the t-SNE dimension 2, the CSEs and units share the same range.

We also computed the Euclidean distance between CSEs and units (Table 4). It appears that the mean distance between units is 2.08 and that the Euclidean distances between 2/3 of CSEs and the units are lower than 2.08.



TABLE 4. Mean Euclidean distance between the categories of concrete sound elements (columns) and of the units (rows).
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Pattern Analysis of Stimuli and Humpback Whale Units

Our second objective was to measure the similarities between the time sequences of vocalizations emitted by the whales after the display of a specific concrete sound element. With these comparisons, we would like to show if the whales emit the same sequences or not.

We applied the Levenshtein distance similarity index (LSI) (Levenshtein, 1966), previously used in different studies, especially to assess the changes in humpback whale songs across multiple sites and over years (Eriksen et al., 2005; Rekdahl et al., 2018; Owen et al., 2019). This index allows to evaluate the number of changes needed to transform one song to another. A change could be an insertion, a deletion, or a substitution of one unit in the songs. Furthermore, the representative song (median string) was computed for each stimulus (Owen et al., 2019). In our study, we chose to provide the normalized version of the Levenshtein distance on the unit sequences emitted after each concrete sound element. Thus, we defined each concrete sound element as stimulus (Levenshtein, 1966), and this approach estimated the changes during the sequences of successive vocalizations following the insertion of these stimuli (Table 5). Because we provided distance (distance = 1 – similarity), the 2 compared sequences are identical when the normalized Levenshtein similarity index (NLSI) value is null, and the sequences are totally different when the value is 1. All implementations were performed in Python with the python-string-similarity toolbox (Luo, 2020) with the python-Levenshtein modules (Necas et al., 2019).



TABLE 5. Distance index for SU sequences emitted after a CSE.
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The low NLSI values showed that, after the same concrete sound element, the following emitted units have specific acoustic features or the unit sequences are close. After the concrete sound elements PP1, six unit sequences were detected, with the common structure “C2C2C2D” (Table 4). The different NLSI values showed that specific unit sequences can be expected after emitting CSEs.

Two different patterns could be identified for the time unit sequences emitted after the stimulus CSEs “P1” (Table 4). Half of the sequences were similar, including the pattern “BCC,” while the second half always started with the unit “C2.” It included a “C2C2D” pattern and did not include any of the “B” or “C” units. Similar results could be identified in the time sequences emitted after the stimulus CSE “PP1,” which shared close acoustic features with the CSE “P1.” For that stimulus, two unit sequences contained the pattern “CCD,” while the others contained the “C2C2D” pattern instead. This “C2C2D” pattern was also identified in the sequences emitted after the stimuli “OC3,” “P1D,” “P4O,” “P5A,” “P5DOF,” and “WFG2.” The “CCD” pattern was identified after the CSEs “OC2,” “P2D,” “P2F,” “PP3A,” and “P5DOF.”

These results on the diversity of the unit sequences show interesting modifications after the stimuli, which could testify to the singer’s reactions to the CSEs. Nevertheless, this is not sufficient to strictly prove that the stimuli were the only explanation of these changes because sometimes singers repeat phrases quite precisely and other times they do not, even without any playbacks happening. To investigate deeper, further experiments should definitively include acoustic recordings of the whole song before starting playbacks of CSEs, in order to analyze the level of repetitiveness of the unit sequences during the song.




DISCUSSION


Acoustic Similarities

It is possible to approach the acoustic features of humpback whale sounds using different types of musical instruments, including singing bowls, bowed, plucked, tapped string instruments, or even human voice. Among all of them, wind instruments are based on vibrators that are close to the vibrator of the humpback whale sound generator, and wind instruments with double reeds are the closest. It takes a high air pressure to obtain a sound with these wind instruments. Therefore, it is very difficult for bassoonists to produce a low-intensity sound. Interestingly, this was also noticed for humpback whale vocalizations (Au et al., 2006). This is explained by the specific anatomy of their vibrator: airflow has to be strong enough to put the membranes that cover the arytenoids in vibration. It depends on the distance between the two arytenoids, their respective positions, and the length and the thickness of the membranes involved in these vibrations.

However, Schaeffer suggested that generated sounds must be distinguished from the musical instrument. Following this approach, the concrete sound elements could be created by using a bassoon or any other instruments or tools. We could assume that acoustic similarities of these CSEs will still be essential to initiate interactions with the humpback whales. The concrete sound elements should not be considered as stimuli, as they were defined for the t-SNE method but they have to be seen as part of the mutual music exchange between the whale and the musician-experimenter. The concrete sound elements have to be played leading or following the humpback whale units taking account of different parameters including the musical timbre, the attacks, the rhythm and the whole structure of the phrases. Using concrete sound elements this way will not be seen as inclusion of new random sounds to disturb the whale during its song, but to suggest sounds that could perceive as musical ornaments inside the original phrase.

Therefore, it will be interesting to renew these experiments and to compare the number of changes in the song phrases during and without the play of the CSEs. This further work could contribute to show whether the whale makes choices in the emission of each unit, of each sequence, or if the humpback singer is primarily following the population-wide song structure.



Proposal of the Gestural Underwater Interactive Whale–Human Interface

We are not a marine species. Our voice and our musical instruments are not designed to be directly used in the underwater environment. We proposed an interface to tackle this and to allow us to meet the whales in their own local context.

The interface was also the solution to go beyond the human musical instruments that have their own acoustic limits and constraints. The experience gained through our work with playing concrete sound elements with a sampler prompted the design of an original interactive interface. It is motivated by the wish to explore instantaneous interactions between the musicians-experimenters and the humpback whales. The objective is to finely adjust variations of sounds taking into account the variability of the humpback whale vocalizations, with a possibility to create new sounds close to what the musician-experimenter listens to, and also to be at the same level of the whale, in terms of acoustic intensities, frequencies, and variabilities. Thus, this interface is based on simultaneous acoustic recordings and sounds played in the water: firstly, the musician-experimenter are able to listen carefully to the humpback whale vocalizations in order to identify the units, their acoustic features, and also their time structure as sequences, sub-phrases, phrases, and themes. Secondly, the musician-experimenter will choose the adapted CSEs and will play it at the right time inside the humpback whale song, before, after, or simultaneously with the units. With this approach, we expected that the whale would not consider the produced CSEs as echoes of its own units but as sounds that refer to its own vocalizations. Our motivation is not to produce new sounds in the water to humpback whales but to signify to individuals that the musician-experimenter is also here to listen to them and to adjust the choice of the CSEs considering the global time structure of this acoustic exchange. The interface is designed taking into account the four aspects of sound morphology, song structure, intentionality, and gesture. It also allows to signify that silences are listened to.

Up to now, sounds were emitted through a waterproof speaker deployed in the water under the boat, but the musician-experimenter was seated on the boat desk. We thought that the musician-experimenter could also be in the water, for the following reasons: Firstly, with this position outside of the water, the experimenter can feel the border between the marine and air worlds. This could limit the acoustic perception of the produced sounds and also of the vocalizations emitted by the whale. Secondly, the other motivation would be to consider the local soundscape. This is not the same acoustic environment in the water as on the boat, in particular when several people are on the deck, too. Thirdly, to be in the water could be the opportunity to work on the gestures and to link them to how the different sounds are produced. Fourthly, in case of visual contact between the experimenter and the whale, mutual visual observations could be complementary to acoustic perceptions. Even if humpback whale singers are known to be static while singing, the objective is to instantaneously have more information about their potential reactions, postures, and interests: any outside signs could be complementary to their vocal production and could have a specific sense that we need to take into account during this interaction. In the same way, humpback whales could see the experimenter during the performance, could observe gestures, and have information from that. It will be interesting to know how the humpback whales will behave because up to now, studies were done only when humpback whale singers interacted over distances long enough for no visual contacts (Cholewiak et al., 2018). Consequently, a singer that can visualize another agent making song-like sounds and movements at close range is likely to be encountering a radically different scenario from what it would naturally encounter in vocal communication contexts.

For all these reasons, we designed our new interface, named Gestural Underwater interactive Whale–Human interface (GUiWHi), to be used also in the water (Figure 8). The components will include the following:


[image: image]


FIGURE 8. Recording setup with Gestural Underwater interactive Whale–Human interface (GUiWHi).




-For underwater audio capture and diffusion, a hydrophone (Ambient, ASF-1 MKII/10 Hz–80 kHz), an underwater speaker (Lubell LL916/200 Hz–23 kHz, 78 W, 180 dB re 1 μPa at 1 m), a diffusion amplifier, an audio interface (RME BabyFace Pro, 24 bits, and 96 kHz with integrated microphone phantom power and pre-amplifier).

-For gesture analysis, sound synthesis and manipulation, and recording of the whole session, a laptop computer (Apple MacBookPro with hard disk, screen, and interactive audio programming environment Cycling’ 74 Max with a bespoke gesture-controlled sound synthesis program).

-For underwater gesture sensing, two wrist-worn inertial measurement units [9-degree-of-freedom (DoF) inertial measurement unit (IMU) Bitalino R-IoT with wired serial connection to the computer, 100 Hz] and one underwater tablet (Valtamer Alltab 4.0 with wired connection to the computer).



The two IMUs allow to finely capture continuous gestures via the built-in accelerometers, gyroscopes, and magnetometers. As such, arm posture (orientation angles), attacks (impulses), and slow arm or forearm movements can be used to initiate and continuously modify sounds, while the tablet with its touch-screen surface allows for preselection of sound classes.

This interface can be played underwater by a diver–musician–experimenter such that a gesture can be associated with a specific type and profile of sound that is produced by the sound synthesis software. This way, a musical development can be elaborated based on careful listening, which is clearly addressed at the whales, going beyond a simple reaction to the type and morphology of their sounds. The musician will sometimes need to take the lead and sometimes let herself/himself be guided. These alternative leaderships between the musician and the whale could potentially provide answers to specific questions about some aspects of these songs, such as why the whale repeats more often specific units than others and what importance should be given to sounds.




CONCLUSION

Did we reach our goal to suggest a bidirectional interaction between human musicians and humpback whales? What can we expect from these interactions?

This project is not another attempt to expose one animal species to music or to force whales to listen to human music. The original motivation is totally different, with the idea of starting from their emitted vocal sounds. Our first work was to open our acoustic perception to their songs, based on the large knowledge accumulated from the scientific literature over the last five decades. Then, we would like to better understand the anatomy of their vocal generator, because we thought that coherence and possibilities have to be known before thinking about a complex musical proposal based on multiple unknown acoustic sources. Our goal was to predict if this meeting can work, and what kind of results we can expect in terms of musical exchange. It was very important for this project to stay close to the acoustic features of humpback whales but without imitating them. Finally, we had the opportunity to play our music to one humpback whale individual at the Réunion Island. We observed that the whale stayed around and was not afraid. More of that, it was possible to start musical exchanges taking into account the answers from both sides. On the boat, we were aware about the interaction with this individual whale during this experiment.

This work was to submit a proposal based on musique concrète with the objective to create an exchange not based on a competition for vital activities, like protection of their territories, finding mates, defending harems, raising calves, and reactions to predators. The project was initiated to allow opportunities for one-to-one interactions at the same level. It means that our approach was definitely not to lead the music piece and to impose the music orientation. This preliminary study has limitations, especially about how the whale perceived our musical intention. The whale singer may not have been thrilled with this human interjection of concrete sound elements into its performance, even if it tolerated it. This singer was free to change or not the structure of its song and the intonation of its units and, by this way, suggested to the human musician-experimenter to follow these variations or to include new “musical” ornaments.

Perspectives could open inspirations to compose new music pieces in different styles. We also would like to take into account the acoustic characteristics of underwater soundscapes. Indeed, the music perception is influenced by the proportion of biophony, geophony, and anthrophony, and the context in the local geographic sites has to be taken into account during further interactions. It will be very interesting to test a large variety of areas, including shallow waters or underwater canyons. Our idea is also to organize a concert for the public and to observe behaviors in order to describe the perception of what happened and finally their real relationship to nature.

Our work is not a new reason to increase noise in the oceans, although we support the effort of many organizations and institutions that are involved in underwater noise mitigation. Underwater noises are still important, and the effects of these anthropogenic sounds are now well described in the scientific literature. Taking account of this world concern, this project could be seen as an alternative to contribute to cetacean welfare, as music is used as a tool to decrease stress for some animal species (Alworth and Buerkle, 2013; Dhungana et al., 2018), for example, like gorillas (Wells et al., 2006), horses (Eyraud et al., 2019), and domestic species (Hampton et al., 2020; Lindig et al., 2020). Of course, this beneficial effect on stress will have to be proven on humpback whales, for example, by requiring cortisol monitoring (Rolland et al., 2012; Mingramm et al., 2020).

We humans have been able to develop relationships between music from very different cultures and sometimes even with musicians who do not speak the same language and in whose culture music has a very different function. Perhaps, through the process of musique concrète and the development of this interface, we will find ways to interact more and more deeply with the whales. This will not happen without further questioning what over the centuries the conventional Western thought has called culture and what we have called nature. Beyond the questions around animal welfare, the acquisition of knowledge and the conservation, the protection, or even the repair of our misdeeds against the environment and animals, it is without doubt that this project must be anchored at the heart of the reflections about nature/culture in order to define peaceful relations between humans and whales.
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Singing humpback whales (Megaptera noavaengliae) collectively and progressively change the sounds and patterns they produce within their songs throughout their lives. The dynamic modifications that humpback whales make to their songs are often cited as an impressive example of cultural transmission through vocal learning in a non-human. Some elements of song change challenge this interpretation, however, including: (1) singers often incrementally and progressively morph phrases within and across songs as time passes, with trajectories of change being comparable across multiple time scales; (2) acoustically isolated subpopulations singing similar songs morph the acoustic properties of songs in similar ways; and (3) complex sound patterns, including phrases, themes, and whole songs, recur across years and populations. These properties of song dynamics suggest that singing humpback whales may be modulating song features in response to local conditions and genetic predispositions rather than socially learning novel sound patterns by copying other singers. Experimental and observational tests of key predictions of these alternative hypotheses are critical to identifying how and why singing humpback whales constantly change their songs.
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INTRODUCTION

Discussions of animal culture, defined as “shared behavior or information within a community acquired through some form of social learning from conspecifics” (Garland and McGregor, 2020), often highlight the incredible vocal skills of humpback whales (Laland and Janik, 2006; Allen, 2019; Whiten, 2019). For instance, Rendell and Whitehead (2001a) identify humpback whale songs as one of the strongest examples of cetacean culture, a point echoed by Laland and Hoppitt (2003) and Janik (2014). The main reason humpback whales have garnered so much attention in the context of culture is because of the unique ways in which they change their songs throughout their lives. As Garland and colleagues note, “the level and rate of change is unparalleled in any other nonhuman animal and thus involves culturally driven change at a vast scale” (Garland et al., 2011, p. 690). Payne (2000) compared the process of whale song change to linguistic drift, but much faster, noting that within 1 decade songs produced by a population can change so much that it is not possible to recognize how they relate to earlier versions.

The songs of humpback whales are often described as being highly sophisticated communicative displays, possessing a multilayered hierarchical structure (Payne and Payne, 1985; Rekdahl et al., 2018). Song features show regional specificity, such that in a given year, different populations can be distinguished based on the songs being produced (Winn et al., 1981). Individual singers gradually change song properties throughout their lives, within and across years, never settling on a stable, favored song (Guinee et al., 1983; Payne et al., 1983; Payne and Payne, 1985). Notably, singers in a particular area change their songs in parallel, leading to the inference that singers are copying each other’s songs. The driving force behind such copying is believed to be an acoustic competition that reveals a singer’s reproductive fitness to other whales (Payne, 2000; Herman, 2017). In summary, the current consensus view about singing humpback whales is that all singers continuously and irreversibly, modify their song content throughout their adult lives, either by introducing new song elements or by copying new elements heard from other whales, so that they can maximize mating opportunities. In contrast, I hypothesize that mechanisms other than cultural transmission are the primary drivers of song transformations, and more generally that variations in song across years are epiphenomenal (i.e., an incidental byproduct of song production and reception mechanisms) rather than cultural.

Numerous proposals have been made for why and how humpback whales change their songs over time (for review, see Parsons et al., 2008), all of which start with the assumption that cultural transmission plays a key role. A few researchers have questioned this assumption, however. For example, demonstrations of cultural transmission of vocal behavior by birds depend on showing that vocal traditions are characteristic of groups, socially learned, and fairly stable across generations (Freeberg, 2000). Freeberg (2001) noted that none of these processes have been definitively shown to occur in singing humpback whales, making evidence relating song changes to cultural processes difficult to interpret. Specifically, he points out that “just because we can measure differences does not mean the animals perceive or care about those differences (p. 334).”

The proposal that humpback whales socially learn their songs through processes of cultural transmission is a hypothesis, hereafter, referred to as the song-copying hypothesis. The song-copying hypothesis is closely related to a second hypothesis – that humpback whale songs function as a sexual advertisement display (Payne and McVay, 1971). According to the sexual advertisement hypothesis, the reason why male humpback whales copy songs is because better songs yield more and/or higher quality offspring, where better means preferred by females, envied by other males, or both. In combination, these two hypotheses attempt to explain both why humpback whales sing structurally complex songs and why they continuously modify their songs over time. Neither hypothesis requires that songs change over time, since there are other cetaceans like dolphins that copy sounds without constantly changing them and without using sounds as sexual advertisement displays (Mercado et al., 2014), and there are other mammals such as red deer that use sounds as vocal reproductive displays without copying sounds or changing them over time (Reby et al., 2005). In fact, no other mammals use constantly changing sound sequences as a sexual display (with the possible exceptions of popular musicians and bowhead whales; Stafford et al., 2018), making humpback whales a biological anomaly, hypothetically. Neither hypothesis has ever been tested in any substantive way. The only evidence providing any support for these hypotheses are the phenomena that they were initially proposed to explain (see also Mercado, 2018). Here, it is argued that the song-copying hypothesis is neither necessary nor sufficient for explaining how humpback whales change their songs over time and that mechanisms other than cultural transmission can better account for known temporal variations in the acoustic characteristics of humpback whale songs.



MORPHING OF SONG PHRASES

Fully assessing the song-copying hypothesis would require a variety of costly and time-consuming field experiments. It is possible to partially evaluate the viability of this hypothesis, however, through closer examination of the phenomena that originally led to it. Specifically, one can obtain clues to the mechanisms of song change by closely examining when and how songs change. Surprisingly, researchers have rarely attempted to do this, instead opting to compare either representative spectrograms of sound patterns or symbol sequences representing subjective impressions of spectrograms. For instance, Winn and Winn (1978) subjectively analyzed yearly and within-year changes in songs by comparing spectrographic images of representative sound sequences (“phrases”), and verbal descriptions of phrases, from 8 consecutive years (see also Cato, 1991). Payne and Payne (1985) compared songs across years by labeling repeated phrases (“themes”) with different graphical patterns, switching to new patterns when phrases were sufficiently dissimilar (subjectively judged). Later analyses of song change used more objective metrics (e.g., Cerchio et al., 2001; Eriksen et al., 2005; Garland et al., 2011), but still depended heavily on subjective impressions of phrase similarities and differences, typically denoted using alphanumeric labels (see also Cholewiak et al., 2013). Subjective symbolization of sound patterns is limited as an approach to characterizing how whales change songs because it discards many of the features that whales actually modify and replaces them with abstractions that reveal little about the acoustic features of the sequences being produced (Kershenbaum et al., 2016; Mercado and Perazio, in press). Attempts to quantitatively assess changes in whale songs over time revealed that some acoustic features of songs change more rapidly across years than others (Payne et al., 1983; Mercado et al., 2003, 2005; Green et al., 2011). Although past research studies have differed in their methodologies, one phenomenon that is consistently noted is that singers gradually change the acoustic features of the individual sounds (“units”) within phrases over time. Changes in the units within phrases are apparent both within songs and across years (Cato, 1991; Maeda et al., 2000; Arraut and Vielliard, 2004; Mercado et al., 2005).

Payne and McVay (1971) were the first to report that phrases produced by singing humpback whales often systematically change as they are being repeated. Many of these changes qualify as natural sound morphing, in which one or more acoustic features gradually shift as a sound is repeated within a sequence (Caetano and Rodet, 2013). Figure 1 illustrates one way that singing humpback whales morph phrase elements while singing. Payne and Payne (1985) described sections of songs in which singers gradually morphed units across phrases as “shifting themes.” Specifically, they defined shifting themes to be “themes in which successive phrases evolve progressively from one form to another. As phrase follows phrase, units within them gradually shift in frequency and/or form, duration, or numbers, or are delivered at a slower or faster rate (p. 99).” Payne and Payne identified one or two shifting themes in recordings from every year they analyzed; suggesting that phrase morphing was a consistent feature of humpback whale songs. Singers morph both units and phrases along multiple acoustic dimensions, including duration, pitch, spacing, rhythm, frequency modulation, timbre, intensity, and number of units (Mercado and Perazio, in press). Recent detailed comparisons of morphing trajectories revealed that singers produce comparable within-song transformations across years and populations (Mercado and Perazio, in press). Payne and Payne described shifting themes as being one of three types produced by singers, the other two being “unorganized” and “static.” It is perhaps more accurate to describe both shifting and static themes as points along a continuum of phrase production ranging from substantial morphing (shifting) to very little morphing (static), because no phrase repeated by a singer is acoustically identical to its predecessor and subtle morphing is often evident at the beginning and end of even the most static themes (Mercado et al., 2003).
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FIGURE 1. Phrase morphing within themes. (A) Traditional spectrographic depictions of humpback whale song phrases can also be represented as pitch vectors (Hyland Bruno and Tchernichovski, 2019), with colors representing peak frequencies of units to highlight spectral and temporal patterns. (B) Payne and McVay’s (1971) Theme 1 (recorded in Bermuda in 1964) in raster plot form shows progressive changes in unit duration, number, and frequency content across phrase “repetitions”; the two plots show Theme 1 from consecutive songs produced by one singer, illustrating intra-individual variations in theme and phrase production within a shifting theme (data from Payne and McVay, 1971, Figure 6, Whale I). (C) Raster plots from a second singer producing two consecutive versions of Theme 1 (recorded in Bermuda in 1963) illustrate inter-individual differences and/or cross-year differences in phrase duration, as well as in specific acoustic features of units (data from Payne and McVay, 1971, Figure 6, Whale II). Despite these differences, similarities in morphing trajectories and phrase structure across singers/years are apparent. (D) Plots from a third singer (recorded in Bermuda in 1963) show how variable two consecutive versions of Theme 1 can be, differing not only in the number of phrase repetitions, but also in the trajectory of phrase morphing and in the distribution of unit features and timing. The second raster plot also raises the question of how one might distinguish a longer duration Theme 1 from Theme 1 produced twice in a row (data from Payne and McVay, 1971, Figure 6, Whale III).


Early spectrographic images of shifting themes also revealed that the degree of phrase morphing varies within song sessions, and even across consecutive songs (Payne and McVay, 1971). Traditionally, researchers have described these differences as variations in the number of times that phrases within a particular shifting theme were repeated. Side-by-side comparisons of consecutive themes reveal, however, that when one version of a theme contains less phrase repetitions than a subsequent instance of that theme, then the rate of morphing varies across the two themes (e.g., see Figure 6 in Payne and McVay, 1971). In other words, morphing trajectories and rates vary with the number of repetitions within a theme as opposed to being an obligatory component of repetition. Consequently, the eighth phrase in a 16-phrase shifting theme is acoustically different from the eighth phrase in a subsequent 40-phrase version of that same theme (see Figure 1D), implying that: (1) singers morph phrases differently early on in a theme when initiating a longer series of repetitions; and (2) singers have some flexibility in terms of how they morph phrases within and across shifting themes.

Payne et al. (1983) conducted quantitative analyses of phrase morphing by singing humpback whales in Hawaiian waters both within and across consecutive years. They focused their phrase analyses primarily on changes in the number, duration, and configuration of units within phrases. These analyses revealed gradual morphing of phrases over both months and years, with trajectories and rates of morphing varying across themes, months, and years – these variations in morphing were cited as evidence that the changes were cultural rather than environmental (see Figure 2A for examples of morphing across years). The progressive yearly changes in phrases that they reported were comparable to the kinds of changes that they observed within years, which were comparable to the acoustic transformations that occurred within shifting themes. Payne and colleagues noted that the changes in phrases were complex and asynchronous. Different phrases or components of phrases called “subphrases,” morphed in different ways and at different rates. Nevertheless, they described all of these changes as appearing “to follow set rules of progressive change.” Other more rapid changes in humpback whale songs that occur across years (referred to as “song revolutions,” see Noad et al., 2000; Allen et al., 2018) may also involve morphing of phrases (Garland et al., 2017; Allen et al., 2019). However, because revolutions were identified based on comparisons of symbolic transcriptions of songs rather than through direct acoustic comparisons of units, it is difficult to evaluate whether new phrases were morphs of earlier phrases.
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FIGURE 2. Phrase morphing within and across years. (A) A raster plot of Payne et al. (1983) Theme 5 (recorded off the coast of Maui in 5 consecutive years) shows progressive morphing of acoustic features, including expansion of unit durations, bifurcation of units (increasing their number), as well as shifts in the pitches produced within the phrase (data from Payne et al., 1983; Figure 5). The trajectories of acoustic transformations of this theme across years are comparable to those present within a shifting theme (compare with Figure 1). (B) Comparisons of pitch vectors depicting Cerchio et al.’s (2001) Theme 2a recorded off the coast of Kaui in either early February (top row) or early April (bottom row) reveal bifurcations of shorter duration units, reductions in the duration of a subset of longer duration units, and a shift to slightly different frequencies (data from Cerchio et al., 2001; Figure 3A). (C) Comparisons of this same theme recorded during the same time periods off of Isla Socorro (~4,800 km away) show highly similar phrase morphing trajectories, with inter-unit intervals changing in similar ways across the two regions (data from Cerchio et al., 2001; Figure 3A). Parallel phrase morphing across such long distances is inconsistent with either copying of innovators or with changes being introduced by copying errors. Note also that the within-season changes in phrase properties reported by Cerchio et al. (2001) are comparable to those reported by Payne et al. (1983) between 1978 and 1979, shown in (A), suggesting that singers may transform phrases similarly across decades.


Traditionally, researchers analyzing humpback whale songs have classified sets of repeated “phrase types” that occur in a predictable order within songs as themes, with the initiation of a new theme signaled by a switch to a “new phrase type” (Cholewiak et al., 2013). What qualifies as a new phrase type is often subjective and may vary across investigators, such that different researchers analyzing identical (Mercado et al., 2003), or similar (Thompson and Friedl, 1982; McSweeney et al., 1989), recordings of songs may identify different numbers of themes within those songs. As an extreme example, Payne and McVay (1971; Figure 8, Whale III) classified a single unit as an instance of a theme. Phrase types derived from quantitative analyses of perceptually-based unit categories (e.g., Garland et al., 2012; Allen et al., 2017) are similarly problematic because different unit categories will generate different symbolic sequences. Segregating phrases in terms of themes facilitates analyses of ordered cycles within song sessions as well as across singers, and can simplify analyses of temporal variations in these cycles (Frumhoff, 1983). This approach makes it difficult, however, to detect progressive acoustic changes that are occurring within song cycles (Mercado and Handel, 2012; Perazio and Mercado, 2018). Consequently, few analyses have described examples of cross-theme morphing of units or unit sequences. Mercado et al. (2010), Mercado and Sturdy (2017), and Mercado and Perazio (in press) noted that spectral features of units appeared to be gradually shifting throughout entire songs. Automated analyses of unit sequences further revealed that some acoustic properties of units were relatively stable within a song cycle while others were progressively changing across themes (Mercado and Sturdy, 2017). This finding led to the discovery of “drone units,” acoustically similar units that recurred across multiple themes, often at regular intervals (Mercado, 2016). Collectively, these past findings suggest that singing humpback whales are not limited to morphing phrases within shifting themes, but may also do so throughout entire song cycles. For at least some humpback whale songs, the entire song cycle is arguably one long shifting theme (Mercado and Perazio, in press), with asynchronous morphing (or deletion) of phrases determining the order of pattern progression with the cycle (Figure 3).
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FIGURE 3. Phrase morphing within songs. Spectrograms of successive patterns within an archival recording of humpback whale song obtained from the Macaulay Library (catalog number 110858; recorded by Perkins in 1973, British Virgin Islands) arranged to highlight the cyclical nature of song production (colored bars indicate peak frequencies, as in Figures 1, 2), reveal cross-theme morphing of multiple acoustic features. The entire cycle was segmented by identifying a single distinctive pattern and then selecting each subsequent pattern such that it was aligned in duration and timing to the previous segment as closely as possible (i.e., no attempt was made to identify phrases). Sixteen segments were sampled from 64 total comprising a single cycle to illustrate changes over time within the cycle (see also Schneider and Mercado, 2019; Mercado and Perazio, in press). Note that alternating spectrotemporal patterns are prominent throughout the cycle and that adjacent patterns share multiple acoustic properties in common, even as the duration, number, and peak frequencies of units within patterns progressively shift throughout the cycle. The asterisk indicates a pattern that was repeated 10+ times with minimal modifications.


One reason why morphing of phrases across themes has received relatively little attention in past analyses of humpback whale songs is because of the widespread use of the hierarchical framework that Payne and McVay (1971) proposed for describing structure within songs (Suzuki et al., 2006; Cholewiak et al., 2013). This approach treats themes within songs as discrete, independent events, like horses on a merry-go-round. From this perspective, acoustic similarities between themes are less relevant than any features that might make a theme subjectively distinctive from other themes. Song production can alternatively be viewed as a heterarchical process in which cycles of respiration and air recirculation interact in ways that constrain the form of repeating phrases (Mercado and Handel, 2012; Mercado and Perazio, in press). Sounds produced bidirectionally, during both the inspiration and expiration of air, typically show characteristic differences in acoustic features (e.g., the hee-hawing production of brays by donkeys). Alternating acoustic properties of units and unit clusters consistent with bidirectional sound production is evident within humpback whale song phrases (Cazau et al., 2013; Mercado and Perazio, in press). When songs are analyzed in ways that preserve heterarchical structure, clear evidence of “cross-theme” phrase morphing becomes evident (Figure 3). Singers maintain continuity in rhythmic structure (Schneider and Mercado, 2019), unit duration and number, pitch alternation, and pitch shifting as they progress through a song cycle. Although there are periods when singers are morphing patterns more rapidly (traditionally referred to as shifting themes) or more slowly (“static” themes), the waxing and waning of temporal and spectral features of patterns appears to follow smooth trajectories throughout a song cycle (Mercado and Perazio, in press). For example, in the song cycle shown in Figure 3, longer duration units gradually bifurcate into pairs of shorter duration units, which later merge back into individual longer duration units, only to split and merge again later in the cycle. Continuous shifts in the frequency content of units are also present, with the singer focusing more on lower- or higher-pitched units during different parts of the cycle (Perazio and Mercado, 2018; Mercado and Perazio, in press). If one compares phrases produced more than 5 min apart in a song cycle, the patterns are likely to be subjectively distinctive, and can thus be designated as different themes. Partitioning the song cycle in this way is arbitrary, however, and obscures the fact that singers are continuously morphing some features of consecutive phrases while preserving others.

In summary, analyses of phrase morphing across song cycles (i.e., progressive evolution of songs) over the past 50 years have revealed that: (1) singers gradually change acoustic elements of their sound sequences within and across themes as well as across weeks, months, and years; (2) phrases within songs can morph along multiple acoustic dimensions in parallel, and subjectively distinctive phrases can morph in different ways and at different rates; (3) individual singers can vary the rate at which they morph phrases within a song session, but whales within a population morph phrases collectively over time at a “group rate” such that singers in the population are generally producing similar sequences of phrases; and (4) the ways in which singers morph phrases are similar across multiple time scales, although the trajectories of phrase changes vary in rate and extent across years.

These observations provide the primary evidence of cultural transmission of song characteristics between singing humpback whales. This evidence, despite being correlational, is considered compelling by many researchers because the rapid changes in song structure in some years but not others, combined with the synchronized changes across individual singers, seems to rule out any possible genetic or environmental factors that could drive the changes (Payne et al., 1983; Rendell and Whitehead, 2001b; Laland and Janik, 2006). Essentially, the argument is that no other possible mechanism is left to account for the observed patterns of change in humpback whale songs other than cultural transmission of song characteristics through vocal imitation and innovation. This “method of exclusion” or ethnographic approach has been critiqued by Laland and Janik (2006) and Laland et al. (2009), because: (1) it is infeasible to rule out that some unknown genetic or ecological factors explain the variance attributed to culture and (2) genes, ecology, and learning always interact in ways that affect behavior. A simpler empirical argument against invoking cultural transmission to explain song transformations by humpback whales is that lone singers commonly morph phrases within shifting themes (i.e., within a song cycle) in ways that parallel progressive changes in themes across years. Given that phrase morphing across songs is acoustically similar to phrase morphing within songs, it stands to reason that similar production mechanisms could potentially account for both transformations. This account is more parsimonious than cultural explanations for song change because it attributes both transformational phenomena to a single mechanism that does not require social learning.

If singers are predisposed to morph phrases or units along predictable trajectories (both within and across songs), then this would naturally lead to converging transformations of song forms across individuals who progress from similar starting points. In this scenario, progressive changes to songs should be similar across populations, with similar patterns of morphing occurring in different locales and time periods. In contrast, the song-copying hypothesis predicts that song transformations should diverge across populations that are not in acoustic contact because of innovations and accumulating copying errors introduced by individual singers. The following section summarizes evidence for and against these two alternatives.



RECURRING SONG ELEMENTS WITHIN AND ACROSS POPULATIONS

Yearly changes in humpback whale song are often described as being progressive (or revolutionary) and irreversible (Winn and Winn, 1978; Payne et al., 1983; Payne and Payne, 1985; Eriksen et al., 2005; Garland et al., 2017). Songs recorded from different populations are also typically described as being “quite different in content” (Winn et al., 1981; Payne, 2000). Several researchers have proposed that observed differences in humpback whale songs over time and across populations arise through improvisation by particularly fit or creative singers (Payne, 2000; Cerchio et al., 2001; Noad et al., 2004). According to this interpretation, older themes are successively replaced by new themes to create novel songs that are unique to each population every year. Some themes may be replaced by similar themes or even persist unchanged for several years, but ultimately all themes will be discarded in favor of more fashionable/functional themes. And, once a theme is discarded, there is no reason why it should reappear because there should be no singers modeling production of it and the old theme would no longer qualify as an innovative addition.

Past assessments of the novelty of songs and themes across years have largely been based on subjective impressions of song recordings: both aural impressions of recordings and visual impressions of spectrographic representations. There is no way to know how humans’ impressions relate to the percepts of singing whales, and consequently no way to objectively identify what qualifies as novel or familiar to a humpback whale. Nevertheless, it seems probable that singers would be more likely to recognize a theme that is acoustically similar to other themes it has experienced in the past. There is clear evidence that a subset of acoustically similar themes persist across decades, even if they are not present in all years, and that themes that persist in one population are also likely to show up intermittently in other populations. For instance, both Winn and Winn (1978) and Payne and Payne (1985) identified the “surface ratchet” theme in songs spanning a decade. Although this theme was not present in all years analyzed, it was consistently structured and has subsequently been identified in every population of singing whales that has been analyzed for multiple years. Payne and McVay (1971) designated the surface ratchet theme as a shifting theme; Winn and Winn (1978) pointed out that in some years it included tonal units, but that in other years it did not. This theme has often been classified as the “first” or “last” theme in humpback whale songs because of its association with surfacing. It is thus well-established that at least one theme repeatedly reappears after being dropped, and does so in multiple populations worldwide.

The surface ratchet is not the only theme that has been dropped by singers only to reappear at later periods. Mercado et al. (2003) noted two others that have been reported in multiple populations. Figure 4 illustrates variants of phrases from one of these themes, a theme identified by both Winn et al. (1970) and Payne and McVay (1971) that has subsequently been reported in several other populations (e.g., Perazio et al., 2018). Much like the surface ratchet theme, this theme comes in two flavors depending on whether or not a subphrase of tonal units is included. Also like the surface ratchet theme, the units that make up this phrase are not acoustically identical either across populations or across years (Darling et al., 2019). Nevertheless, variants of this theme are structurally more similar than the beginning and ending phrases of shifting themes and it is unlikely that the specific combination of features that they share could have arisen through independent innovations. Finally, this theme often contains the largest number of phrase repetitions within songs where it appears (Payne and McVay, 1971; Mercado et al., 2003; Perazio et al., 2018; Darling et al., 2019).
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FIGURE 4. (A) A prevalent 16-unit phrase recorded in Colombia in 2013 includes repetitive alternation of frequency-modulated tonal units followed by a trio of acoustically similar units (data from Perazio et al., 2018). (B) Phrases with highly similar acoustic structure were recorded in Maui in 2002 (data from Mercado, 2016), and (C) in Puerto Rico in 1970 (data from Winn et al., 1970). Note that in addition to the similar alternation of units followed by a triplet of tonal units, phrases show highly similar modulation of unit durations and inter-unit intervals as the phrase progresses, such that unit production is temporally aligned across populations (dotted lines). The phrases differ mainly in terms of the number of alternations and in the peak frequencies of individual units.


Payne and McVay (1971) originally described the songs they analyzed as consisting of three main sections: (1) the surface ratchet theme, (2) clusters of rapidly produced, short-duration units, and (3) sustained units monotonously alternated (similar to the theme illustrated in Figure 4). All three of these “main sections” are recurring themes that have been intermittently identified in songs across populations and years (Mercado et al., 2003). Recent comparisons of phase morphing by singers across decades and populations revealed not only that singers show similar morphing trajectories over time and space, but also that entire songs may be replicated (including detailed spectrotemporal patterning within phrases) across distant populations and long time spans (Mercado and Perazio, in press). The fact that singers in acoustically isolated populations are consistently using recurrent themes produced in the same order and with similar phrase morphing trajectories argues strongly that a non-reversible process of accumulating, culturally transmitted modifications (or copying errors) is not what drives the progressive changes evident within humpback whale songs.



UNDERSTANDING THE NATURE OF HUMPBACK WHALE SONG TRANSFORMATIONS

Payne and McVay (1971) and Payne et al. (1983) were the first to describe the acoustic properties of humpback whale songs as slowly evolving, and to suggest that the mechanism driving such changes was cultural. The main phenomena they noted as evidence of this interpretation were: (1) changes in songs are rapid, complex, continuous, and non-reversing, and so could not be driven by genetic changes; (2) the rate and types of changes observed varied across years, so were unlikely to be driven by seasonal factors; (3) songs produced at the beginning of a breeding season were highly similar to those produced at the end of the previous season, and the greatest changes appeared when singing was most prevalent, suggesting that changes were not the result of memory errors; and (4) the most pronounced changes appeared to be adopted by all singers in parallel, suggesting that singers were socially transmitting changes through acoustic contact. In short, how singers morphed song characteristics over time led to the inference that humpback whales must be learning what to sing by copying one another. Later work showed that song forms that were initially rare could rapidly become prevalent within a population (Noad et al., 2000), that singers sometimes adjust their song production upon hearing other songs (Cholewiak et al., 2018), and that singers may embellish existing phrases over time (Allen et al., 2018). These observations continue to be the main data cited as evidence of communicative culture and cultural transmission in humpback whales.

The first three phenomena noted above can potentially be explained as resulting from individual learning processes. But, this would not account for convergence across singers. Shared used of vocalizations alone could easily be explained as an inherited capacity. However, it is difficult to imagine how such continuous, complex changes in songs that occur synchronously in whales of various ages might be genetically encoded, given that each newly developed singer would need to sing a song that is the “same”1 as those being sung by whales with decades more singing experience. If singing humpback whales are learning songs by copying other singers, then this raises the question of when a singer will copy other singers it has heard, as well as the question of why songs change at all if singers are all copying what they hear other whales doing? Whale researchers have speculated that some songs are superior to others and that whales that hear songs that are “better” than the ones they are singing will attempt to copy those songs (Noad et al., 2000; Darling and Sousa-Lima, 2005; Garland et al., 2011). Because this process alone would ultimately result in all whales singing the same best song, it has further been suggested that songs that differ from the norm are better, leading to a kind of vocal arms race (Cerchio et al., 2001; Garland et al., 2017). However, in a runaway vocal competition scenario, one might expect to see innovative songs competing to become the new norm, which does not seem to occur. Consequently, yet another speculative assumption must be introduced. Namely, that not all innovations will make a song “better,” thus reviving the original question of when a singer will deem another singer’s song worthy of copying, combined with the question of what circumstances might lead an individual whale to attempt to be vocally creative. Currently, there is no way to objectively classify any song produced by a humpback whale in terms of its quality or innovativeness.

Current explanations for progressive changes in humpback whale songs attempt to apply principles of biological evolution (e.g., sexual selection) to the vocal actions of individual whales by proposing that only the “fittest” themes survive, and then only for a limited time (Parsons et al., 2008). It is unclear, however, whether processes of mate selection can explain the kinds of changes observed in the songs of humpback whales. First, this kind of process can only explain synchronization of song changes if there are “leaders” that all whales in a population are following. Otherwise, as noted above, if more than one whale is initiating changes, there should be competing versions of novel songs. So far, there is no direct evidence of any vocally trendsetting humpbacks. Second, the progressive regularity of phrase changes across whales noted by Payne et al. (1983) is not actually explained by the song-copying hypothesis. Why would the vast majority of “innovations” to songs consist of subtle progressive shifts in one or more acoustic characteristics of a phrase? The changes that Payne and colleagues identified, according to them, “progressed in such a predictable fashion that far from looking like accidents of forgetfulness they appeared to follow set rules of progressive change.” Changes that follow prescribed rules are not creative changes. Why are the songs of some consecutive years “extremely similar” while songs from other consecutive years have few if any themes in common (Payne and Payne, 1985; Allen et al., 2018)? The song-copying hypothesis can only explain such cross-year fluctuations in the rate of change by adding auxiliary speculations, such as that innovators are more influential and wanderlusty in some years than others (Noad et al., 2000). Similarly, the song-copying hypothesis has little to say about why some themes (e.g., the surface ratchet theme) are more consistently recurrent than others, or more generally, why themes show any differences in the rate and direction of how they progressively change over time, either within or across songs. Such omissions become particularly problematic when groups of whales that are not in acoustic contact are simultaneously morphing their phrases in similar ways (Cerchio et al., 2001; Darling and Sousa-Lima, 2005; Mercado and Perazio, in press), and when the ways that they are morphing phrases match trajectories of phrase-change observed more than a decade earlier (Figures 2B–C). Finally, the possibility that a selective process of copying innovative variants of phrases would lead to the same phrases repeatedly emerging across populations and decades (Mercado and Perazio, in press) seems about as likely as that multiple species would go extinct only to suddenly reappear later on in the geological timeline.

Despite these limitations, the song-copying hypothesis has gone unchallenged for 40 years. And, the everchanging songs of humpback whales are often noted as one of the clearest and most impressive cases of cultural transmission (Rendell and Whitehead, 2001b; Laland and Janik, 2006). In part, this is because cetologists have “ruled out” alternative explanations for the dynamic changes evident within humpback whales’ songs that are linked to genetics, ecological conditions, or individual learning. Using that logic, however, Cerchio et al. (2001) ruled out song copying as a possible mechanism of song change by showing that singers converged in their morphing of phrases even in the absence of acoustic contact. In reality, none of these possibilities have been ruled out. Humpback whales may be born possessing “templates” that determine the kinds of phrases they can produce throughout their lives, as well as how they will morph phrases over time. Ecological factors, including the acoustic soundscape created by other singing whales, may modulate the rate at which singers morph phrases, even if singers are oblivious to the details of what other whales are singing. Singers may learn over time not only how to produce phrases more precisely, but also how to shift acoustic features in ways that increase the functionality or efficiency of songs, especially in contexts where multiple singers are audible. Recent evidence that humpbacks modify their singing in reaction to hearing the songs of other singers (Cholewiak et al., 2018), suggest that they can adjust their vocal actions dynamically based on the acoustic context. However, this does not imply that those adjustments involve any song copying or any evaluation of the quality of another whale’s song. In fact, many animals flexibly adjust their actions in response to those of conspecifics in ways that lead to complex, convergent action patterns, including schooling fish, murmurating birds, and swarming humans (Figure 5). Might such non-cultural mechanisms of social interaction account for how groups of humpback whales collectively change their vocal actions over time?
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FIGURE 5. (A) Murmurating starlings and (B) schooling fish form morphing blobs that maintain dynamic cohesion when group members collectively react to the actions of their neighbors. (C) Fans may similarly coalesce in their movements when emotions ride high. (D) Even warmed wax can self-organize into complex, dynamic forms that progressively evolve over time based on relatively simple rules of thermodynamics.


Like humpback whales, schools of fish and flocks of birds sometimes coordinate their actions over extended periods of time (Parrish et al., 2002; Hemelrijk and Hildenbrandt, 2011, 2012). For example, when birds murmurate, they may fly in blobs that slowly morph over time before suddenly shifting into more complex, yet still coherent configurations (Ballerini et al., 2008a,b; Hemelrijk and Hildenbrandt, 2011). Changes in the overall form of the flock are progressive and “evolve” in ways that are not strongly constrained by environmental conditions. There are no innovators, coordinators, or copiers in such flocks. Nevertheless, members of a flock progressively modify their collective movements in convergent ways. Local interactions can lead to the emergence of complex convergent patterns when those interactions are nonlinear (Ballerini et al., 2008a,b; Moussaid et al., 2009; Cavagna et al., 2010; Storms et al., 2019), often referred to as self-organization. In self-organizing systems, the rules that determine how individuals within a group act depend primarily on local information. Self-organization depends on positive and negative feedback loops, in which one change can lead to a chain reaction of additional changes. The emergence of novel patterns also depends on fluctuations in the actions of individuals within the group as well as multiple interactions between members of the group. Studies of collective actions in social insects have repeatedly shown that relatively simple actions of group members can lead to complex collective outcomes.

The dynamic movements of groups of birds and fish may seem ephemeral compared to the progressively changing songs of humpback whales, but self-organizing systems may also lead to cumulative changes in actions, especially when actions modify the group’s environment, a process known as stigmergy (Parrish et al., 2002; Moussaid et al., 2009). Stigmergic communication in insects often involves chemical or physical changes to the environment. In the case of humpback whales, stigmergic processes may lead to cumulative changes in the acoustic soundscapes experienced by singers. Such processes clearly depend on the social transmission of information, since the actions of others provide the stimuli that drive the adjustments in individual reactions. However, these reactions do not require vocal learning, an exchange of messages, evaluation of the relative goodness of others’ actions, or any memory of past actions. Within self-organizing systems relatively small perturbations at the individual level can lead to significant changes at the collective level (Moussaid et al., 2009). How such changes affect the behavior of the group can depend on many factors, including the density (and goals) of interacting individuals, their movements, and environmental conditions. Simplified interaction models can produce complex emergent patterns of everchanging convergence (Sole et al., 1999; Muñoz, 2018), showing that sophisticated cultural learning processes are not required to explain either progressive behavioral changes or convergence of changes within a group. That being said, given the known vocal imitation abilities of cetaceans (Mercado et al., 2014), and their impressive cognitive capacities (Mercado and Delong, 2010), it would be surprising if singing humpback whales are limited to genetically-determined reactions to the sound sequences they produce and experience. Consistent with this possibility, anecdotal observations suggest that singers can flexibly respond to unique sound sequences (Rothenberg, 2008). In this respect, the behavior of individual singers, especially in contexts where social interactions are limited, may be more comparable to the flexible, voluntary actions of humans than they are to the collective, reflexive reactions of fish or ants.

Notably, local interactive mechanisms provide a simple explanation for why the kinds of phrase morphing evident within shifting themes produced by singing humpback whales would be highly similar to the progressive changes that are observed across years, for why such changes might occur rapidly in some phrases and years but more slowly in others, and for why specific phrases would emerge, disappear, and re-emerge across years and populations. All of these phenomena are characteristic of nonlinear dynamic systems. Self-similarity at multiple scales is a typical feature of fractals in nature, as is scale invariance, where similar patterns are evident at different levels of analysis (Sole et al., 1999; Muñoz, 2018). Criticality in dynamic, self-organizing systems is associated with periods of stabilization and intermittent rapid changes in state (Sole et al., 1999; Muñoz, 2018), as is seen in the rapid, fluid changes in flocks of murmurating birds and fish schools interacting with a predator, followed by a gradual return to earlier configurations. Models that assume that selective copying of preferred innovations drives song transformations predict none of these dynamic patterns.



CONCLUSION

Singing humpback whales are clearly changing their songs in complex ways over time. Relatively little is known about what determines how and when a singer will modify song features. It is also not known what prompts a singer to vary the duration of its songs within a song session, the number of times it repeats phrases within themes, or the phrases it morphs and to what extent. Faced with a litany of unanswered questions regarding why humpback whales sing the way they do, researchers have turned to cultural mechanisms as a potential answer to them all. While it is true that flexible social learning capacities can explain a wide range of complex social behaviors (Freeberg et al., 2012; Sewall, 2015), if cultural transmission becomes the default explanation for anything a singer does to change (or maintain) song characteristics, then it becomes a pseudoscientific explanation. Historically, the song-copying hypothesis has been attractive in part because it seems to tie the vocal ecology of humpback whales to that of other singing species like song-learning birds (Payne et al., 1983; Parsons et al., 2008; Herman, 2017; Cholewiak et al., 2018; Garland and McGregor, 2020). However, from the beginning, researchers have acknowledged that what whales are doing when they sing differs significantly in many ways from what singing birds are doing (Winn and Winn, 1978).

Recordings collected to date make it clear that singing humpbacks are not morphing their phrases arbitrarily. The ways in which they progressively morph phrases within and across songs does not match with what selectionist models of cultural evolution predict should happen, but neither do they match with a neutral model of evolutionary change in which random mutations spread through a population (Kimura, 1979). Evolutionary models of collective changes appear to be inadequate for characterizing the ways in which singers modify their songs over time (McLoughlin et al., 2018). Whether dynamic systems models of interacting agents can meet this challenge remains to be seen. Current models of self-organization focus heavily on variables that affect the movement patterns of individuals traveling within groups (Moussaid et al., 2009; Hemelrijk and Hildenbrandt, 2012), and less on communicative behavior (for exceptions, see Aihara et al., 2007; Ramírez-Avila et al., 2018). Nevertheless, approaches that have shed light on the variables that drive collective behavior in other animals can provide some clues as to the kinds of studies that might reveal similar local interaction mechanisms operating in singing humpback whales. For example, observational studies of detailed movements of individual birds within large murmurating flocks revealed that individuals adjusted their movements based on the actions of their six or seven closest neighbors (Hildenbrandt et al., 2010). Similar studies of birds’ responses to predators revealed that birds showed modal patterns of evasive maneuvers (Storms et al., 2019). Singing whales might similarly modulate their songs based on the actions of their nearest neighbors and might modulate their songs in predictable ways when nearby whales engage in specific acts (e.g., breaching, vocalizing within surface-active competitive pods, etc.). Other mysticetes are known to modulate their singing behavior in relation to their swimming speeds (Clark et al., 2019), and humpback whales may similarly sing differently depending on the actions they are engaged in while singing (Henderson et al., 2018). Long-term, multi-day monitoring of individual singers producing songs both alone and in various social contexts can potentially provide important new clues as to how individuals respond to the vocal and physical actions of other whales.

From the aural perspectives of human listeners, the characteristics of humpback whale songs are highly complex and enigmatically organized. These features have led to speculation about a variety of cognitive processes that singing humpbacks must possess to be able to produce such acoustic spectacles, including prodigious memory capacities (Guinee and Payne, 1988; Handel et al., 2012; Garland et al., 2017), creative proclivities (Payne, 2000), and imitative skills (Janik, 2009). They have also spawned numerous conjectures regarding why whales might have evolved such perplexing vocal acts (Payne et al., 1983; Parsons et al., 2008). Arguably, scientific efforts to clarify what singing humpback whales are doing, and why, have generated more heat than light given that Payne and McVay’s (1971) initial suggestion that perhaps female whales like fancy songs still tops the list of “explanations” for the phenomenon. Feminine fancies aside, there are likely proximate mechanisms that determine when a singer will produce longer or shorter song cycles (Chu and Harcourt, 1986; Miller et al., 2000; Fristrup et al., 2003), when they will skip or repeat themes (Frumhoff, 1983), and when they will morph phrase features, each of which can be experimentally and observationally investigated. For instance, if songs function collectively to act as a beacon for distant whales (Winn and Winn, 1978; Herman, 2017), then introducing multiple playbacks of current song around a targeted singer (at naturalistic distances) should have little effect on how the whale sings. Alternatively, if whales are adjusting their songs in response to the songs of their neighbors, then this intervention should have noticeable effects on the properties of the songs being produced (e.g., see Cholewiak et al., 2018). If novelty or peer pressure drive song changes (Garland et al., 2017), then having surrounding virtual whales all introduce a “new” theme (say from a distant population) should be sufficient to provoke at least some singers to adopt that theme. If instead singers adjust their songs to minimize cross-song interference (Mercado, 2018, 2020), then it should be possible to control how a singer responds to surrounding virtual singers by selecting the timing and spectral content of playbacks based on the songs that the singer is producing. Table 1 describes several key studies that could be done to clarify the role that either song copying or dynamic social interactions play in song transformations.



TABLE 1. Key predictions of the song-copying hypothesis and dynamic-interactions hypothesis along with potential approaches to testing those predictions.
[image: Table1]

In the past, researchers have questioned whether any explanation other than cultural transmission can possibly account for the complex, collective changes observed in humpback whale songs. Payne et al. (1983, p. 85) noted that, “It is inconceivable that such rapid and complete turnover of the song material could reflect genetic changes.” Similarly, Rendell and Whitehead (2001a) argued that, “horizontal cultural transmission almost certainly plays an important role in maintaining song homogeneity as there is no conceivable environmental trigger for such a pattern of variation,” and, “the continuously evolving songs of humpback and bowhead whales have no conceivable environmental or genetic cause.” In the words of Inigo Montoya, in regard to things inconceivable, “You keep using that word. I do not think it means what you think it means.”



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



FUNDING

Conceptual development of the analyses described in this paper was supported in part by the William K. and Katherine W. Estes Fund.


ACKNOWLEDGMENTS

I thank Julia Hyland Bruno and the Presidential Scholars in Society and Neuroscience program at Columbia University for providing me with the inspiration and motivation for developing this paper through their efforts in organizing and sponsoring the “Transmission of Songs in Birds, Humans, and Other Animals” conference.



FOOTNOTES

1It is important to keep in mind that what counts as “the same” in whale songs differs from the criteria typically used in the bird song literature. For instance, a 5 min long song containing two themes (A and B) would be considered to be the same as a 30 min song containing four themes (A–D), as long as the two themes in the 5 min song contained phrases subjectively similar to those in two themes within the 30 min song. This is because the main criteria for two humpback whale songs to be considered “the same” is that the themes being produced in the song are part of the common set being used by whales in a population, occurring in the expected order. In fact, two 5 min songs that contained no sounds or patterns in common would be “the same” by these criteria, if say a third song contained only the C and D themes.
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To a first-order approximation we can place most worship services on a continuum between clarity and mystery, depending on the setting and content of the service. This liturgical space can be thought of as a combination of the physical acoustics of the worship space and the qualities of the sound created during the worship service. A very clear acoustic channel emphasizes semantic content, especially speech intelligibility. An immersive, reverberant acoustic emphasizes mystery and music. One of the chief challenges in acoustical design is the fact that both clarity and immersion are subjectively preferred by audiences, yet these two goals are almost mutually exclusive of one another. The movement along this continuum in liturgical space can also be seen in the religious contexts for many of the worship spaces constructed in the West in the last two millennia. In the case of religious ceremony, a free field acoustic environment provides more clarity and precision in the spoken word received from God and given to the congregation. Yet a diffuse field environment provides an embodied, otherworldly sense of the supernatural: the mystery of the faith received which cannot merely be put into words. This tension is perceptible in many of the religious controversies in the West during this time period. This article examines the history of the spaces used by early Western Catholic Christians as well as those of the traditions—Lutheran and Calvinist—that left the Catholic faith during the 16th century Reformation. By considering the stated goals of these traditions alongside the architectural and liturgical innovations they created, it can be seen that emergent liturgical spaces mirror the assumptions of their respective traditions regarding the proper balance between semantic and aesthetic communication during the worship service. The Reformed faiths' emphasis on the power of the Word is reflected in the liturgical space of their services, while the Catholic faith gave greater priority to the role of Mystery, in their liturgical space as well as their explicit theology. Once constructed, these spaces also aid the cultural transmission of the sung or spoken liturgy of each tradition to future generations.

Keywords: room acoustics, archeoacoustics, psychoacoustics, worship spaces, liturgical music, protestant reformation


1. INTRODUCTION

In the world of music, it is not completely true that “the medium is the message,” yet there is a complex interplay between many different media that account for the final “product” heard by the composer, a period audience, or a listener today. It is common in the analysis of modern music to consider the effects and technologies used to render a song as significant as the traditional sheet music on which it is composed (Katz, 2010). It is certainly true that many aspects of period practice have today been derived by rigorous musicological scholarship, enriching our understanding of the types of instruments and ensembles that would have been used in historical performances of well-known pieces. This is a scientific endeavor which has done much to enrich our understanding of individual instruments and their effect on the final output of the entire ensemble. This necessary progress is still insufficient to develop a wholistic understanding of music as it was received by listeners in the past.

Just as an analysis of a modern pop record would be superficial without considering the reverb or final EQ on the mix, so too a consideration of historical music or a historical speech or sermon is not complete without considering the reverberation and frequency spectrum of the space in which the piece was written, as well as other factors affecting the subjective experience of a listener in the crowd. Such an approach was once impractical because reconstructing a concert hall is much more time-intensive than reconstructing a period flute or viol. But in the past decade greater availability and quality of computational acoustic simulation methods have given us a window into how historical spaces would have sounded in the past (Katz and Wetherill, 2005; Boren and Longair, 2011; Postma and Katz, 2015; Boren, 2019).

This article examines the history of room acoustics and Christian theology in the West, from the first century until the Protestant Reformation in the 16th century. In the context of religious music and liturgy particularly—perhaps more so than instrument design or ensemble size—the final link in the chain of musical production (the room) is intimately connected to the religious context of the acoustic performance spaces, many of which were constructed primarily as worship spaces rather than concert halls. To show this relationship, the article first constructs a new dimension of liturgical space, which constitutes both the acoustic space as well as the clarity of liturgical content in the physical space. Next it examines the history of Western Christianity and its roots in Judaism during the first century, followed by some history of worship spaces under Roman Catholicism and the Protestant Reformation. In each of these cases, different religious criteria were emphasized by different traditions, and these emphases can also be seen in the acoustics of the spaces used by each tradition.



2. BACKGROUND


2.1. Room Acoustics

The history of room acoustics may be well-known to many of the readers, but given the interdisciplinary focus of this special issue, some context is given here for those unfamiliar with the basics of the field. The scientific study of the transmission of sound in the West dates back to the ancient Greeks, but the complex behavior of sound in rooms was not really understood until the early 20th century (Lindsay, 1966). For this reason, many buildings were constructed with only hazy intuitions of how their architecture would affect sound transmission once completed. Many sound-critical spaces, such as performance halls, were essentially copies of previous spaces that were known to have satisfactory acoustics. Those architects who attempted to create something new experienced something like Charles Garnier, who described his creation of the Opera Garnier “like the acrobat who closes his eyes and clings to the ropes of an ascending balloon” (Beranek, 2004).

The modern quantitative understanding of room acoustics began with Wallace Sabine, who had been asked to examine the new Fogg Art Museum's lecture theater, which was found to have terrible acoustics for the intelligibility of the voice. Sabine did extensive experiments in the space and decided to quantify its acoustic response by measuring its reverberation time, which he defined as the amount of time necessary for a sound to drop to inaudibility (Katz and Wetherill, 2005). Based on his experiments changing the material absorption present in the room, Sabine eventually produced an equation that quantified reverberation time T in terms of room volume V and acoustic absorption A. If all units are in SI form, Sabine's equation can be expressed as

[image: image]

Sabine's formulation for reverberation time has become the foundational parameter on which the rest of the field has been constructed (Cirillo and Martellotta, 2005). While many more in-depth perceptual parameters are used to quantify a room's acoustic response, mid-frequency reverberation time can still be used as a first-order approximation of the major continuum spanning the field of room acoustics, from rooms with nearly no reverberation to those with a very long reverberation time. This general phenomenon was noticed by Hope Bagenal, another founding voice in the field, who claimed that all modern auditoria had their roots in either the acoustics of “the open air” or the acoustics “the cave” (Bagenal, 1951).

At one end of this continuum we can label the non-reverberant “open air” case (T≈0) as an acoustic free field, an ideal mathematical construction in which sound radiates from a source with no reflected sound. Free-field models are useful for theoretical calculations about an individual sound wave, but they are only an approximation of reality for special cases like anechoic chambers or outdoor conditions in which most incident sound quickly escapes or is absorbed.

The opposite case of rooms with a very long reverberation time (“the cave”) can be labeled generally as an acoustic diffuse field. This is defined as an environment with so many reflections that we cannot treat them individually and therefore must categorize them statistically. Figure 1 shows the difference in sound propagation between free and diffuse field sound environments.


[image: Figure 1]
FIGURE 1. Sound propagation in a free field vs. a diffuse field.


Bagenal (1951) asks us to consider the fact that though our auditory system largely evolved outdoors in a more or less free field environment, at one point our neolithic ancestors stumbled into a cave with reflective stone walls enclosing them. Whereas, outside they could precisely pinpoint source locations, in the cave localization was more difficult, yet the sound of their voice was amplified in strength and remained in the air for some time after they themselves were silent. While the outdoor free field was excellent for the communication of precise semantic information (e.g., spoken language), the diffuse field of the cave must have seemed ethereal and otherworldly for those early humans entering it for the first time. It was not ideal for semantic communication, but the aesthetic of the space itself became useful for other forms of communication, such as music or religious rituals that benefited from the mystery added by long reverberation times which were rarely experienced by their listeners. Figure 2 shows a basic continuum, ranging from mid-frequency reverberation time values very near zero to those that are much larger [the highest mid-frequency T values measured in physical churches are about 12 s Girón et al., 2017].


[image: Figure 2]
FIGURE 2. Basic continuum of Liturgical space, from the extremes of semantic to aesthetic.


It is a crucial problem in acoustical design that subjective descriptors associated with both ends of the continuum are rated as preferable by audiences, and yet these parameters are basically in complete opposition to one another (Schroeder et al., 1974; Rasch and Plomp, 1982; Kosała and Engel, 2013). “Clarity,” “directness,” and “intelligibility” are associated with the free field, while “envelopment,” “immersion,” and “spaciousness” are associated with the diffuse field, yet both of these extremes cannot exist perfectly in the same physical room. Because of this, it is difficult to speak of “good acoustics” as a single ideal, as any particular room must involve a compromise of opposing values based on the intended use of sound in that space. Mid-frequency reverberation times will be reported only for historically significant examples in this article; for a more thorough catalog of reverberation times in European churches the reader is referred to Giron's extensive review in Girón et al. (2017).

However it should be emphasized that other qualitative changes could move an auditory experience to the left or right on this continuum independent of reverberation time, although reverberation is highly correlated with it: for instance, if a piano piece is played in a dry church without the sustain pedal, and then the sustain pedal is applied, the overall sound experience has shifted toward the Cave away from the Open Air, even though the reverberation of the room itself is unaltered. If a musician turns their back on their audience, the direct sound will be attenuated, and the overall auditory experience will become more diffuse. In this case the listener perceives the space as though it had a greater T value, though the objective value has not changed (since that parameter is defined based on an omnidirectional sound source). Non-auditory factors, such as visual components, may also influence the subjective experience of a congregant in attendance during a service (Jeon et al., 2014). In the case of liturgy, the position or orientation of a priest, whether the priest is speaking or singing, and the language in which the service is conducted can all affect the liturgical space's clarity, independent of the physical acoustic clarity in the architectural space alone.



2.2. Religious History

Having stated this, one may wonder what it has to do, if anything, with religion. It does not require too much imagination to see an analogous tension within many different fields, generally categorized as “semantic” on one end and “aesthetic” on the other. Semantic forms privilege the conveyance of clear information through a channel, while aesthetic forms seek enjoyment through the embodied experience that arises from the channel itself. The opposing acoustical poles of Semantic and Aesthetic described here also mirror a related dichotomy observed in the Cognitive Science of Religion (CSR). CSR scholar Harvey Whitehouse's “modes of religiosity” theory groups religious movements into the Imagistic and Doctrinal. In Imagistic modes of religiosity, “the transmission of central theological insights is through rarely performed but highly emotional events” (Barrett, 2007). The opposing Doctrinal mode of religiosity focuses on explicit teaching and “low-arousal theological transmission events.”

Anyone who has heard music performed in a large stone church can attest that such an environment is not ideal for the conveyance of exact lyrical phrasing, nor even perhaps for the melody of the music being performed. Yet there is an aesthetic, “other-worldly” quality that goes along with such an environment that lends support to its worldview of transcendence of some sort. This general tension between semantic and aesthetic content remains: the religion still wants to be able to convey the Word (the normative principles of the faith) but also to convey the Mystery (the existential experience of “the life of the world to come”). In Whitehouse's paradigm, high-reverberation spaces are better suited for the Imagistic mode, while acoustically dry spaces are better suited for the Doctrinal mode.

Most of the examples presented here will be focused on Western music, history, and the Judeo-Christian tradition. This is partly because of the author's own familiarity with the subject matter. In addition, since modern room acoustics originated within the West, we have much more data characterizing Western performance halls and worship spaces than for other traditions. This is beginning to change, however, as new studies have begun to investigate the role of acoustics in worship spaces within Islam (Hammad, 1990; Abdelazeez et al., 1991; Karabiber, 2000; Abdou, 2003; Kleiner et al., 2010a; Ismail, 2013), Hinduism (Prasad and Rajavel, 2013), and Buddhism (Soeta et al., 2013; Jeon et al., 2014). In each case, something like the semantic–aesthetic tension arises, showing that these acoustical categories are not in any way exclusive to the West or Judeo-Christian faith traditions.




3. CHRISTIANITY AND ACOUSTICS

The history of Western performance spaces is not rooted purely in religious use, but rather, in the “open-air” case, in the Greek amphitheaters (Chourmouziadou and Kang, 2008; Mo and Wang, 2013; Bo et al., 2018), and in the reverberant case, in the Greek odea or music halls (Farnetani et al., 2008; Rindel, 2011). However, these prove to be the exception rather than the rule, as for over a thousand years Western performance spaces were predominately religious in function. This would create a strong link between political and theological concerns and the spaces in which new works of music would be composed and performed.

The early Christian church began more or less as a splinter sect of Judaism. For this reason, early Christian liturgy was centered around the practice of Judaism, but not of the Jewish temple, which had been destroyed in 70 AD. While the Temple was a larger space whose worship included instruments and sung psalms (Kleiner et al., 2010b), the Jewish synagogue was smaller, less reverberant, and focused on the spoken word rather than music (McKinnon, 1979). The early Christian faith faced disapproval or outright persecution from the Roman Empire during its first few centuries, and as a result its worship was primarily confined to house churches or domus ecclesiae, small spaces in which a primarily semantic spoken liturgy was acoustically appropriate. These domus ecclesiae in general had very low reverberation times and high acoustical clarity compared to the later domus Dei, larger buildings intended to serve primarily as worship spaces (Suárez et al., 2013). The New Testament contains many references to early Christian singing, but these were probably derived from private Jewish family worship rather than the larger-scale worship ceremonies of the synagogue (Smith, 1984).

Constantine I issued a policy of toleration and legalization of Christianity in the early 4th century, and soon after Christian churches moved into newly built structures, modeled off of Roman basilicas, which were large enclosed public meeting spaces. Some of these spaces had reverberation times to the far right of our continuum: one of the largest basilicas built during this period, San Paolo fuori le Mura in Rome (consecrated 324) has a mid-frequency reverberation time over 9 s, and the other three primary Roman basilicas possess values from 5 to 7 s (Shankland and Shankland, 1971). The dramatic political swing resulting from Constantine's conversion also led to a dramatic acoustical swing from the very “dead” acoustics of a house church to the cave-like acoustics of the new basilicas. The emergence of a codified “gradual” sung psalm during the Christian liturgy seems to also have arisen during this same period (McKinnon, 1987). Acoustician David Lubman has made an extended argument that this change from a spoken to a primarily sung liturgy was in reaction to the time-dispersive characteristics of the new basilicas (Lubman and Kiser, 2001).

If we were to plot these three worship styles—Jewish synagogue, Christian house church, and early Christian basilica—on the continuum of liturgical space it might look something like that shown in Figure 3. The extreme shift in acoustic context causes a shift in liturgy, from spoken words to a musical liturgy that is more appropriate for conveying aesthetic experience and emotion than precise semantic meaning.
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FIGURE 3. Continuum of Liturgical space, circa 500.


The proto-Romanesque churches that followed the early basilicas changed in some ways, but maintained large stone enclosures, ensuring very long reverberation times. Over the next 1000 years, these reverberant spaces, along with the codification in the 8th century of a series of monophonic plainsong chant melodies which would become known as Gregorian Chant, gave rise to a set of circumstances in which congregants throughout Christendom heard not only the same sequence of chanted notes, but also a similar sustaining effect, similar to holding down the sustain pedal long before the modern piano was invented. Jaime Navarro argues that

The greater reverberation time…[made] the listener simultaneously hear notes different to the unison. This not only conditioned melodic cadence, but over time it also ensured a certain education and familiarization with polyphonic sound. Indeed, the persistence of the sound of the different notes of the melody leads to melodic developments, structured in such ways that the simultaneity of notes is resolved over certain harmonies. As a result of this, the location (the medieval church) is the main reason why music followed a given direction (polyphony). Acoustics had an influence on the development of music (Navarro et al., 2009).

This acoustical theory of the origins of Western polyphony is not a mainstream conclusion among musicologists, but is (perhaps less surprisingly) often accepted by acousticians (Lubman and Kiser, 2001; Boren, 2017), often focusing on the work of the Notre Dame School of Paris in the 12th and 13th centuries. If it is to be believed, however, it provides a strong link between acoustics and the various religious disputes over polyphony that would occur within the Catholic and later Protestant churches as well. The slow, monophonic chants practiced in reverberant spaces would sound perhaps too clear and even redundant if sung within a dry, small volume. Yet in the right setting this type of chant, with its redundancy and extra clarity, can flourish due to the diffusive nature of large stone churches to complicate the acoustic signal introduced into them. At any rate, polyphonic compositions became normal for festive occasions by around 1400, and by 1450 were becoming common in settings of the ordinary Mass as well (Bossy, 1985).

In addition to the musical development proceeding within the church, architectural styles also created acoustical changes in the soundscapes presented during the mass. The Romanesque churches had maintained long reverberation times but also increased in complexity, adding decorative ornamentation that had the effect of increasing acoustic diffusion and spreading sound more evenly throughout the space. The Gothic churches that followed them increased in height and total volume while still predominantly using stone and other reflective materials in their construction, yielding increased reverberation times and reduced diffusion (Lubman and Kiser, 2001). While there are nearly always tradeoffs with regard to the length of a space's reverberation time, the addition of more diffusion, or uniform scattering of sound throughout a space, is nearly always desirable, and its absence can lead to acoustic effects in the time domain (e.g., flutter echo) or frequency domain (e.g., modal coloration) that are usually perceived as detrimental (Rubak, 2004).

It should be noted that from about 850–1054 the Eastern churches were gradually pulling away from the Western Roman Catholic church, partly over issues of theological doctrine, and partly over the question of papal supremacy, i.e., whether the Bishop of Rome (the Pope) had authority over other bishops in the East. Though Eastern Orthodoxy is not the primary focus of this article, its acoustics, liturgy, and theology are also linked. While Roman Catholic canon law “came more and more to see theology as a kind of philosophy,” Eastern Orthodoxy conversely resisted “rationalistic systematization” and emphasized mystery, mysticism, and paradox in its theology (Olsen, 1999; Placher and Nelson, 2013). The faith is held together not by the intellectual resolution of this mystery, but by the practice of its liturgy, as encompassed in its rule Lex Orandi, Lex Credendi (“the law of worship is the law of belief”). Meanwhile the worship and liturgy of Eastern Orthodoxy was uniquely shaped by the practices of its “Great Church”—the Hagia Sophia in present-day Istanbul. The Hagia Sophia's reverberation time has changed over history with different configurations (Rindel, 2002), but in its current empty state the value is about 11 s (Abel et al., 2013), emphasizing “mystery” over “word” perhaps even moreso than the early Roman basilicas. In addition, the Hagia Sophia's large, stone Greek cross layout would become a blueprint for other churches in the Orthodox tradition (Małecki et al., 2017).



4. 16TH CENTURY REFORMATION MOVEMENTS

The Protestant Reformation in the West is often subdivided into the Lutheran, Calvinist, and Anglican Reformations, taking place in Germany, Switzerland, and Great Britain, respectively, as well as the Radical Reformation or Anabaptists in parts of both Germany and Switzerland. The Lutherans would spread north into Scandinavia, while Calvinism also spread into England, Scotland, and the Netherlands. The Radical Reformers, opposed by other Protestants as well as Catholics, mostly died out except in particular pockets, surviving today in Mennonite and Amish communities (Placher and Nelson, 2013).

Some larger historical trends during the 16th century may have contributed to the Reformation's rapid onset, including rapid population growth and the influx of precious metals from the New World, both of which contributed to significant monetary inflation. The economic pressure exerted by these factors led to increased urbanization and a stronger merchant culture in some countries, while others reacted instead by shoring up the older system of peasant serfs farming on larger manor houses. In general the former countries were home to expanding literacy and the expansion of universities, and they were more likely to become hotbeds of the Reformation. Rising literacy rates had also led to the growth of preachers who delivered written sermons rather than simply reciting the Mass, and these preachers were disproportionately likely to join the Reformation. In contrast, countries with greater reliance on agricultural estates were more likely remain Catholic (Spitz, 1985). Thus, the demographics most involved in the Reformation had become accustomed to direct access to knowledge without intermediaries, a preference that would manifest itself in their churches and liturgy.


4.1. Lutheran Churches

“I have only put God's Word in motion through preaching and writing. The Word has done everything and carried everything before it.” –Martin Luther, 1522 (Spitz, 1985)


4.1.1. Vernacular Language

While these intellectual developments were taking place, it might be useful to consider the perspective of the average parishioner attending mass in a medieval church. In contrast to a house church around 300 AD, which would have featured a spoken word liturgy in a small space to people who generally all spoke Latin, 1000 years later a churchgoer would have experienced a sung liturgy in a highly reverberant space, in a language he or she likely did not speak. In addition, since many in the congregation were also visually unable to see the priest or choir, this disorienting combination of a foreign language and high reverberation time were the primary experience for most of the laity. While acoustics may not have been among the most important explicit factors involved in the Protestant Reformation, it is arguably aligned with many of the causes of the split.

The existing ecclesiastical hierarchy presented a faith that was altogether mysterious to the average churchgoer, and somewhat incomprehensible along various lines. It stressed a “blinder” sort of faith in the decrees of the magisterium, whose authority was conveyed through both the language and the soundscape of the mass, which was wholly mysterious to many of the attendees. In contrast, the pre-Reformation trend from John Wycliffe in England to Jan Hus in Bohemia stressed the ability of the individual to know spiritual reality through direct contact with scripture, leading to repeated calls for vernacular translations of the Bible. This trend intensified in the later Reformation theology of Luther and Calvin as well as humanists like Erasmus, all of whom stressed the importance of vernacular language and the individual's comprehension of the language used during worship. Luther himself rewrote the traditional order of worship to give the vernacular sermon a more central position (Spitz, 1985) and later claimed at the dedication of a new church that “nothing else should take place in it other than our dear Lord will speak to us Himself through His Holy Word and we, in our turn, speak to Him through prayers and songs of praise” (Petzoldt, 1999).

The 16th century Reformation writ large can be seen acoustically as a long-awaited counter swing back toward the semantic. As the reformers took over Catholic churches and built their own new worship spaces, the acoustics of these churches followed the presuppositions of the movement. The focus of the worship service was no longer the intermediation of the priest and the dispensation of grace through the church. The Reformation focus on the “priesthood of all believers” gave priority to the worship service as a gathering of individuals who were each granted direct access to God via scripture, and thus the focus of the gathering shifted to emphasize the proclamation of the Word rather than only the Mystery of the communal church itself.



4.1.2. Lutheran Alterations

As the Lutherans took over many Catholic churches throughout Germany, they made some alterations primarily for theological reasons, while others may have been influenced by acoustic considerations. In addition to the selling of papal indulgences, perhaps the primary catalyst for the Reformation, many churches also contained side altars and chapels and received additional funds for holding special masses for families or confraternities. To the Lutherans this smacked of selling salvation at the institutional level and idolatry at the level of the individual. This led to many ensuing rounds of iconoclasm initiated by Andreas Bodenstein von Karlstadt and others wherein side altars, statuary, and icons were removed or destroyed (Spitz, 1985). Luther himself was more moderate on this issue (and many others), and he emphasized that good art, like good works, had value but did not have salvific properties (Luther, 2003). As long as such images were not worshiped, Luther considered them adiaphora meaning that they were optional but did not need to be removed (Heal, 2011). The result for the visual arts, known as didacticism because it emphasized art's role in teaching about the Word, “required that the image became less rather than more: less visually seductive, less emotionally charged,” so that its content could be delivered smoothly without arousing the passions of its viewers (Koerner, 2003). A more severe iconoclasm and didacticism would be enacted in Calvinist areas where Luther's moderating caution was not present, whereas a large portion of the Catholic ornamentation would remain in Lutheran churches after the Reformation (Heal, 2011).

The side altars, chapels, baptismal fonts, images, and statues that many Reformers viewed as idolatrous served an important acoustic role in these reverberant churches by scattering reflections off parallel walls and ensuring good sound diffusion throughout these spaces, avoiding flutter echoes or severe modal coloration and helping to equalize the reverberation time throughout the space (Meyer, 2009). High amounts of diffusion increase signal decorrelation at a listener's ears, subjectively increasing ratings of sound immersion and envelopment (Kendall, 1995), which are qualities obviously related to the “Diffuse Field” side of the continuum considered here. The acoustic effects were incidental to the intentions of both those who created them and those who destroyed them. Yet they had salient consequences nonetheless and more so by their absence in the more extreme Calvinist worship spaces that would follow.

Most Christian churches at this time had a main altar against the east wall of the chancel, and during the Mass the priest would turn his back on the congregation in the posture known as ad orientum, appealing to God on behalf of the congregation. Luther disagreed with this, and argued instead that the altar should be in the center of the chancel (Lund, 2002), allowing the priest to face both the altar and the congregation (versus populum), which would have increased speech intelligibility significantly in smaller churches due to the sound radiation pattern of the human voice. Luther's suggestion was not widely adopted in his lifetime, though philosophically it is in keeping with many of the tenets of his movement.

In place of the removed side chapels and altars, however, the Lutherans built extra galleries and ensured clear sight lines from new seats to the pulpit, elevating the importance of the spoken word during the service. The clear sight lines increased the strength of direct sound, while the corresponding increase in absorption (probably accidental) from the additional galleries also reduced the reverberation time significantly in many cases, while also increasing intelligibility. Charles Sanford Terry summarizes this change: “The congregation no longer assembled to adore a Mystery accomplished out of sight and hearing, but to listen to the homily of a preacher elevated and visible” (Terry, 1931).

The Thomaskirche in Leipzig would undergo many alterations after the Reformers took control of the city, though many of these were primarily visually motivated (Petzoldt, 2000; Boren et al., 2019). Figure 4 shows a drawing of the double galleries added to the Thomaskirche in Leipzig as they would have existed during the 16th century (the upper gallery no longer exists). Hope Bagenal surmised that the ensuing increase in acoustic clarity in Leipzig's Thomaskirche provided the necessary acoustic environment for J.S. Bach's musical innovations there in the 1700s, especially his use of dramatic tempo modulations (Bagenal, 1951). C.P.E. Bach also claimed that his father was very sensitive to the acoustics of any space he visited (David et al., 1998), and thus the Lutheran alterations to the Thomaskirche might reasonably be assumed to have had an effect on the music he composed for that space. Bach's relation to Lutheran theology more specifically is covered in detail in Leaver (2000).


[image: Figure 4]
FIGURE 4. Drawing of Lutheran double galleries in 16th century, Thomaskirche, Leipzig, Germany (Stiehl, 1984).


Overall, it must be remembered that Luther ushered in many changes that provided a counter-swing back toward the clarity of the spoken Word, but he was in many respects a moderate compared to later reformers. He maintained some vestige of a priesthood, and, perhaps because of his training as a musician, he also kept parts of the Latin Mass and adored the polyphony of Josquin particularly (Bossy, 1985). Perhaps because Luther's own life was saved by the actions of Frederick the Wise, Elector of Saxony, after Luther's excommunication from the Catholic church, Luther was more positively disposed toward royal authority and tended to call for less radical political change as a result of his ecclesiastical reforms. The reforms undertaken by Calvinists in Switzerland and parts of Germany tended to be more extreme, both politically and architecturally (Heal, 2011).




4.2. Calvinist Churches

“For by his Word, God rendered faith unambiguous forever, a faith that should be superior to all opinion.” –John Calvin, Institutes (Calvin, 2006)

Though the Lutheran churches represent a significant turn away from the acoustics of pre-Reformation Catholicism, the churches built in the Reformed or Calvinist tradition were more extreme, both in theology and in their architectural rendering of that theology. Whereas, Luther tended to accept architectural or musical innovations if they were not expressly forbidden by scripture, the Swiss Reformation, beginning with Huldrych Zwingli (1484–1531), tended to only sanction forms of worship that were expressly authorized by scripture, leading him to strip statues, images, and even pipe organs from churches in Zurich (Spitz, 1985).

Zwingli's successor as leader of the Swiss Reformation was John Calvin (1509–1564). Calvin left France to pursue the life of a scholar, but ended up in charge of Reformation Geneva in Switzerland, a city that had obtained self-rule in the 14th century (Placher and Nelson, 2013). Calvin continued to pursue scholarship in the form of numerous writings on Christianity and theology while ushering in many reforms to the church and state in Geneva and beyond. Though he had Platonic tendencies with respect to abstract and universal ideals, Calvin went a step farther than Plato, who claimed that humans sin because they are ignorant; in contrast, Calvin insisted, we are ignorant because we sin. This stress on the inability of humanity to see clearly apart from God's Word led Calvin to de-emphasize sensory knowledge, including the aesthetic input of the senses during a worship service, preferring instead the semantic content of the preaching of the Word only. In his Institutes, commenting on the Second Commandment (“You shall not make yourself a graven image…”) Calvin states that the commandment “withdraws us from petty carnal observances, which our stupid minds, crassly conceiving of God, are wont to devise,” and that worshippers must not “subject God, who is incomprehensible, to our sense perceptions, or …represent him by any form” (Calvin, 2006).

This focus led to a greater tendency for iconoclasm than among the Lutherans, to the extent that many Lutherans considered themselves to be charting a middle path between “iconoclastic Calvinists and idolatrous Catholics” (Heal, 2011). The Calvinist meetinghouses represented a stripping away of all the ornamentation that was seen as nothing but vestigial dead-weight from years of Catholic heresy. The extreme change in architectural style led to the meetinghouses being called “four walls and a sermon” (Rath, 2003) or more derisively, resembling “a public beer hall rather than the temple of the Lord” (Heal, 2011). These spaces were generally built as simple one-story volumes, only enlarged when the congregation had grown enough to require balcony seating (Rath, 2003). This had the effect of dramatically reducing reverberation time, leading to spaces appropriate for the spoken word but offering poor support for almost any form of music.

During the reign of the Catholic Mary I (“Bloody Mary”) in England (1553–1558), many English Protestants fled to Switzerland and were strongly influenced by the Calvinist tradition. Many of these refugees later returned to the British Isles and became known as the Puritans, who exerted a strong influence on the English and Scottish Reformations. They implemented architectural reforms, such as the destruction of rood screens and side altars, and whitewashed the walls of churches (Spitz, 1985). The Puritans would also go on to build many of the earliest houses of worship in the American colonies. These meetinghouses tended to be rectangular or even square, with simple wooden walls. In addition, the stripping of this ornamentation had the unintentional acoustic consequence of greatly reducing diffusion, leading to modal resonances and flutter echoes throughout the churches that would have been detrimental to virtually any use of the space, whether semantic or aesthetic. This style persisted in the early Puritan meetinghouses of New England as well (Rath, 2003). A similar though less severe aesthetic can be found in the 51 Anglican churches Christopher Wren designed for London after the Great Fire of 1666, which the architect specified should be small enough that the entire congregation could both see and hear the rector clearly (Navarro et al., 2009). Later Calvinist preachers, such as George Whitefield would go further and preach mainly outdoors, an acoustic environment with great clarity but almost no sound reflection, the ultimate distillation of the Calvinist focus on speech intelligibility (Boren, 2016). Overall the Calvinist worship spaces can be thought of as the most extreme counter-swing back to the highly semantic house-churches of early Christianity: small, good for the spoken word, and not well-suited for music or mystery.



4.3. Catholic Churches

Meanwhile, in Catholic Europe the series of reforms known as the Counter Reformation also manifested in ideas about intelligibility and clarity. Perhaps because of the presence of the papacy, Italy never contained a critical mass of Reformers, such as existed in Germany or Switzerland. But throughout the 1530s Italy was home to a Catholic “evangelism” movement which stressed the value of scripture and the spoken Word. Some of this movement's members eventually became Protestant, while others remained to pursue reform within the Catholic Church itself (Spitz, 1985).

Though the story of Palestrina singlehandedly saving polyphony through his Pope Marcellus Mass is mostly a myth, it is true both that the Council of Trent (1545–1563) considered musical intelligibility an important issue, and that Palestrina himself was an advocate of greater clarity in musical composition (Monson, 2002). Like Luther, the Council still affirmed the use of architecture, art, and ornament to convey Catholic theology, and as a result, the Baroque churches that followed showed somewhat reduced reverberation times, while still maintaining excellent diffusion through extensive physical ornamentation (Navarro et al., 2009). A draft of proposed Mass reform (though not officially adopted by the Council) from 1562 illustrates well the Counter-Reformation's attention to both Word and Mystery (emphasis added):

Canon 8. Since the sacred mysteries should be celebrated with utmost reverence, with both deepest feeling toward God alone, and with external worship that is truly suitable and becoming, so that others may be filled with devotion and called to religion: …Everything should indeed be regulated so that the Masses, whether they be celebrated with the plain voice or in song, with everything clearly and quickly executed, may reach the ears of the hearers and quietly penetrate their hearts (Monson, 2002).

Some Italian Catholic churches which possess high reverberation times today while empty were significantly less reverberant on festive occasions (for which Masses were chiefly composed) because of decorative tapestries and large crowds (Hopkins, 2006; Martellotta et al., 2008). However, the lack of support from reflected sound meant that the choir's overall loudness would decrease as well. Thus, for a listener near the nobility at the front of the nave, the effect of a polyphonic choral performance would be much better than for the present day empty church. Unless the crowds themselves were completely silent (unlikely for large gatherings), the priest's spoken words would likely be obscured for most attendees in the nave (Boren et al., 2013).

In Italy the greater similarity between spoken Italian and Latin meant that the spoken words of the Mass were more intelligible to the average parishioner without the need of translation into the vernacular as in other European countries. In the church of San Francesco della Vigna in Venice, the humanist friar Francesco Zorzi wrote a document in 1535, a decade prior to the Council of Trent, advocating for a coffered wooden ceiling, because he believed it would improve the intelligibility of the sermons spoken from the pulpit. However, his proposed ceiling was not built for cost reasons, and the church was given a plaster vaulted ceiling instead (Howard and Moretti, 2010). A computer simulation of the ceiling Zorzi proposed showed that the speech intelligibility in the space would not have been significantly improved by his alteration, because the ceiling was too high to produce strong early reflections or reduce reverberation time (Boren and Longair, 2012; Bonsi et al., 2013). Thus, even when intelligibility was an explicit goal of a new construction, the culture's understanding of acoustics was sometimes insufficient to attain it.

One significant Catholic church known to have been altered during the Counter Reformation is the Cathedral of Amalfi, which dates back to the sixth century. The original single nave was expanded with two additional naves in the 10th century, but during the Counter Reformation this was reduced back to the single nave structure it retains today (Museo Diocesano, 2018). Though the stone composition of the space was still reflective, the smaller volume reduced reverberation and increased speech intelligibility, albeit for a smaller congregation.

The Counter Reformation's focus on greater clarity could be seen as a slight move away from “Mystery,” though much less so than in the case of the Calvinist or even Lutheran examples. An update of the acoustical continuum by the year 1700 (Figure 5) might see these three traditions—Calvinist, Lutheran, and Catholic Counter-Reformation, occupying space toward the center, though each still possesses doctrinal positions that prize the free field or diffuse field.
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FIGURE 5. Continuum of Liturgical space, circa 1700.





5. DISCUSSION


5.1. Correlation or Causality?

Winston Churchill, when commenting on the importance of layout of the House of Commons to British democracy, famously said “We shape our buildings; thereafter they shape us” (Bremner, 2016). This dynamic can be seen in secular and public spaces, but equally so in worship spaces: the medium is shaped to fit the message, but thereafter the message itself is “locked in” to the medium in which it propagates. A 16th century priest in a highly reverberant cathedral might want to spend more time on his sermon, but he would be physically hindered by the acoustic channel in which his words echoed. It would have been equally hard for a musically-minded Calvinist minister to introduce a choir, as the meetinghouse's acoustics ensured that such music would sound tinny and hollow.

This essay has focused primarily on showing the correlations between theological focus and acoustical clarity, but the question of causality is much more complex: does theology necessarily lead to a change in acoustics, or vice-versa? In many of the cases, theological principles led to architectural changes without a holistic understanding of the acoustical ramifications, which themselves affected the liturgy within the same space. In the long run, changes to the liturgy can likewise implicitly shape theology, leading to a possible feedback cycle in which the differences between each tradition become greater over time.

But in other cases the chain of causality did not necessarily begin with theology, such as Constantine's policy of toleration, which was primarily a political change. Similarly, George Whitefield preached outdoors not because of his own theological preference but because his evangelical message had gotten him banned from most of the establishment Anglican churches. Only in the most basic application of acoustics—the direct sight line to the preacher—did the Lutherans arguably make a change primarily for acoustic reasons. In the rare example where we have documented evidence of attention to acoustics, such as Zorzi's letter, economic considerations eventually bore out over his acoustical argument. For many churches we still do not have enough documentary evidence about the acoustical and liturgical evolutions to be sure of the chain of causality at every step.



5.2. More Recent History

Of course there has been much movement on the continuum of liturgical space since 1700, but within architectural acoustics most of the innovation since that time began to be driven by the construction of secular music halls rather than religious architecture (Forsyth, 1985). However, some recent trends have affected the Word/Mystery balance in both practice and architecture of worship services and spaces. In the 20th century, many Lutherans did adopt Luther's suggestion of the priest facing versus populum (Lund, 2002), but also most Catholics adopted it through the resolution of The Second Vatican Council (1962–1965). In addition, many Catholic churches abandoned the Latin mass after the Council, surely a significant liturgical push toward the semantic and away from the aesthetic (Navarro et al., 2009).

A newer example of reformation in acoustic design is the West 83rd Ministry Center, built by Redeemer Presbyterian Church on the Upper West Side of Manhattan in 2012. This was the first new church constructed in Manhattan in over 30 years, designed by Gertler & Wente, with acoustic design by Harvey Marshall Berling Associates. Redeemer as a Presbyterian institution stands firmly in the “Word” category of Calvinist doctrine, its services each week featuring a 30-min sermon on the day's scriptural text. The space reflects this stance, possessing a reverberation time slightly over 1 s when filled (based on data obtained from the designers) and eschewing elaborate ornamentation. Despite the plain walls reminiscent of the English Puritans' whitewash, the walls in this space are purposely offset at small angles to increase diffusion, which is also improved through an innovative depth-carved cross behind the main stage (Figure 6). This reduces the acoustical problems prevalent in the earlier, rectangular meetinghouses and provides a more even distribution of reflections for musical performance.
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FIGURE 6. Bare-yet-diffusive wall design in the W. 83rd Ministry Center.


Even within older churches that still possess large reverberation times, the advent of distributed loudspeakers throughout the space can increase the direct speech of a preacher enough to ensure intelligibility even in the midst of long decay times, another significant step toward overall clarity. This technique was pioneered in St. Paul's Cathedral in London, whose mid-frequency reverberation time was measured at 11 s when empty (Girón et al., 2017). Rather than attempting to introduce large amounts of absorption into the space, it was decided to use electroacoustic reinforcement to increase the strength of the direct sound relative to the late reverberation, ensuring adequate speech intelligibility (Parkin and Taylor, 1952). Other more absorbent church constructions conversely possess low reverberation times but can add digital reverberation to individual singers or instruments, adding Mystery when desired and removing it when greater clarity is required (e.g., during the sermon).

Some older churches whose altars prevent the priest from facing the congregation still use the Ad Orientum posture, as in the Thomaskirche in Leipzig. In this space, when the priest is near the church's crossing, she is unamplified and faces the congregation. However, when facing the altar in the chancel the priest speaks into a microphone and is heard through a distributed set of loudspeakers located on the columns in the nave. In this case electroacoustic reinforcement allows the liturgical space to retain the visual percept of a priest advocating on behalf of the congregation, while the auditory percept is kept sufficiently clear so that the semantic content of that appeal is still heard and understood by those in the nave.




6. CONCLUSIONS

Along the continuum of liturgical space constructed here, there is a long history within the Judeo-Christian tradition to oscillate between the semantic and aesthetic poles. These oscillations may be caused by chance circumstance (as in the move into large basilicas in the 4th century) or by explicit theological reaction (as in the case of the Reformation). As the church divided, individual traditions' explicit emphases were reflected in the liturgical spaces they inhabited: crisp clarity of the Word in the case of the Calvinists, a much greater emphasis on Mystery in the Catholic Counter-Reformation, and a moderate state of compromise in the case of the Lutherans.

To hazard an acoustical metaphor, the historical system is something like a dampened oscillator, as these oscillations have decreased in magnitude over time. The various traditions are converging from different directions, somewhere near where the Lutheran churches ended up, in the middle. The Catholic churches are becoming more clear, and the Calvinist churches are becoming more diffuse. The application of electronic reinforcement has made it possible to change the overall liturgical space significantly during the course of a single service, allowing even more room for compromise. Despite the various doctrinal issues separating the many denominations, in the auditory domain at least, the trend seems to be toward greater future unity.
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The authors explore how sonic materials, specifically everyday sounds and songs, create and communicate personal, sociocultural, and ecological meanings. From the lulling passages of a pastoral movement streaming through a symphony hall to the rollicking screams at stadium concerts to the roaring rhetoric and social distortions of divisive political-speak, sound and music signal frequencies and frictions at play in the human experience. Literacies are cultivated, sounds embodied, and ways of sensing, knowing, and being in the world are sonically communicated and established. What happens when sounds encountered in one’s everyday experience are excavated, sampled, and remixed?. What new meanings may be derived? What old meanings might be challenged and reconstituted and reconstructed into new forms of knowing and being? What happens when songs or timeless tunes are analyzed and detangled from their ordinary meanings? How might listeners make the familiar strange and thus renew knowings? And what does any of this mean for the flux and firmness of human cultures in motion?
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INTRODUCTION
Here we explore sonic meanings as they exist in everyday sounds and songs, with an emphasis on their interactions and their communicative capabilities. We view the migration of sonic materials from everyday sounds, and their experiences, to song as providing, in part, the foundation for human interpretation of music as well as providing new possibilities and agency in the interpretive process. Such new possibilities partially constitute the process of human cultural transmission through sonic materials. To begin, we trace a theoretical thread pertaining to music/song and meaning within the Western tradition. We move from traditional esthetics to hermeneutics, critical theory, phenomenology, and ecological theory of perception. We identify embodiment and environment as particularly important to constructing song meanings in a nonanthropocentric way and demonstrate such processes through an analysis of the song “Clarity,” by Zedd, which constitutes Case Study 1. Next, we explore how ordinary sounds constitute social and political structures that support and limit human agency. We provide examples of how the migration of everyday sounds to musical contexts can disrupt the limitations such social and political structure enforce, thus catalyzing creative agency and critical resistance. We present two additional case studies whereby students collect, classify, critique, and create original compositions from sounds streaming through their everyday life. Finally, we identify agential possibility as an essential feature of human cultural transmission in the context of all things sonic.
We engage these topics not only as music and sound scholars but also as music and sound educators. As such, the case studies cohere in their connection to the classroom, and we intend them to elucidate the theoretical territory that we hypothesize and explore.1
Theoretical Thread: Song and Meaning
Music’s meanings and communicative capacity to evoke feeling/emotion has been a point of consternation among musicologists and music theorists for some time. Eduard Hanslick’s “On the Musically Beautiful,” a seminal modern esthetic argument on the subject, provides the touchstone for later formalist scholars who argue that music has no meaning (Hanslick and Payzant, 1986). Hanslick argues that the “beautiful,” meant broadly as “esthetic value” (Gracyk, 2007) resides not in music’s relation to feeling and/or emotion but rather within the relationships of the sounds themselves. Hanslick places particular importance on melody and harmony, the foremost elements of Western classical music. Central to Hanslick’s argument and the arguments of later formalists is the concept of the “musical work,” theorized as an esthetic entity that exists outside of each playing/hearing of a piece. The nature of a musical work has important links to notation and composers’ intentions, both of which are conceived strictly in the Western classical sense, and few links to listeners and/or musicians. Esthetic value resides in the musical work, which is defined separately from its context. As such, “context,” including listeners, musicians, and the culture within which they are embedded, is of little interest to the formalist.
With formalism as the frame, one which precludes context as an important site for investigation, musicologists and theorists have for some time limited themselves to notation and idealized versions of the musical work (constructed via speculations about “composer intentions”) in order to understand how music could be meaningful or have a relationship to emotions. As one can imagine, this is a rather difficult task, like mapping a home plumbing system by looking down the kitchen sink with a flashlight. Naturally, within the formalist frame, questions of human and nonhuman cultural transmission via sound, those questions engaged in this research topic, are unexplored. Even so, an exploration of formalism’s connection to anthropocentrism, engaged within this research topic, is a rich one.
Formalism and Anthropocentrism
The topic at hand, with its push away from anthropocentrism, is interesting when considered in relationship to the still strong hold of formalism on the music discipline. Some might argue that formalism does not have quite the hold that it used to; we would agree. Ethnomusicology, with its roots in anthropology, has been (to varying degrees of success) incorporated into the music discipline, and New Musicologists take culture into account in direct rejection of formalism. Such scholars, not without struggle, are now highly regarded in the discipline. That being said, the operating principles of the National Association of the Schools of Music (NASM) which determines music curricula in colleges and universities across the United States remain largely formalist. And, the continued dominance of Western classical music in the academy rests on formalist foundations.
Formalism is distinctly modernist, and modernism is the anthropocentric era that this research topic pushes against. And yet, there is a distinctly antihuman quality to formalism, in its rejection of context and culture. On one hand, music formalists were influenced by the pull of rationalism, a trait that supposedly distinguished humans from animals. In this regard, the formalist championed and put at the center a “distinctly” human quality (we now know that nonhuman animals can also be rational, see Hurley, 2010). On the other hand, there is an intermingling of romantic ideals, and the Cartesian religiosity that came before it, along with rationality in the formalist mindset, one that ultimately demeans and devalues something as central to the human condition as culture, including, of course, cultural transmission.
Hanslick’s formalist arguments should also be put in context. In the 19th century, there was a sort of culture war between reason and feeling. In music, this debate saw absolute music (music without words or representation), for example, symphonic works by Beethoven, pitted against the representational musics of, for example, Wagner and Berlioz. The question was: does the absolute or the representational have more esthetic value? For Hanslick, formalism was an important rebuttal to the strong pull, back toward affect, sentimentality and feeling, even more fully expressed pre-enlightenment. This struggle between the progressive and conservative played out across the disciplines. In music, the “reason” side of this debate could not escape the trappings of older debates and worldviews. Both sides leaned into religious (Cartesian) mind/body dualism. Where the formalist championed the reason of the mind, the representationalist championed the feeling of the body. Furthermore, esthetic value or “beauty” to use Hanslick’s turn of phrase was viewed by both sides as having transcendental power. Ultimately, transcendence was a way to move beyond the human to connect with or become some higher power. In this way, both sides demonstrated god-centric rather than anthropocentric tendencies, again reflecting pre-enlightenment thinking. The idea is that formalism’s hold on the discipline of music reflects more clearly the persistence of medieval religious worldviews than it does the anthropocentrism of modernity.
Ironically, then, one of the ways the music discipline moves toward a less “anthropocentric” (which is actually a “god-centric”) account of music is in acknowledging the ways music is an expression of humanness in its fullness, not just as an expression of human rationality and reason: An acknowledgment of the bodily/“animal” qualities of being human is one antidote for the version of anthropocentrism manifested in formalism in music.
Musical Meaning and Embodiment
Some music scholars have taken a more inclusive approach to human experience with respect to music and song analysis. As an extension of the esthetic formalist tradition, Peter Kivy theorizes that the meanings of musical contours map onto human physical contours that have emotional content. For example, a downward gaze and resulting curvature of the neck signal sadness, which maps onto downward melodic gestures, sometimes signals for sadness. But there are others as well (Kivy, 2002).
Hermeneutics and critical theory are theoretical frames that reveal the cultural forces that grant music and song their meaning. Lawrence Kramer and Susan McClary provided seminal work using these frames. Using hermeneutics, Kramer argued that music could be “read” for meaning just like any text (Kramer, 2011). Such readings have an intrinsic relationship to contexts and the interconnected positionalities of the listeners, musicians, and composers, whose definitions are only loosely tied to the Western classical tradition. Most importantly, Kramer’s version of musical hermeneutics entails that readings are made by “subjects,” who are endowed with all the freedom and agency that subjectivity suggests. Musical meaning, therefore, does not exclusively reside within the work. Kramer’s arguments are animated by the linkages between “music and feeling, emotion, sensation, memory, and desire” (Kramer, 2011, 3). And each of these is linked to physicality; they are embodied elements of human lived experience.
Critical theory is compatible with Kramer’s approach. Critical theorists in music acknowledge that sounds can be associated with groups of people, ideas, or things. These sounds can be set within contexts in ways that reinforce and/or undermine commonly held beliefs about those groups of people, ideas, or things. As such, music is politically powerful, upholding or undermining the status quo. Susan McClary’s feminist readings of classical music describe how the sonata form, for example, upholds patriarchal political structures: The masculine primary key conquers the feminine secondary key (McClary, 1991, 53–79). As such, McClary engages with how music reflects cultural inequalities, inequalities that are very often built on embodied differences.
It might seem as though phenomenologists would quite obviously deal with sensorial and embodied aspects of musical meaning and experience. While this is true of contemporary phenomenologists, especially those coming after Merlau-Ponty, the early phenomenologists (Husserl, Dufrenne, Conrad, and Schutz) focused on the phenomenological object, or the music itself (often in written form), to understand the “essence” of musical experience. In this way, they fell in line with the formalists who focused on the musical work to the exclusion of cultural contexts. Listeners were understood to lack agency and creativity in the listening/interpretive process. For Husserl in particular, individual/subjective idiosyncrasies stemming from enculturation were to be “bracketed” out of phenomenological analysis (Husserl, 1964). Later, music phenomenologists (Smith, Clifton, and Bartholemew) took into account and focused on the subjective positionalities of listeners, including their idiosyncrasies. Work that follows in this phenomenological vein began in the late 1980s in music theory and gained momentum in the 2010s in the music education and musicology areas (Lewin, 1986; Pio and Varkøy, 2015; Clark and Rehding, 2016).
A direct link between embodiment and musical meaning is made by Eric Clarke via the ecological view of perception proposed by James Gibson (1986) and, later, Susan Hurley (1998) and Alva Noë, 2006. The ecological view counters the computational view of perception, which specifies that constructions of representations (primarily visual) of the external world allow for human action. The computational view dominated throughout the 20th century, and tempered versions continue to dominate into the 21st century. In its emphasis on the visual, computational perception research centers on retinal images, neural mechanisms, and computational models required for creating such representations. The ecological view, on the other hand, foregoes representation altogether.
On the ecological view, action and perception are integral to one another. Humans are perceptually attuned to the environment for the purposes of action. For Clarke, attunement accounts for how, for example, inherent to the thud of the bass drum is an abundance of meaning, including the motion of that sound, the space within which that motion was enacted, and its directionality which has implications for the subjective positioning of the listener. Certain sounds, based on their motion, space, and directional qualities, among others, “afford,” for example, fear and anxiety, or wellness, safety, and security. Such emotions and mental states inspire action. The meanings of musical sounds, thus, are intrinsically linked to our attunement to and the meanings of everyday sounds, which begin to blur the conceptual boundaries between everyday sonic material and musical sonic material. Furthermore, while certain sounds afford emotions, mental states, and actions, such things are not determined. Instead, like Kramer, the ecological view maintains the agency of the subject.
We find Clarke’s account attractive in its ability to connect embodiment, the environment and sound/music meanings such that there is theoretical continuity between human and nonhuman animals in the realm of sound and song. Afterall, there is no reason to think that nonhuman animals could not be attuned to their environment in much the same way as Gibson and others suggest is true for human animals. In fact, evidence for the view relies heavily on examples of behavior of nonhuman animals (additionally, see: Krause, 1996; Rothenberg and Ulvaeus, 2001; Mithen, 2005; Krause, 2012; Rothenberg, 2019). Clarke’s work can be classified as Sound Studies, an interdisciplinary area of study that focuses on the sensorium in relation to sound and meaning, including music (Sterne, 2012; Pinch and Bijsterveld, 2017; Lingold et al., 2018). Generally, scholars in this area demonstrate little interest in upholding musical genre hierarchies or the music/nonmusic hierarchy both of which reinforce anthropocentrism and are prevalent in American academic music settings. Also within the sound studies frame, Nina Eidsheim’s (2015) analysis of Juliana Snapper’s underwater singing brings attention to the materials that the sound and voice rely on, namely, bodies and mediums (air, water, or other substance). This work indirectly calls attention to the geocentrism of scholarly accounts of music, sound, and meaning, which have largely been explored with the substances and environments of earth in mind.
CASE STUDY 1: “CLARITY” BY ZEDD, FT. FOXES
Following Clarke, we posit that the migration of sonic materials from everyday sounds, and their experiences, to song and vice versa constitutes part of the foundation for how humans interpret music and enact agency in the interpretive process. At the same time, we take all of the theoretical frameworks mentioned in the previous section to be possible tools for analysis, in keeping with our view that music is a heterogeneous or “composite” (Eidsheim, 2011, 149) concept. The following case study demonstrates these interactions.
The Pop-Drop Form
The traditional popular music form “broke,” some scholars contend (Sloan et al., 2020, 46–52), when the pop-drop form entered the scene in the 2010s. The pop-drop form was ushered in via EDM remixes of pop songs and refined via EDM/pop artist collaborations. One might argue that the form’s solidification came when pop artists started utilizing the form independent of EDM collabs. 2016 has been called the year of the pop-drop as about 20% of the billboard hot 100 songs had pop-drops (Harding, 2016). This is note-worthy and exciting for popular music scholars because of how long the traditional “Verse, Chorus, Verse, Chorus, Bridge, Chorus” pop form has dominated—over half a century. While precursors and permutations of the traditional form have been prevalent throughout these same decades, the vast majority of them retain the importance of the chorus as the moment of arrival—that is, the part that melodically and lyrically sticks in your head. But with the pop-drop form, the chorus serves primarily as a build-up toward an instrumental, bass driven section—the part that rhythmically sticks in your body (at least in the listening moment).
The terms “tension” and “release” are often used within the Western classical music theory to describe how the harmonies in the traditional form operate in each section of the song (such terms were originally reserved for classical music; application of them to popular music began in the mid-20th century). But, with the pop-drop form, “tension” is often not created harmonically, but rather rhythmically. The theoretical language utilized to delineate these structural moments acknowledges the embodied nature of them; tension and release are physical and embodied. But, the embodied nature of the pop-drop is generally not at the forefront of discussions of this form. Here we aim to provide a fuller account of how embodiment plays out in the pop-drop form using a particular instantiation of it, “Clarity” by Zedd, featuring Foxes. Furthermore, we explore the song’s links to everyday spaces and sounds and agential possibilities in relationship to its ecological affordances. Finally, we explore how certain actions in the temporal moments of listening can be received and interpreted as forms of resistance.
Embodiment in “Clarity’s” Drops
There are four bass drops in “Clarity.” The first and the third afford a liberation of energy and movement, while the second and fourth afford a continuation of the energy and movement of the first and third drops. The difference in their affordances is determined by what sonic elements lead to each of these drops. These leading sonic elements are, together, known as “the build toward the drop.” We will describe how the build toward the first drop affords a release of physical movement. We will also describe how the build to the third drop plays with listener expectations, providing an increased sense of liberation when compared to the first drop. The third drop, thus, affords the highest burst of physical energy from the listener.
The song includes two drop cycles as follows:
Short intro
Cycle 1: first verse, pre-chorus, chorus and simultaneous build, instrumental drop (1), instrumental/vocal drop (2)
Cycle 2: second verse, pre-chorus, chorus and simultaneous build, interlude, instrumental drop (3), instrumental/vocal drop (4).
Short outtro
The sonic elements leading to the first instrumental drop are typical of bass drops in the pop-drop form; it includes a gradual increase of texture, pitch, and rhythmic division. The increase of these three musical elements builds within the listener’s body a pressure of physical energy that is released when the bass finally drops. In “Clarity,” the build is as follows.
The verses begin with a single voice, syncopated supporting electronic keyboard chords, and muted electronic keyboard pulses on the eighths. Manipulated vocal echoes at the ends of the lyrical phrases imply varied types of reverberant spaces; the eighth note pulses come to the fore, providing forward momentum between vocal phrases. At 25 s, an electronic, crisp, clean high-hat sound begins marking the main beats—the first main player in the build. At 40 s, a timbrally rich wave moves toward the listener and crashes on the beat with a bright thud signaling the beginning of the pre-chorus. The melody of the pre-chorus is set higher than the melody of the verses. Foxes sings in her upper chest voice with a straight tone; this registration and style entails increased physical pressure on the whole of the vocal cord compared to the registration and style of the verses. At 47 s, the texture thickens: a counter melody rich in timbre, men’s voices singing in unison through tube-like resonant space. At 55 s, the chorus begins, the straight tone singing now in the far reaches of the chest voice further increases the vocal cord pressure. At the same time, the eighth note electronic pulses further divide into sixteenths. During the second phrase and final phrase of the chorus, those pulses come to the foreground, further dividing into 32nds, while an upward slide sound is heard increasing in pitch. This sliding sound, characteristic of the final moments of the build, is made in the physical world by pressing air out of a tube, like a slide whistle. Pressure, pitch, and rhythmic division are at a breaking point. Listeners’ bodies are ready to explode with energy. And they do, with the bass finally dropping, and landing on the main beats the male voiced counter-melody comes to the fore, becoming the primary melody, and a new contrasting counter-melody emerges composed of ultra-electronic, thin-timbred beeps. This drop section is completely instrumental, the build and release of physical energy affords dance/movement, which is at the center of the drop experience.
The build to the third drop is the most climactic, though. While much of this build is similar to the first, there is one key difference that further builds the pressure. Between the second chorus and the third drop, there is an interlude, which is texturally thin (a sort of return to the thin texture of the verses), but thick in timbre. During this section, the initial unison, male-voiced counter-melody (5, 2, 3, 7, 1) repeats in solo fashion. This section delays the drop, according to listeners’ physical expectations. With each moment of delay, the pressure that was established in the previous section continues to increase, even though the texture, pitch, and rhythmic division have all been reduced sonically, their trajectories continue in the bodies of listeners. As such, this additional section allows this third drop to afford an even greater release of physical energy than the first.
The Pop-Drop as Play
Generally, the pop-drop, along with many other musical phenomena, can be viewed as a form of play. The pop-drop plays with everyday physical, bodily experiences and sensations that exist because of the specific materials human animals have evolved to exist with and the physical laws that bind them together. The pop-drop is a play on riding on a rollercoaster, among other things: the ratcheting up that is accompanied by the higher and higher pitches produced by the machinery, followed by the sort of weightless transition at the top, where the coaster car shifts from motion up to motion down, and the descent (an actual drop) and release of that potential energy, that crescendoed in the body during the whole climb. The increase in pitch and the increased rhythmic divisions within the music link to the actual increase of pitch that occurs and the increased rhythmic divisions link to the potential energy. Another example, might be the tea kettle, where molecule speed is linked (eventually) to a high-pitched wail.
The rollercoaster experience is felt within our bodies, but it is the result of external forces acting upon our bodies. Eric Clarke explores how sonic relationships afford a feeling of being either inside or outside of the musical space, essentially an affordance of subject positionality. Along a similar vein, I want to mention how the pop-drop plays with forces and processes that are part of our bodies. For example, the way an air bubble feels as it makes its way from the upper digestive tract, to the esophagus, and bursts its way through the vocal cords to create a loud rumble. The increase of pressure can be likened to the increase in pitch and rhythmic division within the buildup and low rumble (burp) to the bass. The buildup of pressure and expectation, followed by an energy release occurs the same way in an orgasm. A delay of the energy release often increases it. This is the function of the additional section located just after verse two functions; it delays the third drop so as to increase the energy release of it.
“Clarity’s” Everyday Sounds and Their Musical Meanings
A number of everyday sounds, or stylized versions of them, are heard within “Clarity.” We will focus on a pair of sounds that is heard three times, each time at an important structural moment. The pair of sounds includes a medium- to high-pitched click followed by a fizz that disperses over five beats. These sounds are heard as each verse begins (there are two verses) and at the close of the song. In what follows, we explore how these sounds relate to these structural moments and other sonic elements to create musical meanings.
The song begins with a very curious five seconds that contain sounds associated with the following traditional instruments: strings, keyboard, and horns. The strings slide from the second to the first-scale degree to establish tonality. Next, sustained notes of the keyboard arpeggiate the first, fifth, and seventh scale degrees further solidifying that tonality. Finally, the horns move from one to five and sustain on six. The click and the fizz interrupt that resolution. Block keyboard chords replace the arpeggios in support of the melody of the verse. Gone are the strings and the horns. They will not return.
On a second or third hearing of the song, these first five seconds indicate an alternative musical space that the listener quickly departs. But the pair of everyday sounds, allows for that departure to be heard, though less decisively so, even on the first hearing. The smooth repetitive arpeggios of the keyboard that land right on the beats, grouped in threes, along with the smooth slide of the violins, and the stable tone of the horns create that alternative musical space and afford a dream-like mental state. The click and the fizz entails a departure from that musical space and that mental state, one focused with angular syncopations, lyrics, a singular melody, and, eventually, consistent tapping of crisp high-hat type electronic sounds. As such, this second musical space has evident connections to the title of the song, “Clarity.”
Additionally, the click and the fizz sounds themselves reinforce a sentiment of clarity via their connection to everyday sounds and experiences. The click, together with the fizz, calls to mind the opening of a can of soda and pouring it into a glass which results in a release of the carbonation and a similar fizzing sound that dissipates over a few seconds. Drinking carbonated fluids, like soda or sparkling water, appeals to many people because of the refreshing, cleansing sensations felt in the mouth and throat. Just like carbonated drinks provide a sort of physical and mental refresh, the click and fizz sounds provide a musical refresh. And, such physical and musical meanings become entangled during the listening experience.
The second and third instances of the click and fizz occur at structural moments of the song. The second occurs just after the first and second drop sequence. It is the moment when the texture suddenly transitions from thick to thin, setting up the second verse. Thus, the second click and fizz serves as a reset to begin the cycle over again: verse, pre-chorus, chorus (including build and extra built), drop, and drop again. The third, final hearing of the click and fizz comes right at the end of the song, signaling that there will be no return to the dream-like musical space, heard during the song’s 5-s introduction. Read with the lyrics in mind, this indicates a lack of return from the (simultaneous) chaos and clarity, characteristic of the romantic relationship at issue.
Agency and Resistance: To Move or Not to Move to “Clarity”
While the sonic elements of pop-drops afford physical movement in the form of tapping, nodding, or dancing, among other types of movements, such affordances do not determine human behavior. Humans, of course, have agency and can choose to move or not. But, the choice to move or not to move can signify a variety of messages, depending on the social context.
I regularly play “Clarity” for large groups of students in a classroom context. Movement associated with dancing is not typically associated with the classroom (especially this one, which crams the students in like sardines, shoulder to shoulder). When listening as a class, the affordance of movement is so strong, that many of the students nod their heads to the beat, and choose an even more dramatic gesture for each drop moment. Those who choose not to move are not necessarily viewed as signaling something important, as the classroom is normally a “nondancing” zone. But, imagine you are in a club or at an EDM festival in the middle of the crowd. The social expectation in this context is to be “moved” by the musical affordances. If you choose to stand still in the middle of the crowd with no physical movement or reaction to the bass drops, this would be noticed by members of the crowd, and some might interpret this behavior as a form of resistance, to both the social expectations and the music. The phenomenon I am describing here can be summed up by a Facebook users’ political party affiliation (back when Facebook encouraged such bio information). It read: “My political party is the one that stands against the wall with arms folded at a dance party.”
This example highlights the agency that listeners have in choosing their responses to the affordances of song, which in some contexts can be viewed as resistance. But this kind of agential action requires maintenance and effort. The following several sections highlight how listeners may not always take up that agency in relationship to the sounds of the everyday sonic world, which lays the groundwork for relational misuses and improprieties, among and between human animals, nonhuman animals, and their environments. The following sections respond to those phenomena, providing the pedagogical means to inspire human agency in the mitigation of such relational incongruencies.
Theoretical Thread: Sounds of Life
Just as music and song afford certain embodied actions that result in sent and received social–political messages, so do those sounds of our lives not typically labeled “music” or “song.” Examination of such sounds provides an opportunity to better comprehend our relationship with ourselves, others, and the biotic and abiotic ecosystem with which we are inextricably interconnected. This is because, sounds are filamentary vibrating strands (re)connecting us to memories, places, spaces, events, and people, and even to other senses; sustaining moments of resonance, sometimes beneficial, other times dangerous (Berardi, 2015, 317; James, 2019). In this sense, sound signifies a “social formation constituted by struggle and struggled over” (Kheshti, 2015, xx) wherein some voices are heard, others restrained, and still others silenced within the hegemonic commotion all too common in vexed relations between power differentials (Akiyama, 2010; Rice, 2010; Siisiäinen, 2013; Gautier, 2014; Daughtry, 2015; Rice, 2016; Stoever, 2016). Sounds are fundamentally “public objects of auditory perception” (O’Callaghan 2017, 9) and are encountered and experienced in spaces Bruce Odland and Sam Auinger call, “Sonic Commons…any space where many people share an acoustic environment and can hear the result of each others activities, both intentional and unintentional…The sonic commons is full of asymmetry” (Odland and Auinger, 2009, 64–65).
It is in such asymmetries—personal, cultural, and sociopolitical—wherein notions of agency and resistance may be further amplified, not only within the field of music education, but education at large, particularly for pedagogies guided by principles of socially just, critical, and culturally relevant practices. As noted above, Rinsema’s approach to listening within music teaching and learning spaces runs counter to the “premolded worlds” and “traditional” formalist ways music education has transmitted its musical knowledge via ideals and codes of esthetics, or as Estelle Jorgensen calls, “bodies of musical wisdom that are valued and preserved” (Jorgensen, 1997, 25). Within such “institutionalized and canonized” (Ibid.) conservations (i.e., conservatory models of music learning and teaching), “spheres of musical validity” (Ibid., 40) form a modus operandi of what it means to be musical—and who gets access to creative musical experiences. By situating “music listening as a creative activity [and] hermeneutic exploration” (Rinsema, 2017, 6 and 139–140 italics added), Rinsema sets the stage whereby we can further develop and explore analytical and interpretive methods that center students’ lived sonic experiences by inviting them to listen, critique, and create musical sound pieces (SPs) out of everyday sounds. In addition to evolving an Oliverosian practice of “deep listening” (Oliveros 2005) to the world, we may also sharpen skills of what Salomé Voegelin calls, “sonic sensibility” (Voegelin 2014). For Voegelin, sonic sensibility is a dynamic listening beyond the
effort of hearing. Listening as a sensibility, as a susceptibility toward the world and the things…is not only a physiological act but an aesthetic and perceptual attitude that influences how we understand the world, its reality, knowledge, and truth…(and) reinvigorates ideas about reality, actuality, possibility, and truth…exploring sonic timespace places as sonic environments, which we inhabit as phenomenological subjects, listening intersubjectively and reciprocally: generating ourselves and the world we hear through our being in the world (Voegelin, 2014, 2–3 and 178).
In this section, we delineate a framework designed by one of the co-authors who encourages such sensibility by asking music students to tune-in, listen, reflect, critique, play, and (re)sound their Sonic Commons (see Figure 1).
[image: Figure 1]FIGURE 1 | Sound collection and classification (SCC) table.
These spaces may be at home, school, park, playground, job site, street, or cyberspace; really anywhere people may find themselves on their daily trek through life. Students digitally record sounds they find interesting or that “speak” to them. Then they describe their initial sensation(s), location, and any significance selected sounds may have. As students are asked to capture sounds digitally (i.e., MP3, WAV, and WMA) on their phones or audio recording devices, they are able to import them into any DAW (Digital Audio Workstation) (e.g., GarageBand, Logic Pro, Soundtrap, and Bandlab). This allows students a multitrack space to collaboratively assemble, improvise and create original compositions using sonic material they have collected. The methods of this process are meant to elucidate the multiple ways sounds can create, conjure, complicate, sustain, and rejuvenate meanings in and from students’ lived experiences. It is through this sonic lifeworld method where students may uncover similar and different “meanings that can be constructed from the combining of objects of nature and objects of consciousness” (Hourigan and Edgar, 2014, 150). Objects of nature are the sounds of life encountered, experienced, excavated, and entertained. Objects of consciousness include the creative critical reflections and artifacts students create en route to exploring and (re)examining new and other meanings. These dialogical encounters open an acoustic space for students and their teachers to creatively and critically (re)engage sounds resounding in their lives.
We situate agency and resistance as central components of critical and socially just pedagogies wherein a cycle of “dialogue, reflection, and action” (Freire, 1970, 100) are vital for catalyzing creative critical consciousness. Actively listening for societal dissonances—sounds out of sync with democratic and egalitarian ideals, sounds heard from those distraught, dismissed, and disenfranchised by unjust policies or social–political prejudices, and soundbytes of hate, fear, derision, and divisiveness—is one aim of sonic lifeworld methods. Another aim is to heighten sensory awareness about the “resonant or responsive relationships” (Rosa, 2020, 145 italics original), we must create and sustain in order to transmit a new cultural paradigm built on empathy, trust, and mutual respect for all vibrating sentient beings. It is through creative critical consciousness, we contend, where humans may sense the world, not as a competitive “resource” to be picked at and peddled for profit of which our current geological age is guilty, and instead find resonance with the world in ways that open possibilities for personal and social transformation toward humane ends.
Sound can be a conduit for exploring creative critical consciousness because as Roshanak Kheshti reminds us, “Sound’s form is a hermeneutical tool; a wavy and reverberant materiality, it reflects, is productive of, and also engenders through resonance” (Kheshti, 2015, 111). The two examples below offer a glimpse of how I have used sonic lifeworld methods in educational settings, specifically in high school and university schools of music. What is telling from the outset is how foreign it seems to most music students that they are entering not through music notes, or scales, or chords, but through sound itself. This speaks volumes to the “success” music enculturation has had in music education. It is not without significant consequences, however, as musical identities are also shaped by such enculturation processes in that demarcations are drawn that often delimit one’s capacity to imagine themselves outside of the “institutionalized and canonized…product as well as process” (Jorgensen, 1997, 25; Edwards, 2021; Schmidt and Edwards, 2022). In other words, most of the students I have worked with using sonic lifeworld methods do not consider themselves improvisers or composers, as they have had no “formal” training. So by asking them to expand their creative consciousness is often a new request. By entering first through sound, however, students challenge their musical thinking as they navigate toward meaning making via sonic thinking. This is because sonic thinking “begins not from music as a set of cultural objects but from the deeper experience of sound as flux, event, and effect…(and) present us with an ontology that unsettles our ordinary conception of things” (Cox, 2017, 100 italics original). It is the “ordinary conception of things” we challenge in this article because so-called ordinary understandings of our universe, particularly as these have been constructed upon the Western value of dominance over nature, has placed humans in a perilous position that must be maneuvered away from if we are to create equitable and sustainable living conditions on our planet. Indeed, as Christopher Small observed, Western; “civilization” is “increasingly, schizoid” in its attempts to “command nature” and “disembodies” us from the natural world; lost, disoriented, and alienated from self, other, and the world (Small, 1977, 69–70). We situate listening to the sounds of life as a significant step in reorienting toward an intersubjective “resonant and responsive” (Rosa, 2020) relationship with the world “sensuously” (Abram, 1996).
Sonic Lifeworld Method in Practice
As delineated in Figure 1, sonic lifeworld methods include a Sound Collection and Classification (SCC) table. This is an online collaborative space for students to upload their sounds and complete seven data points: (1) sound, (2) sensation, (3) space | time, (4) source, (5) significance | context, (6) musical aspects, and (7) musical (re)sound. These data drive the creative critical aspects of engagement. In addition to the SCC table, as will be elucidated in the following examples, a Sound Walk (SW), and an original SP are also a part of sonic lifeworld methods. Altogether, sonic lifeworld methods are comprised of seven elements; however, the three aforementioned are highlighted in the examples below. In the university music student example, I will turn attention to patterns noticed wherein sonic sensibility and creative agency were observed. In the high school case study, I will show how sonic lifeworld methods can open a space for creative critical voice wherein agency and resistance prevail.
CASE STUDY 2: UNIVERSITY SETTING—SONIC THINKING, SONIC SENSIBILITY, AND CREATIVE AGENCY
University music students are rarely prompted to listen for, locate, or analyze sounds outside of the accustomed tempered scale system (i.e., do, re, mi, and diatonic/chromatic). So, their first challenge is to think and listen outside of tonal music’s theoretical concepts (i.e., scale degree, chord progressions, and common period four-part harmonic “proper” resolution). Most seem pleasantly surprised that sounds they had never considered, sounds “heard” and bypassed everyday, could contain meaning. Two days before our 90-min Sound Session Workshop, students were asked to record five to seven sounds they found interesting. Students shared their sounds and the significance and meanings sounds held before embarking on a group improvisation/collaborative composition project using selected sounds from the SCC table. Some students were surprised to hear how others in the class reinterpreted their sound either vocally or with a musical instrument. They also noted how sounds held different meanings for different people, thus recognizing sound’s personal and context-dependent nature. For example, one student stated that the “ticking” kitchen clock brought her back to the “big clock in (her) grandmother’s room.” She recalled nostalgic visits as a child where she was “happy” hearing stories about how the big clock was a wedding gift and that her “grandfather saved his money from sharecropping to build a special table for the clock to sit on.” For her, the ticking with its “steady, rhythmic pulse; short and precise (and) varying pitches” had a “calming” effect. However, another student’s “old clock” sound caused them to feel a sense of “anticipation” which interfered with their “trying to relax after a stressful day.”
Students also described how a sound could have multiple meanings even for them, thus demonstrating sound’s complexity and capability to conjure varied emotional states of being. For example, one person said they felt “annoyed” at the sound of a “train whistle.” However, it also “reminded (them) of home.” They elaborated:
When I was a child my friends and I used to explore my town (where trains are moving through 24/7). Whenever we’d get lost we’d use the sounds of the trains to find our way back home. As I aged, the sound became incredibly annoying as it was just an inconvenience rather than a childhood tool; either way, it makes me very nostalgic.
One student captured the sound of their “sniffling” and said, “I am radically aware of my own health. I can feel the mechanism of my own breathing and trying hard not to sniffle.” One other recalled feeling “scared” when she heard the sound of “the power going out” in her house. She said,
I was lying half awake in my bed when the lights flickered out and my fridge stopped humming. The power had went out and I could hear and feel all the energy drain out of the building. It was like in movies when an apocalypse causes all electrical currents on earth to cease.
Feelings of surprise, elation, fear, worry, amusement, satisfaction, intimidation, relief, and a host of other emotions were attributed to sounds students collected. This left much room for critical discussion and debate, as well as a variety of affective “moods” to choose from to color the final SP compositions.
Students tuned-in sonics at play in nature, or as one student put it, “the bush” (e.g., birds, dogs, wind, and rain) events and spaces they had encountered regularly en route to campus, yet had not really “paid that much attention to.” Such (re)connection with the environment allowed opportunities for students to recognize their intersubjectivity with local ecologies. Thus, sound reoriented them toward empathetic engagement with their surroundings so they could hear and listen anew. One student said, “I was tired and stressed, but hearing the birds I realized that other things were awake and doing well, and that made me feel better.” To the “purring” of her kittens, another student said, “My two kittens trust me enough to fall asleep on my chest and stay through the night, they were rescued from abusive owners so that trust is an incredible gift.”
Students practiced honing their sonic sensibility and also discovered imaginative and creative ways to (re)sound their sonic material musically, thus stepping into new and unfamiliar roles as improvisers and composers thereby (re)negotiating their musical identities as creative agents. For example, the sound of water trickling from a nearby lake into a students’ room before bedtime was (re)sounded by a “deep drone timbre” played by French horn, a “steady pulse” provided by a “low drum” and a “gentle” steadily growing “trill” played by a clarinet mid-register. An approaching food truck behind a students’ dorm room that at first sounded “rumbly and ghostly terrifying” and then “piercing and beepy with steady pulsations” was reimagined into growling brass and woodwinds softly buzzing and humming through their instruments, steadily shape shifting sounds, reminiscent of Reichian “phasing” techniques as students performed in different parts of the classroom, sometimes antiphonally to conjure the element of spatial aural surprise. Sounds of train whistles, computer keyboard, video games, electric heaters, alarm clocks, and coffee machines, were all recontextualized compositionally. This is not without insignificance, given the ways musical identities are typically shaped, formalized, and “consecrated” via the “aristocracy of culture” (Bourdieu, 1984) within university and schools of music (Wright, 2010; Burnard et al., 2015). Indeed, as Cox asserts
Our ordinary relationship to music is one of unthinking familiarity—the apprehension and production of perceptual and affective clichés, ready-made forms, conventions, and cultural associations that prevent us from hearing it as anything else. In short, for the most part, music operates for us according to the model of recognition and does not provoke us to think or to ask “what is this sound?” and “what are its conditions of existence?” (Cox, 2018, 137)
After the workshop, some students corresponded with me and said they had noticed how they were even listening more closely to the sound they produced on their instruments and voice during studio practice and ensemble rehearsals and performances, thus renewing their relationship with music on their terms.
CASE STUDY 3: HIGH SCHOOL SETTING—SONIC THINKING, SONIC SENSIBILITY, CREATIVE AGENCY, AND CRITICAL RESISTANCE
Amidst the 2016–2017 presidential campaign, the Sonic Commons within the United States was immersed in divisive Trump-speak and pervasive “jingoistic forms of patriotism” (Giroux, 2010). Xenophobic threats to build a wall between Mexico and the United States did not go unnoticed or unfelt by high school music students I was working with in Chicago’s South Side. Some students had family members in Mexico and were audibly and visibly upset. To open a creative critical space for students to express their voices, we embarked on a sound-piece composition project. Taking inspiration from Pink Floyd’s concept album, The Wall, students interrogated their own definitions and conceptions of walls, critically engaged in debates about democracy, racism, and exclusion, and examined music’s sociopolitical role in addressing injustice. Utilizing Russoloian methods of instrumentation (i.e., Arte Dei Rumori/The Art of Noise, 1913), students made a list of the raw materials that go into constructing a wall (e.g., cement, gravel, wood, water, hammer, and nails) and then collected and classified sounds according to their orchestrative potential. Students also chose to digitally capture a sound bite of Trump speaking at a Republican rally where senate-elected sycophants and Trump loyalists soaked in and eerily echoed, “We’re going to build a wall!” and used this clip to interject their own esthetic response. Then they imported sounds into Soundtrap (a collaborative online DAW) and improvised, composed, and produced three tableaux delineating the construction, deficits, and crumbling of walls. For 6 weeks, students worked collaboratively developing their aural, improvisation, and performance skills while composing an original sonically stimulating piece.
The Wall Project draws upon the power of the remix. Remixing, as Korina Jocson reminds us, is “to appropriate, borrow, and blend texts to create new(er) texts… The technique in remix provides ease in sharing and invites a community to participate…Remix…is not simply about a change in content (a derivative) but also a change in context (a different meaning)” (Jocson 2018, 50). Encouraging students to actively sample sounds they encounter in the Sonic Commons opens opportunities for them to re-engage unsound rhetoric and sociopolitical noise streaming across media channels and compose a response. Student voice is integral to sonic lifeworld methods because “The first and fundamental organ through which we enter into a responsive relationship with the world and make the world respond to us…is the voice” (Rosa, 2020, 63 Italics original). Raw sounds and voices were the material with which students identified inconsistencies, puzzled explanations, renegotiated meaning, and revolted counter-narratives charged by the force of their own voices, their own “storytelling” (Lewis, 2020, 73). Sonic lifeworld methods in this sense provides a dialogical acoustic space for students to play, explore, excavate, and examine Sonic Commons, en route to naming frictions and tensions heard, as they resample, remix, rehearse, and resound alternative knowings. The work required “to know alternatives” is central to critical and transformative pedagogies, for ultimately such pedagogies are about enacting the “dialectic of freedom” by embracing our relationship with the world in an effort to “unconceal…to create clearings, spaces in the midst of things where decisions can be made” (Greene, 1988, 5, 58). Thus, it is through an “ethos of experimentation that is oriented toward carving out spaces for resistance and reconstruction” (Coté et al., 2007, 317 and 328), where students may sharpen their skills of sonic sensibility and claim their stake in the sociopolitical sphere. Such reclamation is a powerful pedagogical tool when working toward nurturing creative agency and critical resistance.
By simply asking students to listen deeply and sensibly to their world they may “record their own personalized, specified, modeled meanings, affirmed in time with the beat—a collective memory of order and genealogies, the repository of the word and the social score [that] reflects a fluid reality” (Attali, 1985, 9). When considering knowledge, transmission, and embodiment in Attalian terms, then, what Robin James calls “acoustic resonance” becomes something we can apply toward the development of creative agency and critical resistance. For James, acoustic resonance is a “specific type of vibratory movement: rhythmically oscillating patterns of intensity…These patterns interact in rational or irrational phase relationships. Resonance thus describes either the consonant, rational interaction of phase patterns or the dissonant, irrational interaction of such patterns” (James, 2019, 63). In order to disrupt oppressive epistemologies sounding in the Sonic Commons, it is essential to tune-in and keep the ears open so as to detect irrational signal phases that perpetuate social injustices.
DISCUSSION
The Migration of Everyday Sounds and Musical Sounds in the Creation of Meaning
Above we posited that the migration of sonic materials from everyday sounds, and their experiences, to song constitutes part of the foundation for how humans interpret music and sound. We demonstrated those migrations within the three case studies. With Case Study 1, we showed how everyday sounds and experiences can be extrapolated and “played” upon within song. The reconfiguration and re-emphasizing of those everyday sounds and experiences in structured esthetic contexts allow listeners to reorient themselves to their physicalities. Song creators and listeners express their agency in this reorienting process, which is itself a meaning-making process. In Case Studies 2 and 3, we demonstrated how teachers and students can reorient themselves toward everyday sounds in their migration from the sonic landscape to an intentional pedagogical landscape—one that values creativity, criticality, and collaboration. Students express agency in this reorienting process, laying the groundwork for further agential and meaningful processes of resistance and reconstruction, not only of sociopolitical externalities but also of deeply personal internal processes of often conflicting creative ways of being musical.
The Shift From Anthropocentrism
In the first theoretical thread, we argued that a shift away from anthropocentrism within music studies includes a shift toward embodied approaches to understanding musical meaning. We provided an example of how musical meaning can be interpreted using such approaches in Case Study 1. There we used the ecological view of perception and Clarke’s application of that view to music and sound, in order to come to an embodied understanding of the bass drop in EDM and recent pop songs. In Case Studies 2 and 3, we drew upon Voegelin’s notion of sonic sensibility, which informed the SCC table and Rosa’s theory of “resonance” providing students an opportunity to explore their embodiments in relationship to everyday sound and the sensory experiences of those sounds. The manipulation of those sounds into an esthetic frame designed by the students provided opportunities for them to realize the fluid relationship between everyday sounds and what humans have to this point called music. This fluid migration between the everyday and the esthetic highlights the inherent relation between humans and the environment, while also providing a possible window into how nonhuman animals might engage with the esthetic. We are reminded here of Bernie Kraus’ important works Notes from the Wild (1996) and The Great Animal Orchestra: Finding the Origins of Music in the World’s Wild Places (2012), both of which alert us to the role and significance sound making and meaning play in worlds other than human. These potentially similar environmental relations had by human animals and nonhuman animals along esthetic lines have been hidden from view by anthropocentric theories of music and meaning dominant in the 19th and 20th centuries.
Cultural Transmission From a Pedagogical Standpoint
Educators hold a unique and significant responsibility to develop knowledge within students. Such knowledge is embedded within knowledge systems and systems of meaning making. Educators, thus, have a further important role in either maintaining/reifying established knowledge systems or dismantling the established knowledge systems as a process toward rebuilding the new. We fall in line with Jorgensen in this regard, who identifies the educator’s responsibility
…to redress society’s evils and act as agents in its transformation and regeneration. Simply transmitting values from the past without questioning their veracity, relevance, practicality, or vision is failing to do the work of an educator in the fullest sense of the word. As such, it is, by default, oppressive and miseducative (Jorgensen, 1997, 78).
We respond to this responsibility by putting students own musical knowings and creations at the center of our work and enacting Rubén Gaztambide-Fernández’s “cultural production”:
…the active engagement in reorganizing the symbolic content of our social being—that oppressive boundaries can be challenged in the search for social justice. This in between process requires the inner engagement with direct experience and the production of new outer representations. (Gaztambide-Fernández, 2007, 36 italics original)
In Case Study 2, we can see how students used sonic material from their everyday inner representations of their experiences of life as a catalyst to think through and create new and other outer representations. This active engagement with real and symbolic content of their sonic social being opened opportunities for them to produce their own cultural (and esthetic) “rules” for creative engagement. While students in this case study were not necessarily addressing large societal ills, they were in a very real sense redressing music education’s sometimes strict hold on their musical identities by recognizing themselves as composers. In Case Study 3, students directly challenged “oppressive boundaries” through the enactment of cultural production, and in their search for social justice they reclaimed their creative critical rights by voicing their dissent against a literal wall. Thus, students (and myself as facilitator) discovered the “in between processes” of moving our inner disdain, and for some real fear, into a new outer product representative of hope and a commitment to the raising of social consciousness.
Since the rise of industrialism and on into our current corporatized and technologicalized real and virtual worlds, the dominant means of cultural reproduction have proven detrimental, particularly in the West. Scholars identify “predatory capitalism” (Giroux, 2015, xx), “competition and acceleration” (Rosa, 2020, 5, 21–22), and the cooptation of “creativity and the imagination” (Haiven, 2014) as having influenced and infected our relationship with self, other, and the world. We are in an ecological crisis externally and internally as our orientation with/to the world is too often shaped by a view that sees success in life (and in education) as an accumulation of resources to be had, not necessarily sensually or empathetically experienced (Rosa, 2020, 27, 145). Such attitudes have flung our ecology into a spiral of uncertainty as made clear by global warming, the fragile state of our oceans and wildlife and our current social–political crisis and rising fascism. Recognizing the fragility of life and its relation to current sociopolitical and economic structures is imperative. Pedagogies of sound can not only provide fertile ground for that recognition to take root but also address cultural transmission and embodiment with both words and action.
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Young songbirds draw the source material for their learned songs from parents, peers, and unrelated adults, as well as from innovation. These learned songs are used for intraspecific communication, and have well-documented roles for such functions as territory maintenance and mate attraction. The songs of wild populations differ, forming local “dialects” that may shift over time, suggesting that cultural evolution is at work. Recent work has focused on the mechanisms responsible for the cultural evolution of bird songs within a population, including drift, learning biases (such as conformity and rare-form copying), and selection (including sexual selection). In many songs or song repertoires, variability is partitioned, with some songs or song segments being stable and consistent, while others vary within the population and across time, and still others undergo population-wide transitions over time. This review explores the different mechanisms that shape the cultural evolution of songs in wild populations, with specific reference to a long-term investigation of a single population of philopatric Savannah sparrows. Males learn a single four-segment song during their 1st year and sing the same song thereafter. Within this song, the buzz segment is a population marker, and may be stable for decades – variant forms occur but eventually disappear. In contrast, the middle segment is highly variable both within the population and over time; changes in relative prevalence of different forms may be due to cultural drift or a rare-form learning bias. Within the introductory segment, a high note cluster was replaced by a click train between 1982 and 2010, following an S-shaped trajectory characteristic of both selective sweeps in population genetics and the replacement of one form by another in human language. In the case of the Savannah sparrows, this replacement may have been due to sexual selection. In subsequent generations, the number of clicks within trains increased, a form of cultural directional selection. In contrast to the narrowing of a trait's range during directional selection in genetic systems, variation in the number of clicks in a train increased as the mean value shifted because improvisation during song learning allowed the range of the trait to expand. Thus, in the single short song of the Savannah sparrow, at least four different mechanisms appear to contribute to three different types of cultural evolutionary outcomes. In the future, it will be import to explore the conditions that favor the application of specific (and perhaps conditional) learning rules, and studies such as the ongoing song seeding experiment in the Kent Island Savannah sparrow population will help in understanding the mechanisms that promote or repress changes in a population's song.

Keywords: birdsong, cultural evolution, learning biases, drift, conformity, sexual selection, directional selection, seeding


INTRODUCTION

The long history of studies of vocal learning in songbirds, whose songs vary widely in their characteristics across the 4,000+ known species, makes them ideal subjects for studying animal cultural evolution. That songbirds learn their songs was first demonstrated by William Thorpe, who raised birds in the laboratory, and, using the sound spectrograph, found that young birds accurately copied songs played to them during development (Thorpe, 1954). These observations have led to decades' worth of studies of captive birds, primarily canaries (Serinus canaria) and zebra finches (Taeniopygia guttata), defining the factors that influence the timing and content of song learning. One major axis of variation in vocal learning across species, fortunately represented by the two main laboratory study organisms, is the timing of song learning: some species, including zebra finches, are called “critical period learners” or “age-limited learners,” and memorize a song model early in their lifetime, producing a crystallized version of that song when they first breed, and singing that same song for the rest of their lives (Immelmann, 1969). Other species are “open-ended learners”; canaries add some new material to their songs each breeding season, so that a bird's song changes from year to year (Nottebohm and Nottebohm, 1978). Still other species, such as mockingbirds (Mimus polyglottus), are mimics, and can reproduce sounds they hear almost immediately (Kelley et al., 2008). Critical period learners preferentially memorize songs with species-specific acoustic characteristics during an early critical phase of development, demonstrating that birds have genetically determined species-specific sensory predispositions (Marler and Peters, 1988). Physical constraints within the vocal-motor system also play a role in defining what sounds can be learned and reproduced in a song; for example, fast trills of syllables with wide frequency transitions may be difficult to sing (Podos, 1996). Live tutors or even crude models that deliver songs when the young bird interacts with them result in more extensive and accurate learning than a model that is simply the sound of a song, highlighting the importance of social interactions (Baptista and Petrinovich, 1984; Adret, 1993). Although, for obvious reasons of stimulus control, experimental studies have primarily taken place in the lab, there is a notable exception in the form of a field study of learning in Savannah sparrows (Passerculus sandwichensis), a migratory species that breeds in North America, learns its song during a critical period, and returns to breed in its natal area. In this study, young males learned distinctive “foreign” songs from speakers placed in their natal area (Mennill et al., 2018). The learning of foreign songs replicated aspects of previous studies, including the timing of song learning.

Within the limits of (a) critical period learning, which fixes a male's song in its crystallized form after his first breeding season, (b) genetically encoded predispositions, and (c) physical and physiological constraints, song learning in migratory songbirds such as the Savannah sparrow has considerable degrees of freedom1. Males learn from their social fathers (which may or may not be their genetic fathers), from natal year neighbors, and from neighbors early in their first breeding season (Wheelwright et al., 2008). Immigrants may sing songs that differ substantially from those of the local population, and improvisation and innovation by 1st-year birds may extend the range of variation of existing song types or introduce novel song elements. Such variation, if it is passed on through vocal learning, results in cultural evolution: change in the songs of a wild population over time. As we learn more about the characteristics and trajectory of such changes, it becomes increasingly apparent that cultural evolution differs between species, and that, even within the relatively simple, short song of the Savannah sparrow, no single mechanism can explain the changes we observe (Williams et al., 2013; Figure 1). Comparing the modes of cultural evolution across species and teasing apart the mechanisms that yield different rates and types of change within a single species will provide valuable insights into how and why different songs and song segments change in different ways, as well as into the cognitive mechanisms that are used by learners to apply different rules about copying, variability, and stability to different portions of a single song.


[image: Figure 1]
FIGURE 1. Cultural evolution in a Savannah sparrow population. (A) The two songs shown here, recorded 30 years apart, include the most common types of interstitial notes and middle notes sung in their respective years. Although some individual variation exists, introductory notes, buzzes and chirps (which match the introductory notes in this population) had stable acoustic characteristics, while interstitial notes, middle segments, and trills changed over time. (B) Additional examples of songs sung in 1982 and 2012 (initial introductory notes were omitted from some songs shown here). (C) The direction of song changes and possible explanations are summarized; no single mechanism can account for the cultural evolution observed in the songs of this population.




EVIDENCE FOR CULTURAL EVOLUTION IN WILD SONGBIRDS

Changes in the song traditions of a population can be documented in three ways, ranging from strong inference to direct observation. The first method records songs across a range of sites and observes a geographic pattern of differences in the learned songs, with local populations sharing a dialect that differs from those of more distant groups. These geographical patterns suggest that dialects form as a result of different paths of cultural evolution in different populations. The second method records songs from the same population at two time points years or decades apart and notes changes in the local dialect. Such studies have been valuable in describing patterns of change that suggest mechanisms for shaping songs or song segments. The third method uses comprehensive recordings of individuals from a single population over a period of many years, providing a fine-grained data set that allows direct observation and resolution of the time course of changes in the songs of a population. The most powerful version of this population-focused method records the songs of color-banded individuals, and so includes demographic information such as hatching date and location, parentage, and reproductive success. The mechanisms of cultural evolution suggested by all three types of observational studies can then be modeled or experimentally tested.


Geographic Differences

Peter Marler was the first to observe and define distinct dialects within a continuous distribution of chaffinches (Fringilla coelebs) in England and the Azores (Marler, 1952), as well as in white-crowned sparrows (Zonotrichia leucophrys) in the U.S. (Marler and Tamura, 1962). Where such dialects must have arisen within subpopulations of descendants of a single founder population within recent history, as in the case of the introduction of House finches (Haemorhous mexicanus) to the northeastern U.S. (Mundinger, 1975) and chaffinches to New Zealand and nearby islands (Lynch et al., 1989), the most parsimonious explanation is that local song traditions form after colonization and thus differences in local song traditions represent cultural evolution – as do, by analogy, dialects more generally. Geographically fine-grained studies have noted that some parts of the song may vary between individuals within a single population, while others are similar within a local population but vary geographically (Lee et al., 2019).



Sampling at Different Time Points

Studies that return to previously recorded populations after a period of years or decades can document changes over time in the local traditions. In one population of chaffinches recorded 18 years apart, 8 of the original 23 song types could be recognized, but the other 15 song types could not be matched to later songs (Ince et al., 1980). Savannah sparrows recorded at the same locations in California after a gap of 15 years also lost elements and changed and added others, but many of the dominant song types were recognizable and the terminal flourish remained largely unchanged (Bradley, 1994). House finches recorded at the same locations in 1975 and 2012 retained some syllables even as the population, and the population's syllable diversity, expanded (Ju et al., 2019). White-crowned sparrows recorded in the 1970s and then again between 1997 and 2004 in the Puget Sound area had different patterns of change in different parts of the song: at each location, the terminal trill was stable over time, while another segment of the song, the note complex, changed (Nelson et al., 2004). In 1st-year birds, improvisation was 2.3 times greater in note complexes than in terminal trills. Terminal trills were also more similar to those of tutors (in laboratory studies) and neighbors (in field studies); improvisation and copy fidelity thus varied systematically for different parts of the song, resulting in different rates of cultural evolution within a single learned vocalization.



Long-Term Studies

The white-crowned sparrows of the Nelson group's Pacific Northwest field sites and Savannah sparrows at the Bowdoin Scientific station on Kent Island in New Brunswick have been systematically and comprehensively recorded over time. The Kent Island Savannah sparrows were first recorded in the early 1980s by Clara Dixon; a few recordings from 1988 and 1989 also exist, and extensive song recordings are available for the years from 1993 to 1998 and 2003 to 2019 (see Wheelwright et al., 2008). Because Nathaniel Wheelwright began a long-term population study that mapped territories and color-banded breeding adults as well as nestlings in 1987 in this philopatric population (Wheelwright and Mauck, 1998), an enterprise that was continued by Ryan Norris and his colleagues (Woodworth et al., 2017), we have extensive demographic data to go with the song recordings of identified males. Each male sings one song that does not change after crystallization early in the first breeding season (Wheelwright et al., 2008). As for the white-crowned sparrow, some portions of Savannah sparrow song, such as introductory notes and buzz, have been stable over time, while others, such as the interstitial notes and the middle section, have varied (Figure 1; Williams et al., 2013). This partitioning of variability between song segments in sparrows echoes differences in variability in the two song types of the chestnut-sided warbler (Setophaga pennsylvanica). Across a period of 20 years, accented song types were stable, while unaccented songs varied (Byers B. E. et al., 2010). The stable, accented-ending songs are sung by unmated males seeking females and by mated males to their mates (Kroodsma et al., 1989), while males directing their songs at other males sing the variable, unaccented songs (Byers, 1996). The interplay of variation and stability in the two song types may promote their different functions. Savannah sparrow males respond more strongly to the local version of the stable, population-specific buzz segment (Williams et al., 2019; Figure 2E), and white-crowned sparrow males respond more strongly to the local version of the stable, population-specific trill segment (Nelson and Soha, 2004b). In contrast, female white-crowned sparrows approach all trill types (Nelson and Soha, 2004a). Like the song types of chestnut-sided warblers, different segments of these two sparrows' songs may be tailored to different audiences and serve different functions, and so lead to differences in rates and forms of cultural evolution.


[image: Figure 2]
FIGURE 2. The population-specific buzz segment: maintenance of stability. (A) Sonograms of three forms of buzz sung by the Kent Island population and the single form sung by a 600 km distant population in Williamstown. Two low-frequency variants (differing in the duration and form of the constituent pulses) were sung by a total of 8.4% of the birds recorded on Kent Island between 1980 and 2012. (B) Distribution of mean frequencies and (C) pulse durations of buzzes sung by Kent Island and Williamstown birds. (D) The proportion of birds singing variant buzzes on Kent Island during years when recordings were made. (E) Males respond more aggressively, as measured by response duration, to the standard local buzz than to foreign buzzes (error bars represent 2 SEM) (After Williams et al., 2019).





MECHANISMS

By analogy to genetic evolution, cultural evolution occurs as a result of variation followed by differential transmission (Boyd and Richerson, 1985), resulting in a change in the composition of the learned vocalizations of a population of songbirds. Differential transmission may result from random processes, also known as cultural drift, or from selective processes. Cultural drift does not favor a particular result; what is retained and what is dropped by the population is determined stochastically, and so the result is not adaptive.

Darwinian selection may also take place during the transmission of learned song. Variation arises as a result of copying errors, improvisation, innovation, or immigration. Selection on the resulting song variants may be driven by (1) ecological factors such as environmental effects on sound transmission or salience, (2) sensory or motor biases that favor the learning or production of certain types of song content, (3) frequency-based learning biases that result in preferential learning of the most common song type (conformity) or in the copying of novel song forms (rare form advantage), and (4) prestige biases that favor imitation of certain models, such as dominant or successful individuals (Aplin, 2019; Whiten, 2019). Such learning biases require that the pupil observe and compare potential songs and song tutors. A young bird must distinguish between common and rare songs, and may also associate particular songs with knowledge of the singer's dominance status or mating success – which requires either direct or indirect observation of that success. Cultural evolution that is driven by selection based on social variables thus raises the question of whether a learner imitates the song or the singer.

In contrast to changes that result from drift, cultural evolution that is driven by selection should result in a song that is better able to carry information, or makes the singer better at acquiring territories or mates – in Darwinian terms, adaptation. Inferences about whether a song feature is adaptive can be made by tracking the success (in reproductive or cultural terms) of individuals singing a particular song feature, or by testing responses to that song in relation to its presumed adaptive function. Is a particular type of song transmitted better in an urban/forested/open environment? Do males or females respond differentially to songs with particular features?

For many years, the study of song variation in wild populations of a single species focused upon debates about the mechanisms that result in a pattern of dialects associated with specific geographic regions (Podos and Warren, 2007). More recently the focus has shifted to studying the mechanisms that result in change or stability of a population's song forms over a period of generations, the focus of this review. Some of these mechanisms are summarized in Table 1.


Table 1. Some mechanisms for the cultural evolution of song.
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Copy errors, innovation, and improvisation insert novel variants into learned songs of wild populations at a relatively high rate: modeling studies have estimated that song “mutation rates” fall between 0.1 and 3.5% (e.g., Lachlan and Slater, 2003), and observational studies have yielded estimates of approximately of 5% (e.g., Lynch et al., 1989). Genetic predispositions may affect the incorporation of such variants into songs at the learning stage (Tchernichovski et al., 2017). However, only a subset of the wide range of “acceptable” species-typical song material is present within the songs of a single population. Mechanisms that promote stability act to restrict the number of a population's species-typical syllable or song variants, while mechanisms that promote variation result in expansion of or change in the population's species-typical repertoire.


Stability

We can infer that maintaining long-term stability in a learned bird song or song segment is likely due to stabilizing selection, either because of ecological factors or because of learning biases. An ecological factor, vegetation that favors the transmission of specific acoustic characteristics (Morton, 1975), correlates with stable song features in the rufous-collared sparrow (Zonotrichia capensis). Trill types are consistent within a habitat, and a male's trill type is related to the vegetation in his territory – and not to the altitude of the territory and so to physiology, or to the bird's genetic origin and hence to the songs it heard as a juvenile (Handford and Nottebohm, 1976; García et al., 2015). Such correlations allow us to infer that stable ecological constraints play an important role in driving stability of some song features, as young males in a population learn a habitat-appropriate song.

Learning biases may also result in song stability. Robert Lachlan and his colleagues used mathematical modeling to explore the maintenance of learned syllables in the songs of swamp sparrows (Melospiza georgiana), which fall into clearly defined categories (Marler and Pickert, 1984). Both males and females respond more strongly to “typical” syllable forms, rather than to variants that have acoustic characteristics that differ from the population's average values (Lachlan et al., 2014). However, there are also “outlier” syllables within the songs of each population, suggesting that the consistency of syllable types within populations over time is likely to be due to cultural conformity. To test this hypothesis, Lachlan et al. (2018) modeled the distribution of syllable types within six different populations, testing the roles of mutation rate, demonstrator bias (copying high-ranking individuals), content bias (genetic predispositions), and conformist bias (copying the most common syllables) in maintaining stable syllable types. The model clearly supported a role for conformist bias in maintaining the most common syllable types. Lachlan et al. (2018) suggest that a conformist bias in swamp sparrow songs could be implemented by discarding songs that are not heard at or around the time of crystallization – “overproduction” during plastic song followed by “attrition” at the time of crystallization, as described by Nelson and Marler (1994). Since over-production followed by attrition also occurs during song learning in white-crowned sparrows (Nelson, 1992) and Savannah sparrows (Thomas et al., 2021), the stable segments of those species' songs might be subject to a similar conformist learning bias. However, the conformist bias model for maintaining stability of learned song segments for these two species is complicated by the presence of variable song segments within the same songs. Individual birds learning their songs would need to apply a conformist bias only to the song segments that are consistent and stable in the songs of adult singers. Young birds could assess the variability of each song segment while listening to adult singers during development (and again during the period immediately prior to crystallization) and then use a rule that applies a conformist learning bias only to song segments that have dominant forms within the population of adult singers. Such “conditional conformity” is more cognitively complex than a simple frequency-dependent learning bias: young birds would need to not only assess which is the most common form and copy that form, but would also need to determine which songs and song segments are not subject to a conformist bias by assessing the relative variability of those songs and segments. Tchernichovski et al. (2017) pointed out that different social networks may favor different patterns of variability. If different songs or segments are important in different social contexts, young birds would also need to weight the importance of variability in models' songs according to the responses of other conspecifics.

Songs or song segments that maintain the same form within a population – such as the trill of the white-crowned sparrow and the buzz of the Savannah sparrow – seem likely to be subject to conformist biases, whether simple or conditional. The appearance and transmission of novel variants of such song segments within a population may thus shed light on the mechanisms that promote stability. The acoustic features of the Kent Island buzz were stable between 1980 and 2014, as were those of a different population, in Williamstown, between 2008 and 2012 (Williams et al., 2019; Figures 2A–C). Within that overall pattern of stability, however, 8.9% of birds on Kent Island sang one of two variant forms that had lower mean frequencies (Figure 2A). These variant versions were first recorded in the Kent Island population in the late 1980s, and then fluctuated in prevalence during the 1990s (Figure 2D), suggesting that cultural drift was the mechanism driving the learning of this variant. In 2003, variant buzzes were sung by 25% of the population (with two birds singing both standard and variant forms). The most successful males on the study site included individuals singing buzz variants as well as those singing standard buzzes, so sexual selection is unlikely to have favored either buzz type. After 2003, the prevalence of variant buzzes declined rapidly, in a trajectory that is more suggestive of selection than drift. It is not clear why the variant buzzes disappeared, but there are two intriguing possibilities. One is that a common-form bias was triggered or strengthened when the rare form's prevalence drifted above a threshold (another version of a conditional frequency-based learning bias). A second possibility arises from the observation that the mean frequencies of buzzes sung in the Kent Island population during the 1990s fell within a continuous range. However, after 2000, buzz frequencies distinctly fell into either a high range or a low range (Figure 2B). Perhaps this split into high and low frequency ranges resulted in the formation of perceptual categories such as those described behaviorally in starlings (Sturnus vulgaris, MacDougall-Shackleton and Hulse, 1996) and which are discriminated by neurons in the auditory forebrain of swamp sparrows (Prather et al., 2009). Once the buzzes were perceived as two distinct categories, conformist learning would result in elimination of the rare form. Either the “prevalence threshold scenario” or the “categorical perception scenario” would add complexity to the standard formulation of frequency-biased learning.



Change in Songs and Song Segments
 
Drift

As is the case for genetic evolution, change in a population's song may be due to processes that are not selective. Cultural drift, like genetic drift, results in random changes in the frequency of traits, sometimes culminating in elimination or fixation of those traits, and has a stronger influence when population sizes are small. Several studies have followed the cultural evolution of songs across chains of islands that have been colonized in succession, which makes it likely that cultural drift affected song traditions in the small founder populations.

Chaffinches arrived in the Chatham islands near New Zealand during the last 150 years, and populations on these islands sing a reduced set of syllables, all of which match syllables sung on the mainland (Baker and Jenkins, 1987). In this case, the population bottleneck that occurred at the time of colonization appears to have resulted in the loss of song material when some syllables were not learned by the next generations, reducing variation within the population, just as genetic drift reduces variation during a population bottleneck.

The rate of population growth that follows a population bottleneck and the resulting density may be related to whether variation is reduced, as in the Chatham island chaffinches, or, in a seeming paradox, increased. The chaffinch population in the Azores arose from mainland European populations within the last million years and, although the genetic structure of these island populations bears the signature of bottlenecks with each successive colonization event, populations are now large and dense (Marshall and Baker, 1999). Song variability is higher in the island populations than on the mainland (Lachlan et al., 2013). It is possible that, shortly after colonization, individuals hear fewer models and are thus more likely to improvise, innovate, or learn inaccurately. Lachlan et al. suggested an explanation: when a population is small and sparse, individuals are less likely to encounter conspecifics, and species-specific learning biases may be relaxed – allowing any novel song forms that arise because of a higher “mutation rate” to be recognized as appropriate signals and then persist via social learning.

Increased variability as a consequence of cultural drift also occurs in the chickadee (Poecile atricapillus) “fee-bee” song. This “standard song” is consistent across North America – except in a few island populations at the edges of the continent and in areas where habitat is scattered and sparsely populated (Kroodsma D. E. et al., 1999). Individuals in small populations occupying habitat islands near Fort Collins, Colorado sing variants as well as the standard song (Gammon and Baker, 2004). These variants appear to have arisen from juveniles' improvisations; recordings of young birds singing prior to crystallization include variation beyond that sung by typical adults but similar to the songs in the habitat islands (Gammon et al., 2005). These results fit the conception that small, sparse populations favor the relaxation of learning constraints, allowing a wider range of signals to be recognized as conspecific and so avoiding the exclusion of individuals with song variants from the breeding population because of their unusual songs.

House finches provide another example of cultural drift of songs in large populations. After being introduced to the New York City area in the 1940s (Elliot and Arbib, 1953), house finches spread more than halfway across North America by the late 1980s. Songs from the leading edge of this invasion show trends similar to those seen in the chaffinches of the Chatham Islands, with new populations singing a subset of syllables found in the source populations (Tracy et al., 2009). Ju et al. (2019) compared songs recorded near New York City in 1975, when the population was already large, to those recorded in the same areas in 2012. Both song types and syllable types largely turned over during that 40-year span. Syllables that were common in 1975 songs were more likely to persist in 2012 songs (although they were not necessarily still common in 2012). Measurements of acoustic parameters did not predict which of the 1975 syllables persisted until 2012, suggesting that not selection but drift – in the form of random loss of rare syllables and introduction and transmission of novel syllables – explains this pattern of house finch syllable loss and gain.

Cultural drift is also responsible for the rapid turnover of syllables within the unaccented songs of chestnut-sided warblers. The distribution of syllable types recorded during any one time period follows a power law, as would be expected if syllable prevalence is determined by random processes (Byers B. E. et al., 2010). The apparent stochasticity of change in the prevalence of note complexes of white-crowned sparrow songs and middle section types of Savannah sparrow songs (Figure 3) raises the possibility that notes and clusters of notes in these song segments also turn over because of cultural drift. Comparisons of power law distributions to the patterns of note type prevalence in the variable note complex segment of white-crowned sparrow songs and middle segment of Savannah sparrow songs (Figure 3) could be used to test the hypothesis that the variability we see in those song segments is due to stochastic processes and so represents cultural drift.
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FIGURE 3. Changes in the prevalence of types of middle sections of Savannah sparrow song. Middle section types were defined based on the type, number, and order of syllables. The two main classes of notes in middle sections are “ch” notes (noisy, with multiple frequencies), and “dash” notes (tonal). Three types of middle section were composed solely of ch notes, differing in the number of notes, either 1 (violet), 2, (dark blue), or >2 (a “stutter,” light blue). Dash notes (dark green) made up the middle section or were combined with one or more ch notes, with the dash note falling in either the first or last position (brown, red, orange, and yellow). An “L” note (modified low-frequency ch note) followed by a dash (light green) formed another category. Noisy doublets followed by a dash (black) made up the final category plotted here. For the purposes of clarity of illustration, some categories that are split elsewhere are combined here (After Williams et al., 2013).


The term “drift” emphasizes that change is due to random processes, but cultural drift may in some sense be an active process in repertoires that include both stable and variable songs or song segments. Partitioning of drift and selective processes could be based on innate mechanisms that define the degree of variability in specific song types or song segments. However, songs or song segments might be “designated” as fixed or variable because young birds apply specific learning rules based on the patterns of variability they observe in the population. To learn which song segments are variable and which are fixed young birds would need to hear the songs of a relatively large number of adults, either within a dense breeding population, or during out-of-season singing when birds are not territorial and may gather in groups. Whether genetic influences or experiential learning determine where to apply learning biases and so define which song types or segments are subject to cultural drift is a question for future research.



Learning Biases

As they apply to bird song, learning biases that shape the outcome of song acquisition might be based on (1) genetic predispositions, (2) motor or sensory constraints, (3) model (or demonstrator) status, or (4) prevalence (as a bias toward copying either a common or rare song feature). Peter Marler's foundational work on bird song learning demonstrated that innate biases cause young birds to (a) generate species-specific song features in the absence of a model (Marler and Sherman, 1983, 1985), and (b) when a choice of models is available, preferentially copy song features with acoustic characteristics that match a genetic template (Marler and Peters, 1988). Part of the basis for such preferential learning of species-specific song may lie in biomechanical or motor constraints that make certain acoustic features easier or more difficult for the vocal apparatus of a given species to produce (reviewed in Podos et al., 2009), or in sensory predispositions that make certain acoustic features more likely to be favored (see Sakata and Yazaki-Sugiyama, 2020). However, birds of many species can learn atypical songs if the only live song model they hear is not a conspecific; for example, zebra finches, which normally sing and prefer songs rich in harmonics, will produce an accurate copy of a strawberry finch's (Amandava amandava) tonal song if they are fostered into a strawberry finch nest (Immelmann, 1969). This review concentrates on the role of social factors that affect song learning outcomes rather than on genetically-based factors.


Demonstrator Biases

Young males may copy the songs of older males with particular characteristics rather than basing their choice of a model on the acoustic characteristics of the song. Males that have survived longer, are dominant, have larger territories, attract more females, have more offspring, or are good foragers and provide more provisioning to their offspring might have special salience for the young males in the next generation, potentially making those salient males' songs more likely to be copied. The acoustic characteristics of the songs of prominent models may also denote physical or developmental advantages, as they are influenced by the physical characteristics of his vocal tract (Ryan and Brenowitz, 1985; Derryberry et al., 2018; Garciá and Tubaro, 2018). Because many species follow an overproduction/attrition learning trajectory, preferential copying could take the form of (a) memorizing the salient adult's song during a young male's first summer or (b) retaining a song that matches a prominent male that is present during the later “attrition” phase of song learning. Young birds that have multiple opportunities to assess adult singers during song learning are more likely to employ these strategies.

Indigo buntings (Passerina cyanea) provide evidence for this type of model bias: older males, which have brighter plumage, are copied more often than young males (Payne et al., 1988). Perhaps the most compelling evidence for a model-based song learning bias comes from studies of cowbirds (Molothrus ater). Cowbirds are brood parasites and often form groups of males courting a single female, allowing young males to observe and assess songs as well as behavioral outcomes for multiple adult males simultaneously. As young males do not crystallize their songs until their 2nd year, they have ample opportunity to observe that females prefer to mate with older males singing the local song type, and young males shape their songs accordingly to match those of successful older males (O'Loghlen and Rothstein, 2003). In territorial species, young males may be able to observe the dominance, mating success, and reproductive success of neighboring adult males either directly or by means of cues present in singing behavior. For example, males may sing frequently during periods when others are silent if they do not have mates (Liu, 2004); songs that overlap in time may signal aggression and dominance (Mennill et al., 2002); females' displays and calls may signal receptiveness (MacDougall-Shackleton et al., 2001); and males may sing a few times from the nest or the fledglings' location as they feed young (Wheelwright and Rising, 2008). Although we do not yet know how or whether model characteristics affect song learning in Savannah sparrows, these behaviors may potentially provide important information about adult male sparrows' status and success and allow young birds to preferentially learn songs associated with high-ranking, successful males.



Frequency-Based Learning Biases

Preferential learning of common or rare songs or song segments can also result in selection that drives cultural evolution. Conformity biases promote stability (see above), while rare-form biases result in preferential transmission of novel or unusual songs. However, cultural drift (see above) or a song development program that favors innovation may also result in variation and rapid change of song types. Nomadic North American sedge wrens (Cistothorus stellaris) take the production of novelty during song learning to an extreme: they do not copy songs. Instead, each young bird develops its song de novo within species-specific parameters (Kroodsma D. et al., 1999). Although improvisation or innovation as a song learning strategy clearly favors variation and change in this species, it is not a form of frequency-biased learning, as songs are not copied. In contrast, a rare-form learning bias occurs when young males preferentially copy songs or syllables that are currently sung by relatively few adults in their population. In the laboratory, Tchernichovski and Nottebohm (1998) found that if several young zebra finches were exposed to the same song model, the first males to crystallize their songs produced the most accurate copies of the model, increasing its prevalence in the experimental population. Late crystallizers were more likely to alter the model's song or add novel syllables. One possibility is that late crystallizers are less likely to learn an increasingly common song (Tchernichovski et al., 1999); alternatively, early crystallizers might have a developmental trajectory that favors more accurate copying for neural or physiological reasons. Another laboratory study of zebra finch song learning (Fehér et al., 2009) noted that syllables that are repeated several times in the model's song tend to be repeated fewer times in the copied song, a variation on the theme of frequency-dependent learning. Perhaps what we conceive of as a rare-form preference would be more properly termed “common-form avoidance.”

Although rare form preference in song learning has been the subject of a number of laboratory and theoretical studies, compelling examples from wild populations are relatively rare. Grant and Grant (1996) pointed out that female Geospiza fortis (Darwin's medium ground finch) tend to avoid mating with males whose songs are similar to those of the females' fathers; this pattern would favor copying of rare songs to provide males with a wider range of potential mates. Goodale and Podos (2010) proposed that such a rare form preference explained the novel songs they observed in a population of G. fortis recorded in 1961 and then in 1999. In such studies, distinguishing between the turnover that results from cultural drift and the changes that arise from a rare-form learning bias can be difficult. The result of a rare-form learning bias should be more rapid turnover of song or syllable types than would occur if cultural drift alone were operating. One possible method for distinguishing between the turnover of songs or syllables that results from cultural drift and the turnover that results from a rare-form bias might be is the observed probability that novel (and thus by definition, rare) songs or syllables increase in prevalence within a population's songs. If random processes are at work, novel syllables or songs should be equally likely to disappear or to increase in prevalence over the next few generations. On the other hand, if a frequency-based bias for learning rare syllables or songs is driving change, novel forms should increase in probability more often than would be predicted by chance. Long-term recordings from a population with variable songs or song segments, such as the note complex of white-crowned sparrow song and the middle section of Savannah sparrow song, may provide an opportunity to document possible rare-form biases.

A frequency-based learning bias need not be absolute. An interesting combination of variation and stability occurs in the yellow-rumped cacique (Cacicus cela vitellinus), which have songs that change gradually over each singing season – but the changes are synchronous within a population of singers (Trainer, 1989). Here a conformity bias appears to keep the evolving song matched within the population, but allows for incorporation of novel (rare) song elements if they are quickly adopted by all or most of the members in a group. In European nightingales (Luschinia megarhynchos), both rare- and common-form frequency-based learning biases may operate at the same time. The nightingales have large song repertoires that include both widely shared songs, perhaps due to conformist copying, and rare songs, perhaps due to a rare-form learning bias (Sprau and Mundry, 2010). The ability to produce both rare and common songs would allow an individual to match other males' songs and also to make it difficult for other males to match them. Research on western song sparrows (Melospiza melodia) points out the importance of song matching; during the late stages of song learning song sparrows retain songs that are sung by their neighbors and so can be used to match those neighbors during countersinging bouts, yielding a system that differentiates signals of intention based on whether a male (aggressively) matches the song his neighbor is singing or avoids matching that song (Beecher, 2017). Learning of both common and rare song forms would be favored in species that use song matching to signal aggression. However, a dual frequency-based learning bias adds cognitive complexity: it would require young birds to track the prevalence of all song forms, and then apply two thresholds (one defining rare songs, and another defining common songs) to determine which songs to copy.




Content-Based Selection

In contrast to learning biases, which favor the copying of variants based on the attributes of the singers (dominance, success) or of the prevalence of song variants within a population (frequency-based learning biases), content-based selection favors the learning of songs or syllables with specific acoustic characteristics (Podos, 2001). Learners may have a sensory predisposition that favors learning one song form or one type of acoustic feature. On the purely physiological/morphological level, larger individuals may be better able to produce lower frequencies, and males with smaller beaks may be able to more rapidly modulate frequencies (Westneat et al., 1993; Derryberry et al., 2018; Garciá and Tubaro, 2018). Individual differences in motor constraints arising from developmental variation in vocal organs or neural circuits controlling vocalization (as described by Nowicki et al., 2002a) also shape song learning.

Some song features may be preferentially copied not because of constraints or predispositions specific to the individual copier but because of selective advantages that those features provide to the singer. Changes in a population's song that are driven by natural selection should result in adaptation to environmental conditions, and changes that are driven by sexual selection should result in greater reproductive success due to an advantage in male-male interactions or in female choice. Evidence for selection, whether natural or sexual, may come in the form of a selective sweep, a rapid, continuous replacement of one form by another – in contrast to the slower, more erratic trajectory of changes due to cultural drift.


Natural Selection and Adaptation

Selection on learned songs should result in adaptation: over time, selection favors a song that confers an advantage to individuals who sing that song, because the signal is more effective. Changes in response to environmental noise provide the clearest examples of selection on and adaptation of a learned song. Anthropogenic noise, particularly noise in urban environments, results in auditory masking of song components, especially those including lower frequencies. An upward shift in the frequencies of songs of birds in urban areas has been documented in several species (see Slabbekoorn, 2013). One example is the dark-eyed junco (Junco hyemalis) population in the San Diego, CA area, which has higher-frequency songs than does a population in a nearby forest. This difference is due to both an upward shift in the song types that birds in the two habitats have in common, and to urban birds replacing lower-frequency songs with different higher-frequency songs (Cardoso and Atwell, 2010). Interestingly, such an upward shift in the frequencies sung by urban birds may reduce the ability of the singers to differentiate their songs in terms of some acoustic parameters, such as frequency bandwidth, that females use as the basis of mate choice. Apparently to compensate, males increase vocal performance in other acoustic characteristics, such as frequency modulation (Moseley et al., 2019). Derryberry et al. (2020) and her colleagues confirmed that anthropogenic noise drives upward frequency shifts in urban bird by measuring noise levels and song frequencies of white-crowned sparrows in San Francisco, CA during the coronavirus shutdown of 2020. Anthropogenic noise decreased, reverting to levels present in the 1950s, and birds responded by singing songs at lower amplitudes and with greater bandwidth – a very rapid adjustment to changes in selective pressures on song characteristics. Evidence for adaptation in the acoustic properties of songs after change in habitat characteristics is not restricted to urban environments. Silvereyes (Zosterops lateralis), a species found in Australia, have colonized islands in the Tasman Sea between Australia and New Zealand; sharing of syllables between populations decreased with each colonization step, and this cultural drift was well-predicted by measurements of genetic drift in recently diverged populations (Potvin and Clegg, 2015). However, the acoustic characteristics of songs sung by older populations were best predicted by habitat type and ambient noise; as time passed, selection by the acoustic environment resulted in adaptive shifts in song characteristics. The silvereye example reinforces the importance of being aware that multiple mechanisms may act simultaneously or sequentially to shape the cultural evolution of bird songs.



Sexual Selection

As is the case for genetic evolution, environmental characteristics are not the only selective mechanism influencing the cultural evolution of learned songs. The outcome of bird song learning may be influenced, mediated, or driven by both the intersexual and intrasexual components of sexual selection (in species that are the focus of this review, where males are the primary or only singers, sexual selection takes the form of male-male interactions and mate choice by females). Song learning can be shaped by both modes of sexual selection. In some cases, the two modes are linked, but in others, they may act in opposition and so stabilize song features at an equilibrium or drive different song features in different directions. Although many papers cover the potential role of sexual selection in the evolution of song learning (e.g., Nowicki and Searcy, 2014), relatively few directly address the question of how sexual selection shapes cultural evolution. Those that do generally use one of two methods: (a) correlations between song features and reproductive success, and (b) playback studies that test birds' responses to specific song features. Both of these methods are useful. However, they provide a measure at a specific time point, and both the landscape of song that sexual selection acts upon and the preferences that result in sexual selection evolve.

Many aspects of song performance appear to be important in male-male interactions (Byers J. et al., 2010), and responses to playback stimuli have helped to define the roles of particular song segments or acoustic characteristics in conflicts between males. Specific acoustic features such as faster trill rates and greater frequency bandwidth are more effective at deterring approach by other male banded wrens (Thryothorus pleurostictus; Illes et al., 2006; de Kort et al., 2009). Alternatively, matching the songs of neighbors allows western song sparrows to signal varying degrees of aggression (Akçay et al., 2013). Such song sharing appears to benefit both an older male that serves as a song model and a younger male neighbor that copies the song (Beecher et al., 2020). Local versions of the Savannah sparrow buzz song segment, which is stable and population-specific, elicit the strongest aggressive responses from males (Williams et al., 2019; Figure 2E). Similarly, white-crowned sparrow males also respond more aggressively to local trills – again, a stable and population-specific portion of the song (Nelson and Soha, 2004b). In contrast, the note complexes of white-crowned sparrow song vary across individuals, and males respond more aggressively to strangers' note complexes than to those of neighbors (Nelson and Poesel, 2007), suggesting that the variable middle segment of Savannah sparrow songs might also be important for individual recognition. Sexual selection driven by male-male interactions may thus favor (a) acoustic characteristics that play a role in deterring intrusion by other males, (b) the learning of shared songs that can be used to negotiate aggressive interactions, (c) stability of song elements that denote population identity, and (d) variable song elements that allow for individual identification. Male-male interactions could thus favor a variety of mechanisms that promote stability, random change, or directional change within a population's song.

The second component of sexual selection, female choice, is also likely to play an important role in the social learning of song and consequently in the cultural evolution of song. In the laboratory, female canaries are especially responsive to song phrases that include short silent intervals and sharp frequency drops (Kreutzer and Vallet, 1990), although songs of male canaries include other phrase types as well. Also in laboratory studies, female responses to young males' plastic songs guides vocal development in cowbirds (West and King, 1988) and zebra finches (Carouso-Peck and Goldstein, 2019). Depending upon the species and the behavior measured, wild females prefer the local song (e.g., cowbirds, O'Loghlen et al., 2011) or do not differentiate between local and foreign songs (e.g., white-crowned sparrows, Nelson and Soha, 2004a). In a number of studies, both in the laboratory and in the field, males singing in a courtship context use specific songs or song structures that differ from those used when singing alone or to other males (e.g., zebra finches, Sossinka and Böhner, 1980 and Sakata et al., 2008; chestnut-sided warblers, Kroodsma et al., 1989; house finches, Ciaburri and Williams, 2019), suggesting that such songs or song segments are subject to female choice and so evolve based on females' preferences.

Among the acoustic characteristics that correlate to measures of success are the trills of male Savannah sparrows in Ontario: males that sang double rather than single trills arrived on territories earlier in the breeding season and fathered more fledglings (Sung and Handford, 2020). If the prevalence of songs with double trill endings increases in this population, sexual selection would be implicated. In the Kent Island population of the same species, males that sang click trains (see Figure 1) as part of their introductory segment in 2003–4 produced more fledglings, and the prevalence of click trains subsequently increased (Williams et al., 2013). For this case the next step in the logic of demonstrating sexual selection has been satisfied, but we do not know whether the advantage to click trains lies in sexual selection based on male-male interactions or on female choice; only playback experiments performed in the early 2000s could answer that question. Female Savannah sparrows return to breeding areas later than males in the spring (Wheelwright and Rising, 2008), but most 1st-year males will have crystallized their songs before females arrive (older males do not change their songs) so female responses are unlikely to affect the attrition phase of song learning in this population. However, a young male can observe females' responses to adult males' songs during the previous summer and such observations may guide the early stages of song learning. In species that do not migrate, females may affect all phases of song learning.

The differences in male and female responses to acoustic and structural song features implies that the effects of sexual selection on song learning vary and are likely to be specific to particular songs or song segments that pertain to the social context. Where the same song is important both for female mate choice and in contexts that involve male-male interactions (such as territorial advertisement), it can be hard to define the effects of sexual selection on song transmission. Developing experimental designs that tease apart the valence and strength of male and female responses to specific songs, song segments, and syllables will be important for understanding the effects of sexual selection on song learning and the implications for cultural evolution.



What Is Under Selection: The Singer or Song?

Studies of cultural evolution may find it difficult to disentangle the acoustic characteristics of the song from the physical and social characteristics of the singer. For example, consider the chickadee's gargle call, a complex learned vocalization that is distinct from the fee-bee song. The gargle is used during aggressive interactions, and changes over time (Baker and Gammon, 2008). Cultural drift would seem to be an important factor in the turnover of gargle calls within a population, as calls that are restricted to the repertoire of only one male are the most likely to be lost in the next generation. Acoustic characteristics also play a role, with shorter, lower-pitched calls more likely to be lost. Demonstrator bias may also be a factor, as gargle calls are often used by birds interacting in winter flocks, when body condition and dominance status are readily apparent; calls that persist from year to year are more likely to be in the repertoires of older birds in good condition. Are gargle calls that persist in the population copied because their acoustic parameters are under selection for improved function? Because they are more common and less subject to loss via cultural drift? Because males of higher social status are preferentially copied? Because females prefer longer, higher-pitched calls? As long-range communication signals, the acoustic characteristics of a song, as well as its prevalence within the population, have a perceptual existence separate from the singer. However, at short range the song is perceptually linked to the singer.

Disentangling the many influences on the social learning of songbirds' vocalizations will require carefully designed experiments and analyses. Other factors beyond those considered in the analysis of chickadee gargle calls further complicate the picture. Sensory biases, such as those described in the auditory forebrain of swamp sparrows (Prather et al., 2012) may favor song characteristics that do not denote male quality and do not confer a selective advantage to the singer, and so influence cultural evolution based solely on the acoustic characteristics of the song (as is also the case for environmental effects on signal transmission; see above). Environmental factors, such as the feeding regimes experienced by young birds, may affect song development and so make the quality of song a potentially unreliable predictor of male quality (Nowicki et al., 2002a), yet females may still prefer more accurately learned songs (Nowicki et al., 2002b). Female choice can also be based on male characteristics other than song or in addition to song. For example, a zebra finch male's beak coloration appears to be more important than his song from a female's perspective (Simons and Verhulst, 2011), and compatibility of personality traits is important for both female choice (Schuett et al., 2011a) and the ensuing reproductive success of a pair (Schuett et al., 2011b). A zebra finch male might then transmit his song to his own and to other offspring through demonstrator bias, and if young females associate that song with a successful male, the song's success would be secondary to the singer's beak coloration and behavioral traits. Only a more complete understanding of the relationship between the singer's and the song's characteristics, and how those characteristics affect song transmission, can fully resolve the question of whether a signal that functions in mate attraction is under selection – or whether other aspects of the singer result in his success, and only secondarily in the success of the song he sings.



Selective Sweeps and Directional Selection

One signature of a trait that is under positive or directional selection is a selective sweep, a rapid and continuous increase in the frequency of a trait within the population from a very low level immediately after introduction of the trait to fixation (present in all or nearly all of the population). In studies of human cultural evolution, selective sweeps are often described as “S-shaped curves” or, in the case of successive selective sweeps, “battleship curves,” and these characteristic trajectories of change in prevalence are also seen in the replacement of some learned song features in wild populations of songbirds. In North America, the white-throated sparrow (Zonotrichia albicollis) has a distinctive whistled song often described with the mnemonic “Old Sam Peabody Peabody Peabody”: two or three initial notes with variable frequency followed by a series of triplet notes at the same frequency. However, a variant with doublets instead of triplets (perhaps calling for a revised mnemonic of “Old Sam Peady Peady Peady”) arose in the northern Rocky Mountains sometime between 1960 and 2000 (Zimmerman et al., 2016). The doublet form has spread rapidly eastward since 2000, is now sung over most of North America, and appears to be continuing its eastward spread into areas where triplets are still sung (Otter et al., 2020). The question of why the doublet is preferred to the triplet form during song learning is currently open, and could be addressed by studies that play both forms to males and females of populations with different proportions of the triplet form. The timing of such a study is crucial. Results may be very difficult to interpret if the population has only experienced one song variant in its natural environment – but selective sweeps may not be well-documented until after they are complete. The ongoing replacement of triplet songs by doublet songs in white-throated sparrows makes this system particularly interesting.

The white-throated sparrow doublet song changes were observed as a geographical phenomenon by recording birds at different locations, but selective sweeps can also be observed in long-term studies of a single population. The introductory portion of the Savannah sparrow song is dominated by an accelerating series of loud, high-pitched, descending “introductory notes” that are consistent across populations (Wheelwright and Rising, 2008; Wheelwright et al., 2008). In the intervals between those notes, particularly in the final intervals before the transition to the next song segment, birds sing low-intensity “interstitial notes” that are usually consistent within a population (Williams et al., 2013). In recordings from the early 1980s, the dominant form of these interstitial notes in the Kent Island Savannah sparrow population was a three-part sequence consisting of (a) a brief series of similar, short notes; (b) a high-frequency (>9 kHz) tonal note; and (c) another brief series of short notes or a short trill (Figure 4A). As all the elements of this sequence have dominant frequencies above 7 kHz, this complex of interstitial notes is called the “high note cluster.” Another form of interstitial notes, the “click train,” consists of a sequence of 2–4 very short (3 ms) clicks and was first recorded in the late 1980s. In the 1990s, many birds sang both click trains and high note clusters in successive intervals between introductory notes. The prevalence of high note clusters steadily decreased and by 2010 click trains had altogether replaced high note clusters (Figure 4B). The higher reproductive success of males singing click trains in 2003–4 may have driven the sweep that resulted in the shift to click trains. However, we do not know the basis of this selective advantage – whether it had to do, for example, with signal efficacy, or was correlated to male dominance, or was favored by female sensory predispositions. Unfortunately, the fixation of click trains as an interstitial note trait makes it impossible to do meaningful playback experiments that compare responses of click trains to high note clusters (which would be a novel trait for the current population). Nonetheless, the rapid and continuous S-shaped trajectory of high note cluster replacement by click trains suggests that a selective sweep took place.


[image: Figure 4]
FIGURE 4. Cultural selection: the interstitial notes of Savannah sparrow song. (A) Examples of introductory segments. In 2004, birds sang interstitial note sequences consisting of either high note clusters (top), click trains (bottom), or both types in succession (middle). In 2012 high note clusters were no longer present, and the number of clicks within an interval between introductory notes had increased. (B) The trajectory of high note cluster replacement by click trains, first sung in tandem and then as click trains alone. The curves are fitted splines. (C) Average number of clicks per interval between introductory notes for songs that included click trains (error bars represent the SEM). (D) Schematic representation of the effect of directional selection in genetic and cultural transmission. The population mean increases by the same amount for each type of selection. Horizontal double-headed arrows represent the corresponding original (black) and new (white) standard deviations (After Williams et al., 2013).


Click trains, although consisting of only one note type, vary in the number of clicks that are uttered in each interval between introductory notes. Between 1993 and 1995, the mean number of clicks per interval was 2.8; the number of clicks later increased, averaging 4.2 between 2010 and 2012 (Williams et al., 2013; Figure 4C). The trajectory of this increase suggests that directional selection is responsible. Further, the rapid expansion beyond the initial range of clicks points out an important difference between genetic and cultural evolution. In genetic evolution, selection for larger values of a trait decreases variation because, after selection, only individuals with larger values within the initial range are present. In contrast, individuals that acquire a trait through social learning may improvise on what they have learned and so go beyond the values present in the previous generation. The shift in the mean value of the cultural trait is thus due in part to an increase in the maximal values for the trait, and the trait's range expands rather than shrinking (Figure 4D). In the case of click trains, young birds that copied singers of 2–4 clicks could (and did) add additional clicks during song development, and the coefficient of variation for the number of clicks in the population increased at the same time as the mean increased. An increase of variation that coincides with a systematic shift in the mean value of a trait may prove to be a signature of directional cultural selection.






EXPERIMENTAL STUDIES OF CULTURAL EVOLUTION IN THE WILD

In addition to the methods traditionally used to study cultural evolution in populations of wild song birds (recordings from different geographical areas, recordings of a single population over time, sophisticated methods of acoustic analysis, mathematical modeling, and playback studies), experimental “seeding” promises to provide valuable insights. In seeding studies, a naïve individual is taught a novel behavioral variant, and the transmission of the seeded behavioral variant is tracked. This method has figured prominently in field studies of the cultural transmission of foraging techniques in songbirds (Aplin et al., 2015) and primates (Van De Waal et al., 2013), as well as in studies of song transmission in the laboratory (Williams et al., 1993; Fehér et al., 2009; Diez and MacDougall-Shackleton, 2020). Although immigration by individuals singing different songs can provide a natural seeding experiment, variables such as the timing and number of immigrants and the acoustic characteristics of the song that is introduced are not controlled. In the seeding experiment that was initiated in the wild Kent Island Savannah sparrow population in 2014, a distinct set of foreign songs was presented through an array of loudspeakers on the study site during each song learning cycle (Mennill et al., 2018). Some of the seeded songs have been transmitted across generations, as young hatched in following years learned them from live birds that had copied the songs played during earlier learning cycles (Figure 5). Interestingly, one feature of song performance that might provide salience for a model, simultaneous singing vs. solo singing, did not affect learning, suggesting that simple acoustic signatures of social interactions may not affect model salience (Mennill et al., 2019). The study continues, and promises to provide leverage for addressing questions about how the acoustic characteristics of the song and the characteristics of the singer affect transmission of that song, as well as insights into the possible differences in transmission mechanisms for stable and variable song segments.


[image: Figure 5]
FIGURE 5. Transmission of seeded songs in a wild population of Savannah sparrows. Songs including characteristics not recorded in the previous 35 years on Kent Island (colored bars below notes on sonograms) were presented through an array of speakers across several hectares of Savannah sparrow habitat in the summer and subsequent early spring. Different songs were used each learning cycle, so birds that were older than the first-generation learners could not have learned the songs from speakers. The patterns of transmission of the novel seeded songs can be followed (After Mennill et al., 2018).




CONCLUSIONS AND AREAS FOR FURTHER STUDY

The study of social learning of bird song has a long history of cross-pollination of field and laboratory studies. Peter Marler's observations of song learning and song dialects first gave rise to the idea that local song traditions arise from cultural evolution. Comparisons of songs of recently introduced populations (especially on islands) to source populations further suggested that song traditions change in ways that are analogous to genetic evolution. Extensive recordings from single populations across decades have allowed direct observation of changes that describe how song cultures evolve and provide evidence for a diversity of outcomes and mechanisms.

Different songs and different segments of a single song may evolve independently, with some remaining stable over decades and others changing rapidly. Conformist learning biases explain stability in some songs, such as the syllable types of the swamp sparrow, but are not entirely consistent with others, such as the buzz segment of Savannah sparrow song. Nightingales' song repertoires may be shaped by both common- and rare-form frequency-based learning biases.

Recently established populations may either have more diverse or more depauperate songs than ancestral populations. Population bottlenecks reduce diversity in newly colonized areas via cultural drift. On the other hand, in small populations, adult songs may retain some of the variety that is normally eliminated from juvenile songs through attrition-based conformity. Increased variation coupled with the relaxation of innately specified learning biases that is necessary to maintain a larger effective population size may also perpetuate the increase in the variety of syllables and songs.

Cultural selection may take several forms. Environmental (natural) selection, in the form of habitat that filters or ambient noise that masks acoustic characteristics, results in adaptive shifts in song characteristics. Directional selection results in a shift in the mean value of a song trait, and, since learning allows for change beyond a previous range of a trait, a signature of directional selection in cultural evolution may be an increase in the variation of the trait under selection. Learned song is important for male-male interactions and for mate attraction, so cultural sexual selection, in the form of preferential learning of song features that confer advantages in male-male interactions or in female mate choice is likely to play an important role. All of these learning biases and modes of selection may operate simultaneously to affect a song or song segment (perhaps leading to tradeoffs in acoustic characteristics), or may operate independently on different song features (particularly in the case of the two modes of sexual selection).

The basis for the success of a learned song trait is not always clear. Some males may be particularly attractive to females because of traits unrelated to their vocalizations, and young males that copy a dominant or successful male's song increase the song's cultural “success” even though the song itself has not being chosen. The importance of the relative roles of the singer and the song in the process of song transmission is a knotty problem and one that may have different answers for different species and different songs or song segments.

Dramatic changes in song cultures, resulting in selective sweeps where one song trait is replaced by another over a relatively short period, have been observed in wild populations. Ongoing selection events provide an important but time-constrained window for learning more about the factors that drive the adoption of a new trait at the expense of a previous form.

Learning biases are usually framed as simple gradients, favoring the copying of a more common song, or of the song of a more successful model. We need to consider the possibility that biases may be more cognitively complex. Young birds may first evaluate the relative variability of different parts of a song and then apply different learning mechanisms: a conformist bias where the song is consistent within the local population or social network, cultural drift or a rare-form bias in highly variable songs or segments, and demonstrator biases for song features that are characteristic of dominant males. Conformist biases may not apply when a song trait varies over a wide range along a continuum, coming into play only when the same range is separated into categories. Well-designed studies will be necessary to establish whether wild songbirds define song categories based on distributions of acoustic features in the song population and whether such categories can be the basis of conditional learning rules.

Integration of laboratory and field studies has long been a valuable aspect of songbird learning studies. Field observations give rise to hypotheses that are tested in laboratory investigations, which in turn contribute to the design of field playback studies. Carefully designed playback stimuli are especially important and such studies must also be timely if they are to illuminate the mechanisms of ongoing cultural evolution. Long-term field studies tracking demography, social networks, reproductive success, and status – as well as song transmission – will also be critical for understanding the relative roles of different learning biases. Large-scale field experiments, such as the seeding of novel variant forms in a population, will provide an additional tool for understanding the roles of different mechanisms in song transmission and the cultural evolution of song in wild populations.
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FOOTNOTES

1This review focuses upon the songs of migratory species that breed in the temperate zones of the Northern Hemisphere. In most of these species, males sing and females do not (this statement is also true of zebra finches, which in the wild are neither migratory nor inhabitants of the Northern Hemisphere). However, females of many species do sing, and song learning in both sexes is probably the ancestral form of this behavioral trait (Odom et al., 2014).
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Social learning of vocalizations is integral to song inheritance in oscine passerines. However, other factors, such as genetic inheritance and the developmental environment, can also influence song phenotype. The relative contributions of these factors can have a strong influence on song evolution and may affect important evolutionary processes such as speciation. However, relative contributions are well-described only for a few species and are likely to vary with taxonomy. Using archived song data, we examined patterns of song inheritance in a domestic population of Java sparrows (Lonchura oryzivora), some of which had been cross-fostered. Six-hundred and seventy-six songs from 73 birds were segmented and classified into notes and note subtypes (N = 22,972), for which a range of acoustic features were measured. Overall, we found strong evidence for cultural inheritance of song structure and of the acoustic characteristics of notes; sons’ song syntax and note composition were similar to that of their social fathers and were not influenced by genetic relatedness. For vocal consistency of note subtypes, a measure of vocal performance, there was no apparent evidence of social or genetic inheritance, but both age and developmental environment influenced consistency. These findings suggest that high learning fidelity of song material, i.e., song structure and note characteristics, could allow novel variants to be preserved and accumulate over generations, with implications for evolution and conservation. However, differences in vocal performance do not show strong links to cultural inheritance, instead potentially serving as condition dependent signals.
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INTRODUCTION

Social learning is an essential component of normal song development for oscine passerines (Beecher and Brenowitz, 2005). In many species, birds that are not exposed to tutor song during the sensitive phases of song ontogeny develop atypical vocalizations, exhibiting unusual note structures, decreased stereotypies, abnormal song length, and other temporal abnormalities (Price, 1979; Marler and Sherman, 1985; Chaiken et al., 1993; Feher et al., 2009; Kagawa et al., 2014). Similarly, birds that are tutored by heterospecifics may incorporate song features of the tutor species in their vocalization, rather than solely producing species-typical songs (Johannessen et al., 2006; Eriksen et al., 2009; Mann et al., 2020). In this way, cultural inheritance of vocal behavior can lead to vocalizations that are shaped by a bird’s social environment (e.g., Greig et al., 2013).

However, a number of other factors also influence song development in juvenile birds. Genetic factors can guide song learning and development. For example, in canaries (Serinus canaria), genetic differences show complex interactions with learning and song production, influencing the proportion of low- and high-pitched syllables (Wright et al., 2004; Mundinger, 2010; Mundinger and Lahti, 2014). Genetic factors can also interact with the environment. In Bengalese finches, juveniles produced more accurate imitations of an experimental tutor’s song if songs were played back at a tempo that was similar to their genetic father’s song (Mets and Brainard, 2018, 2019), and the influence of genetic background and environment differed between passively and socially tutored birds (Mets and Brainard, 2018). Other heritable traits, e.g., morphology and neural anatomy, can influence song production. Morphological characteristics, such as body size (Kirschel et al., 2009; Kagawa and Soma, 2013; Derryberry et al., 2018; García and Tubaro, 2018), beak morphology (Podos et al., 2004; Kirschel et al., 2009; Derryberry et al., 2018; García and Tubaro, 2018), and syrinx morphology (Elemans et al., 2015; Christensen et al., 2017), are often correlated with song characteristics. The developmental environment, mediated by social interactions and resource availability, also plays a key role in song development. As song production may incur neural costs during development (Gil and Gahr, 2002), early developmental stress, such as sibling competition (Soma et al., 2006) or nutritional stress (Nowicki et al., 1998), may influence adult songs. Social interactions may guide song production through fraternal inhibition (Tchernichovski and Nottebohm, 1998) and social reinforcement from parents (Carouso-Peck et al., 2020). Finally, both laying order and maternal androgens may contribute to song development (Soma et al., 2009).

Bird song is thought to advertise the relative quality of the singer and to that effect plays an important role in sexual selection (Gil and Gahr, 2002). Songs are multi-faceted signals with learned and unlearned features. Consequently, different aspects of song can reveal different information about the singer’s quality. The aspects of quality these traits convey depend partly on their pattern of inheritance. Learned or environmentally influenced traits may reveal information about developmental environment or learning ability (Nowicki et al., 2002a,b; Boogert et al., 2008; Zann and Cash, 2008), whereas genetically inherited traits may signal “good” genes, which will be inherited regardless of tutor (Hasselquist et al., 1996; Forstmeier et al., 2009). Both types of traits may also inform potential mates of direct benefits, such as adaption to the local environment (Podos and Warren, 2007; Snowberg and Benkman, 2007; Badyaev et al., 2008; Branch and Pravosudov, 2015) or ability to provision offspring (Buchanan and Catchpole, 2000; Halupka and Borowiec, 2006; Bartsch et al., 2015). Of the various song features, significant attention has been paid to three categories: song structure, acoustic characteristics of notes, and song performance measures, which demonstrate complex inheritance patterns and provide a wide range of information about singer’s quality (Table 1).



TABLE 1. Inheritance patterns of common song features.
[image: Table1]

Although song inheritance patterns are well-understood for a handful of model species, whether these patterns replicate more broadly across species, and particularly in rapidly diverging lineages and species of conservation concern, is not known. We studied patterns of song inheritance in the Java sparrow (Lonchura oryzivora), an estrildid that is endangered in its native range but common in captivity and invasive in some locations (BirdLife International, 2018). We examined an existing song library (Kagawa and Soma, 2013; Ota and Soma, 2014; unpublished data) with songs from multiple generations of father-son pairs for which the genetic pedigree was known. Some birds in our dataset were reared by their genetic fathers, and others were cross-fostered by social fathers with songs that were also included in the dataset. We mined our data for patterns of social learning, genetic heritability, and environmental effects on the development of song structure, note spectral and temporal characteristics, and vocal performance measures, and we quantified evidence for the patterns that we found. Based on previous findings in this and other species, we expect that (1) song structure will be socially inherited, (2) spectral and temporal characteristics of notes will be socially learned but may also have some non-learned components, and (3) vocal performance, measured as vocal consistency, will be genetically inherited.



MATERIALS AND METHODS


Study Population and Recordings

The Java sparrow is an estrildid finch native to South East Asia, and is commonly kept in captivity (Restall, 1996). Males learn to sing a single song type, typically containing 2–8 note types, during a critical period in the nest, with song learning estimated to end at around 150–180 days (Ota and Soma, 2014). As in other estrildids, songs are only used as part of courtship displays (Kagawa and Soma, 2013), which in Java sparrows, also include duet dancing (Soma and Iwama, 2017). Song learning requires social interactions and, as such, juveniles in laboratory settings are most likely to learn from their social fathers if they do not interact with other adult males (Soma, 2011). Inspection of spectrograms suggests that sons produce copies of their fathers’ songs (Soma, 2011), but the relative contributions of cultural and genetic inheritance, and the rearing environment have not been assessed.

We examined song inheritance in a laboratory population of Java sparrows (Hokkaido Univ.) with a known genetic pedigree (Figure 1A) and known social relationships between males (Figure 1B). Founding individuals were obtained from a range of pet shops and breeders. When breeding, each pair was kept in a separate breeding cage. Nests were inspected regularly, and eggs were cross-fostered when multiple nests with eggs were available. During rearing, each cage was visually, but not audibly, isolated and juveniles remained in the cage with their social parents until they were ~180 days old. This ensures that song learning is from the social father only (Soma, 2011).

[image: Figure 1]

FIGURE 1. Genetic (A) and social (B) pedigrees of Java sparrows included in this study. Squares indicate males and circles indicate females. Numbers indicate bird identity. Filled (open) squares indicate that songs for that male were (were not) available for study. Gray squares in the social pedigree indicate individuals that were cross-fostered. Dotted lines in (A) connect the same individual where it appears multiple times in the pedigree. In the social pedigree (B), the identities of social mothers are not known. Separate clutches in (B) are represented as having different social mothers in the pedigree.


Recordings were selected from archival data collected between 2011 and 2020. All recordings were made with 44.1 kHz sampling rate and 16-bit resolution and saved as WAV files. Recordings consist of individual birds singing alone in a soundproof chamber. Recordings were taken using digital sound recorders with built-in microphones, which were placed ~20 cm from the bird’s cage. Several different recorders were used for the archival data collection (Marantz PMD 661, Zoom Q3HD, TASCAM DR-100 MKIII).



Song Selection

Our dataset included 58 father-son pairs for which the songs of both the son and the social father had been recorded. Of these, 28 sons were raised by their genetic fathers and 30 were raised by social fathers that were not their genetic fathers (see Figure 2 for example songs). Archive data also included a small number of birds that had the opportunity to learn from multiple tutors. These birds were not included as “sons” in the dataset, as we could not ensure that their song learning was confined to the social father. However, birds with multiple tutors exhibited normal adult song and were included in the dataset as fathers if they raised or fathered sons. Altogether, the dataset included 73 birds for which songs had been recorded: the 58 sons identified above and 15 additional birds that had raised (social father) or fathered (genetic father) sons but for which the father’s song was not available. Thirty-one birds entered the dataset as both fathers and sons.

[image: Figure 2]

FIGURE 2. Example of a spectrogram comparison of a son’s song compared to that of his social and genetic father. Letters above the spectrogram represent note types. Spectrograms were produced using SEEWAVE package (Sueur et al., 2008; window length = 512, overlap = 50%). The son produces 100% of the note types in the social father’s song (C, N, and M), including one that is not sung by the genetic father (N). However, one note type produced by the genetic father is not included in the son’s song (S). Transitions between note types in the son’s song are more similar to those in the social, rather than genetic, father’s song, with 86% of social father’s transitions represented, compared to only 29% of genetic father’s transitions. Where note types are present in all three individuals, visual inspection suggests that the acoustic characteristics of notes produced by the son more closely resemble those of the social father (particularly apparent for note type M).


For each bird, we studied songs recorded within a single week. This is important because song features change with age in some species, including other estrildid finches (e.g., Kao and Brainard, 2006; Ballentine, 2009; de Kort et al., 2009; James and Sakata, 2014, 2015, 2019). If a bird was recorded at multiple time points, then recordings from “middle” age (~2–5 years) were preferentially chosen. If multiple recording dates were available within this time frame, then one time point was chosen at random. If at least eight suitable songs were available from the chosen time point, songs from this time point were used in analyses. If a time point with eight or more songs could not be found when a bird was 2–5 years old, then we first chose recordings where the bird was older than 2–5 years, and only chose recordings from 1 to 2 years when older recordings were not available. Recordings in which the bird was over 1 year old were preferred, even if more full songs were available when the bird was younger, since some changes in singing behavior are apparent between song crystallization and 1 year of age (Ota and Soma, 2014). Across all birds, where more than 10 full songs were available from a single time point, 10 songs were randomly selected. If fewer than 10 songs were identified in every time point for a particular bird, all songs from one time point were used. Overall, this resulted in a total of 676 songs from 73 individuals (average of 9.3 songs per individual, range 3–10, only three individuals with <5 songs). The age of birds at recording ranged from 0.41 to 8.83 years, with an average of 3.2 years, and with seven birds recorded at <1 year of age (sons: mean age = 3.1 years, range = 0.41–8.85 years; fathers mean age = 2.58 year., range = 0.41–6.02 years).



Note Classification and Measurement of Acoustic Characteristics


Segmenting Songs Into Notes

Songs were manually segmented into individual notes using the sound analysis software Koe (Fukuzawa et al., 2020; window length = 512, window overlap = 50%, time-axis zoom = 400%, contrast 100%). Mechanical sounds like bill clicks (Soma and Mori, 2015) were excluded from our analyses, and we focused on the production and inheritance of vocal sounds (i.e., notes). A song was defined as a series of notes with inter-note-intervals (gap between notes) of <1 s (Kagawa and Soma, 2013). Manual note selection can introduce measurement error (Zollinger et al., 2012), particularly if recording methods are not consistent. However, the recordings used in this study were taken in controlled conditions with minimal background noise, so the beginnings and ends of individual notes could be easily identified.



Manual Note Classification

Notes were classified based on a suite of characteristics (e.g., presence of harmonics, frequency modulation, length, and presence of non-linear phenomena), resulting in 16 note types (Figure 3). In total 22,972 notes were segmented and classified (as in Figure 3). A second observer who was naïve to Java sparrow song reclassified a random subset of songs (two songs per individual, 146 songs total, 4,915 notes) to determine the repeatability of manually assigned note types. The second observer was provided with a definition of each note type and eight example notes of each type shown at 100 and 400% time axis zoom. Inter-observer repeatability was high, with agreement of 97.5%.

[image: Figure 3]

FIGURE 3. Categories used for note type classification. Note type categories were defined based on frequency modulation, harmonic structure, length, and presence of non-linear phenomena. Notes are labeled to indicate the individual that produced them. Notes produced by different individuals are automatically classed as different subtypes, as subtypes were not aligned between individuals. Where multiple examples from a single individual are shown the subtype is indicated in brackets.




Computational Note Classification

The notes belonging to a manually assigned note type and produced by an individual bird may not be monomorphic. Rather, note types may be partitionable into subtypes with distinct acoustic characteristics (Figure 4). These subtypes are broadly comparable with “syllables” in studies of other bird species (Catchpole and Slater, 2008). It is not clear whether note types or subtypes are more biologically relevant, so we studied both in our analyses. We classified notes into subtypes by Gaussian mixture modeling using the R package mclust (Scrucca et al., 2016). We based our classification on a subset of three characteristics – duration, mean dominant frequency, and dominant frequency change. We chose these characteristics because they can be reliably measured even for very short notes (i.e., <70 ms), and we needed to classify all notes in the dataset to analyze song structure. For each set of notes belonging to a particular note type and produced by an individual bird, we fit Gaussian mixture models with up to nine clusters, and chose the optimal number of clusters to minimize the Bayesian Information Criterion of the fitted model. We assigned each note to the cluster to which it was most likely to belong, and we called these clusters “subtypes.” If a bird produced a note type fewer than five times, we assumed that all notes of that type produced by that bird belonged to a single subtype. We did not attempt to equate subtypes produced by different birds. Subtypes produced by different birds may be overlapping, partly overlapping, or may not overlap at all (Figure 4), and, therefore, equating subtypes produced by different birds is not straightforward. Therefore, direct comparisons between note subtypes produced by different birds, e.g., to assess the cultural inheritance of acoustic characteristics at the level of note subtypes, were not possible.
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FIGURE 4. Subtypes observed within a single note type for three representative Java sparrow males from this study. Ellipses show the 80% inclusion space for each cluster. Subtypes are labeled within birds and example spectrograms of each subtype for each bird are included. Subtypes produced by different birds may be distinct or partly overlapping. Thus, it is not clear whether clusters represent different notes, or the same note sung differently. For ease of representation, we show only two note features (mean dominant frequency and frequency change), but patterns are similar for other combinations of features.




Measurement of Spectral and Temporal Characteristics

To measure the acoustic (i.e., spectral and temporal) characteristics of notes, recordings were first high-pass filtered using a FIR filter at 375 Hz to remove low frequency background noise. For each note, we used the specan function (frequency range 0.4–22.05 kHz, window length = 512, overlap = 50%, amplitude threshold = 2%) in the warbleR package (Araya-Salas and Smith-Vidaurre, 2017) in R (version 3.6.3; R Core Team, 2020) to measure acoustic characteristics. Specifically, we measured (i) the mean dominant frequency of the selection, (ii) the dominant frequency change, (iii) the maximum dominant frequency in the selection, (iv) the modulation index, (v) the peak frequency within the selection (based on the mean frequency spectrum), (vi) the note duration, (vii) the time median, and (viii) the time interquartile range (IQR) [Figure 5; see Araya-Salas and Smith-Vidaurre (2017) for further information]. We log transformed the note duration and the spectral characteristics (i.e., mean dominant frequency, maximum dominant frequency, and peak frequency) to homogenize variance. We double log transformed the modulation index, and then set values with no modulation to the smallest detectable modulation in the dataset (i.e., Winsorizing; Tukey, 1962). Double log transformation makes units difficult to interpret. However, because our goal is to regress the acoustic characteristics of sons’ notes on the same acoustic characteristics in the notes of their social fathers, the regression coefficients in our analyses are unitless. We normalized the time median and the time IQR by dividing them by the duration of the notes in which they were measured to obtain values between zero and one. This ensures that the measurement of the energy distribution over time is independent of the note duration.
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FIGURE 5. Definitions of acoustic characteristics measured for each note. Panels A and B support definitions presented in the table.





Data Analysis


Song Structure Analysis

We studied the inheritance of song structure computed at the levels of (i) note types and (ii) note subtypes. We represented each song as a series of note (sub)types, and computed the number of notes, the number of note (sub)types (i.e., repertoire size), the Shannon index, the sequence linearity (Scharff and Nottebohm, 1991), and the first and second-order differential entropies (Schmitt and Herzel, 1997) at each level. One note type was not reliably classified into subtypes by our Gaussian mixture models, and we assigned all instances of this note type to a single subtype for analyses. For each bird, we took the mean of each song structure measure across all songs in the dataset to obtain a single phenotype per bird and per measure. We regressed the sons’ phenotypes on the phenotypes of the social fathers. A significant positive regression coefficient indicates that the phenotype is culturally inherited. In particular, coefficients close to one indicate little regression to the population mean, so the characteristics of a song lineage are likely to persist for many generations, and regression coefficients close to zero indicate that the characteristics of a song lineage rapidly decay toward the population mean. To test for genetic heritability, we included a random effect of relatedness in the regression, where the relatedness matrix was computed from the known pedigree of birds in the dataset. Including the full relatedness matrix rather than just the genetic father in our analysis allows us to take advantage of information about more distantly related individuals, and increases our ability to detect genetic effects. This is particularly important because some birds were raised socially by their genetic fathers, which makes it difficult to disentangle social learning from genetic inheritance without considering similarities among more distant relatives. A significant effect of relatedness would indicate that, even when controlling for potential learning from the social father, birds’ song phenotypes were more similar to those of related than those of unrelated individuals. We included a random effect of the clutch ID to account for similarities among nestmates that are not due to learning from the social father. This could be due to factors including, but not limited to, common rearing conditions, differences in the quality of parental care, the sizes of broods, and the identity of social mothers [whose song preference and social feedback may influence the song learning and production of her sons (Carouso-Peck and Goldstein, 2019; Carouso-Peck et al., 2020)]. Because Java sparrow songs can change with age following crystallization (Ota and Soma, 2014), we included a fixed effect of log-transformed age in the model. We removed the effect of age from the model if it not at least marginally significant (i.e., p > 0.1). In this and subsequent analyses, we log-transformed the song phenotypes and refit the models if necessary to homogenize variance in the residuals. We fit models using the lmekin function in the R package coxme (Therneau, 2018), and we tested the significance of random effects using likelihood ratio tests. Likelihood ratio tests of random effects are known to be conservative (Pinheiro and Bates, 2000).



Analysis of Acoustic Characteristics

Next, we asked whether the acoustic characteristics of sons’ notes were similar to those of their social fathers when they produced the same note types. We computed the mean value for each characteristic of each note type as produced by each bird. If a bird did not produce a particular note type at least five times, then we excluded that note type from the analysis for that bird. Thus, if an individual bird produced four different note types at least five times each, then we computed four means for that bird. The variances of acoustic characteristic values for the note types in our dataset differed by up to three orders of magnitude. We z-scored acoustic characteristic values within note types to homogenize variance, as homogeneity of variance is a fundamental assumption of our regression models. Finally, for each acoustic feature, we regressed the sons’ mean for each note type on the social fathers’ mean for the same note type. If a social father produced notes of a particular type but his son did not, or vice versa, then that note type did not appear in the analysis for that social father-son pair. A significant positive relationship between the social fathers’ mean acoustic characteristic value and the sons’ mean acoustic characteristic value indicates that sons learned how to produce individual note types from their social fathers. We included fixed effects of note type and log-transformed age in the model, and we included random effects of the relatedness matrix, the clutch ID, and the individual ID of the son. Including a fixed effect of note type accounts for the fact that different note types have different mean characteristic values, and prevents us from inferring that fathers and sons produce notes with similar characteristics simply because they produce the same note types. The effect of age accounts for the possibility that older birds produce notes differently than younger birds. We removed this effect from the model if it was not at least marginally significant (i.e., p > 0.1). The random effect of the relatedness matrix controls for potential heritability of acoustic characteristic values, and the effects of clutch and individual control for correlations among sons’ acoustic characteristic values that are not due to learning from their social fathers.



Performance Analysis

The ability to produce individual note types consistently is thought to be a signal of mate quality in a number of species, and birds are likely to compare notes that are produced within the same song (Sakata and Vehrencamp, 2012; Botero and de Kort, 2013). Therefore, we wanted to know whether the ability to produce note types consistently within a song is culturally transmitted, genetically heritable, and/or influenced by the rearing environment. We cannot study consistency at the level of note types. Some birds produce multiple note subtypes within note types. If sons learn which subtypes to produce from their social fathers, as our results suggest they do, then studying consistency at the level of note types will confound the learning of note type consistency with the learning of note subtype. Therefore, we studied consistency at the level of note subtypes. To achieve this, we (i) assessed the within-song consistency of each note subtype produced by each bird, (ii) standardized across note subtypes to control for the fact that some note subtypes may be more difficult to produce consistently than others, (iii) computed the mean consistency for each bird across all note subtypes that the bird produced, and (iv) regressed the consistency of sons on the consistency of their social fathers.

We assessed the consistency of note subtypes in three ways: by comparing (i) the variance of individual acoustic characteristics, (ii) the dynamic time warping distance, and (iii) the spectral cross correlation among notes. For the variance measures and dynamic time warping distance, lower values indicate greater consistency, and for spectral cross correlation, higher values indicate greater consistency. For each song produced by each bird, we calculated the variance of the acoustic characteristics of each note subtype that appeared in that song more than once. We examined the same acoustic characteristics that we used previously to classify notes to subtypes (i.e., the logarithms of duration and mean dominant frequency, and change in dominant frequency over the course of the note). Within each song produced by each bird, we measured the mean squared pairwise dynamic time warping distance and the median pairwise cross correlation between notes of the same subtype. At the assessed window length (512), warbleR does not accurately measure the change in dominant frequency for notes less than 20 ms in duration, so for change in dominant frequency, we excluded these notes from the analysis. We excluded the note type that was not reliably classified into subtypes by our Gaussian mixture models from all consistency computations, due to the need to accurately identify subtypes in this analysis.

For each bird, we took the weighted average (or, for spectral cross correlation, the weighted median) across all songs produced by that bird, with each song weighted according to the number of times the note subtype appeared. This produced a value for each consistency measure for each note subtype produced by each bird across all songs that the bird produced. We cannot accurately estimate the variability of a note subtype within songs unless that note subtype is frequently repeated within the same song. Thus, we excluded note subtypes for individual birds if the total number of times the bird produced the note subtype was not greater by at least five than the total number of songs in which the bird produced the note subtype. So, if a bird produced a note subtype in five songs, then the subtype would be included in the analysis if it were produced a minimum of 10 times. For the acoustic characteristic variances and the dynamic time warping distance, we log transformed the values to normalize error. For duration, two birds produced one note subtype (out of 420 birds by note subtype combinations in the data) with variabilities more than 9 SDs below the population mean. These are likely to be errors due to the fact that warbleR measures the durations of notes in discrete units. Therefore, we Winsorized these two values to the smallest observed variability among the other bird by note type combinations in the data.

At this point in the analysis, we had obtained a single value for each of our consistency measures for each note subtype as produced by each bird. However, some note subtypes may be more difficult to produce consistently than others, and individual birds produce different note subtypes. So, to make comparisons among birds, we needed to standardize consistency measures across note subtypes. In our analysis of acoustic characteristics, we standardized across note types produced by different birds by mean centering on each note type. We could do this because note types produced by different birds can be clearly equated. However, note subtypes produced by different birds cannot be clearly equated, so we cannot mean center at the level of note subtypes. Therefore, we used a modeling approach to control for differences in consistency among note subtypes. We assumed that, within each note type, the consistency of note subtypes might depend on the acoustic characteristic values of the subtype and on the number of times the bird produced the subtype (e.g., if birds learn to produce notes consistently by practicing them more often). For each subtype produced by each bird, we computed the means of the log transformed duration, log transformed mean dominant frequency, and frequency change, and we counted the number of times the bird produced the subtype and the number of songs in which the bird produced the subtype. We fit our observed consistency values to mixed linear regressions that included fixed effects of every combination of these five predictors, as well as the second and third-order interactions among the acoustic characteristics, and included the note type as a categorical variable. To avoid attributing any effect of individual birds to these predictors (and thus overfitting due to pseudoreplication), we included random effects of the individual bird and the individual bird’s natal clutch in the model. We fit the models by maximum likelihood using the R package lme4 (Bates et al., 2015). Fitting by maximum likelihood allows us to weight each model according to its Bayesian Information Criterion (Pinheiro and Bates, 2000). Then, we computed the model-weighted regression coefficients for each of the predictors we considered in the full model (Burnham and Anderson, 2002). Finally, we corrected the observed consistency value for each note in the dataset by subtracting the model-weighted fixed effects of its predictors. This left us with a set of residuals that are measures of consistency with the effects of note subtype removed (i.e., with an expected value of zero for every note subtype), but with any random effects of clutch and individual still included in the measure. We computed a single value for each consistency measure for each bird by averaging across all note subtypes that the bird produced.

To ask whether sons learn their consistencies from their social fathers, we regressed the sons’ residual consistencies on the residual consistencies of their social fathers for the same consistency measures. We included the sons’ log-transformed age in the model, because in many species, birds produce notes more consistently as they get older (Kao and Brainard, 2006; Botero et al., 2009; de Kort et al., 2009; Rivera-Gutierrez et al., 2010; James and Sakata, 2019). We included a random effect of the relatedness matrix in the model to account for potential genetic heritability of consistency, and we included a random effect of natal clutch in the model to account for effects of the rearing environment. If sons learn their consistencies from their social fathers, and if consistency changes with age, then sons are most likely to learn from the consistencies that their social fathers displayed at the time of rearing. In general, the songs of social fathers in our data were not recorded at the time of rearing (mean age at recording 2.64 years, sd 1.47 years; mean age at rearing of sons 1.87 years, sd 1.03 years; mean difference 0.76 years, sd 1.70 years). Therefore, we needed to correct social fathers’ consistency measures to reflect their age at time when they were rearing sons. We could not do this by simply including the difference in the fathers’ log-transformed ages at the times of recording and rearing sons in the model as a predictor. This would add a free parameter to the model, but in practice, the necessary correction for the fathers’ consistency is fully determined by the difference in his ages at the times of recording and rearing sons and by the coefficient of log-transformed age in the fitted model. Therefore, we started by fitting models using the social father’s uncorrected consistency as a predictor. Then, we corrected the fathers’ consistencies using the coefficient of log-transformed age in the model we had just fit, and we refit the model. We repeated this process until the effect of age in the fitted model and the effect of age used in the correction differed by less than a proportion of 10−6 of the fitted value. This resulted in models with the fathers’ consistency corrected according to the fitted coefficients of the model itself. If the effect of age was not at least marginally significant (i.e., p > 0.1), we removed log-transformed age from the model and refit, without correcting the fathers’ consistency phenotype. We left the social fathers’ residual consistency phenotype in the model even if it was not statistically significant. This ensures that we do not incorrectly attribute an effect of learning from the social father to other aspects of the rearing environment simply because the effects of learning are too small to detect with confidence. If there is no learning from the social father, then including the social fathers’ phenotypes in the model will incorrectly attribute some clutch effects to learning from the social father, and so reduce the apparent effect of clutch. We assessed the significance of random effects (i.e., relatedness and clutch) using likelihood ratio tests. Likelihood ratio tests for random effects are known to be conservative (Pinheiro et al., 2017).





RESULTS

For the whole song analyses, we found strong evidence that features of song structure are socially learned; son’s songs were similar to those of their social father (Table 2). For manually assigned note types, there was a strong positive relationship between the social father’s and son’s songs for all measures with a large associated effect size (all p < 0.001, Table 2; Figure 6), i.e., for the structural features measured, sons produced songs with features closely resembling those of their social father. Song structure at the level of computer-assigned note subtypes was also learned (repertoire size, p < 0.0001; Shannon diversity, p < 0.0001; first order differential entropy, p = 0.0014; song linearity, p = 0.0027; Figure 6), but the effect sizes were generally smaller than those reported for manually-assigned note types. There was no strong evidence that age of the bird at time of recording influenced any structural measure, although positive relationships were found for the number of notes (p = 0.068), the second order differential entropy (p = 0.056) when considering manually assigned note types, and the first order differential entropy (p = 0.024) when considering note subtypes. There was no evidence that genes or the rearing environment influenced song structure (Table 2). In this analysis, we treated the one note type that was not reliably clustered into subtypes as if it were a single subtype, but our results are qualitatively unchanged if we conduct the same analysis using the original computationally assigned subtypes (Supplementary Information 1).



TABLE 2. Results of mixed-effect models for structural features of songs†.
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FIGURE 6. Comparison of song features across songs produced by sons and their social fathers. Plots represent a subset of features examined and show typical patterns for each set of features. Plots (A–F) compare structural features: (A) mean total number of notes in song (song length), (B) mean note type repertoire (manually assigned note types), (C) mean song linearity (manually assigned note types), (D) Shannon entropy (manually assigned note types), (E) mean note subtype repertoire (computationally assigned note subtypes), and (F) mean song linearity (computationally assigned note subtypes); (G–I) compare acoustic characteristics of note types (z-scored), with shading representing different note types: (G) frequency change, (H) mean dominant frequency, and (I) time median; and (J–L) compare measures of vocal consistency of note subtypes: (J) variance of mean dominant frequency, (K) dynamic time warping distance, and (L) spectral cross correlation.


For the individual note analyses, we found strong evidence that acoustic characteristics of note types are learned. For all measures considered, there was a strong positive relationship between the notes produced by social fathers and those of sons (all p < 0.001), with large effect sizes (Table 3; Figure 6); within categories, sons produced notes that were similar to those of their social father. There was no evidence for a relationship between age at time of recording and any of the acoustic characteristics considered (all p > 0.1). There was evidence for an effect of clutch for time median (p = 0.014), time IQR (p = 0.0070), and mean dominant frequency (p = 0.041), indicating that birds from the same clutch were more similar than expected by chance alone (Table 3). We found no evidence for a genetic effect on any acoustic characteristic (Table 3).



TABLE 3. Results of mixed-effect models for acoustic characteristics of notes within songs†.
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We found no clear evidence for social learning of vocal consistency (Table 4; Figure 6), but we found a trend suggesting that social fathers with more consistent note durations had sons with more consistent note durations (p = 0.094). Older birds produced note subtypes with more consistent durations than younger birds (p = 0.0022). However, there was a trend in the opposite direction for spectral cross correlation – older birds appeared to produce less consistent note subtypes (p = 0.066). We found no evidence for an effect of age for any other consistency measure (Table 4). There was evidence that the random effects influenced consistency measures in all cases except the variance of frequency change (Table 4). For the variance of mean dominant frequency (p = 0.0033), the dynamic time warping distance (p = 0.0025), and spectral cross correlation (p = 0.015), birds from the same clutch were more similar than we would expect by chance alone. For the variance of duration, there was a random effect of either clutch or relatedness (p = 0.0056). However, because birds from the same clutch were always genetic brothers in our data, natal clutch and genetic relatedness are correlated, and we cannot determine which of these explains the effect. Visual inspection of the scatterplots (Figure 6) revealed three potentially influential points, which were all birds from a single clutch. Results remain qualitatively unchanged if we conduct the same analyses excluding these individuals (Supplementary Information 2).



TABLE 4. Results of mixed-effect models for vocal consistency of note subtypes†.
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DISCUSSION

We examined the roles of cultural and genetic inheritance in shaping song phenotypes. There was strong evidence for the social learning of song structure and the acoustic characteristics of notes. Sons’ song structure and note characteristics were similar to those of their social fathers. There was no effect of genetics, and with few exceptions, no effect of age. Here, and throughout, the effect of age may be limited as analyses were confined to the songs of adult birds, where age-related song changes may be slow to manifest or small in magnitude (James and Sakata, 2014). For some features, there was an effect of the clutch in which the bird was reared, with individuals from the same clutch more similar than expected by chance alone, indicating an influence of the developmental environment. For vocal consistency, we found no strong evidence of social learning or genetic heritability. However, vocal consistency was influenced by the age of the bird and by the clutch in which the bird was reared, again indicating an influence of the developmental environment. Further empirical work will be required to confirm these patterns in Java sparrows and other species as our analyses were largely exploratory.

Sons resembled their social father in all measures of song structure, with no effect of genetic relatedness in any case, suggesting that these traits are culturally inherited within populations. Note repertoire size was similar in sons and their social fathers, as is the case for many other species (Grant and Grant, 1996; Takahasi and Okanoya, 2010; Soma, 2011; Labra and Lampe, 2018). We also found evidence for cultural inheritance of song complexity, as measured by linearity (Scharff and Nottebohm, 1991), and of higher order note sequencing, as measured by differential entropy. Similar sequence learning has been reported recently in Bengalese finch, and birds were more likely to learn note transitions commonly used by their social fathers (James et al., 2020), although we did not examine this in our dataset.

Regression coefficients for the social learning of fathers’ song structure were large, suggesting that there is limited regression toward the population mean in each generation. Thus, sons produced faithful copies of their social fathers’ songs, and differences among song lineages could persist for many generations. When considering note subtypes (i.e., those that were computationally assigned based on clustering of acoustic characteristics), the magnitude of the regression coefficients was smaller. This suggests that regression toward the population mean (as indicated by coefficients closer to zero) is greater when considering note subtypes, and that innovation may be more likely to involve changes among note subtypes than among note types.

Within note types, sons sang notes with similar acoustic characteristics to those of their social fathers. This may mean that birds learn how to produce notes of a particular type from their fathers, i.e., they learn the acoustic characteristic values of their social father’s note types, or it may mean that they learn which distinct note subtypes to produce from their fathers, which would be reflected in similar mean and variance of note type acoustic characteristics in social father-son pairs.

We found no evidence of genetic inheritance of acoustic characteristics; there was no effect of relatedness on any characteristic measured. This is in contrast to findings from a number of other species [e.g., zebra finch (Forstmeier et al., 2009) and Bengalese finch (Kagawa et al., 2014; Mets and Brainard, 2018, 2019)] where genetic differences underpin some differences in acoustic characteristics. It is possible that levels of genetic variation within the present laboratory population were not large enough to assess the genetic heritability of acoustic characteristics. Reduced genetic variability in laboratory compared to wild populations has been reported in other species (Forstmeier et al., 2007). In Bengalese finches and white-rumped munia, strain-specific differences in acoustic characteristics of notes are apparent (Kagawa et al., 2014). However, the two strains have high levels of disparity in morphology (Soma, 2005) and presumably genetics. A potential caveat of our analysis method (using a relatedness matrix) in determining heritability is that relatedness of founders in our population is unknown. As such, individuals may have been more closely related than suggested by our relatedness matrix.

In contrast to song structure and note acoustic characteristics, we found no strong evidence for the cultural inheritance of vocal consistency, which is a common measure of song performance (but see Supplementary Information 2). The vocal consistency of the social father did not predict his sons’ vocal consistency. However, contrary to our predictions, we also found no relationship between genetic relatedness and measures of vocal consistency; birds that were related did not have similar levels of vocal consistency. Although evidence was limited, some interesting patterns are apparent. In all models, effect of social father’s phenotype was positive, which is consistent with social learning. However, the effect sizes are small in comparison to those for song structure and the acoustic characteristics of notes, so, even if such effects exist, we expect that they will be small. There was some evidence that vocal consistency was related to age at recording; older birds had more consistent note duration across vocalizations than younger birds, although this was not the case for other measures of consistency. Increased vocal consistency with age has been reported in a number of studies across a broad range of bird species, for example (Kao and Brainard, 2006; Botero et al., 2009; de Kort et al., 2009; Rivera-Gutierrez et al., 2010). Improved vocal consistency with age may reflect greater opportunity to practice motor patterns involved in vocalizations (Sakata and Vehrencamp, 2012; Botero and de Kort, 2013). Thus, if age indicates good genes because the bird has survived or good parental care because the bird has experience, then vocal consistency may be an honest signal of quality in Java sparrows. However, there was no effect of age on the consistency of mean dominant frequency or frequency change for note subtypes within songs, and no effect of age on the dynamic time warping distance among notes of the same subtype. Similarly, James and Sakata (2014) also found no significant age-dependent changes in the mean or variability in a range of frequency-based syllable features in Bengalese finches, although this also included syllable duration. When considering spectral cross correlation within note subtypes, we report a trend in the opposite direction; older birds tended to sing less consistently than younger birds. Variance of note duration and distance by spectral cross correlation are negatively correlated, so it would be somewhat surprising for either of these patterns to appear by chance alone in the presence of the other. It is, therefore, not clear how vocal consistency relates to age in male Java sparrows. Our findings suggest the need for further examination of vocal consistency in this species, and for including age in analyses when considering similar questions in other species. There is evidence that differences in consistency are salient (de Kort et al., 2009) and can influence female preference (Woolley and Doupe, 2008), male reproductive success (Byers, 2007; Cramer et al., 2011), and social status (Botero et al., 2009) in some species. The consistency measures we studied carry information about a singer’s age and rearing environment (discussed below). However, determining whether these measures are salient to Java sparrows will require further empirical work.

For a range of measurements across the features examined, we found evidence for an effect of clutch. This reflects an impact of the social father or developmental environment independent of the social father’s song. This was especially relevant to vocal consistency, where the majority of measures indicated an important role for the rearing environment. Due to the nature of our dataset, it was not possible to disentangle a number of possible effects, as many factors might contribute to the clutch variable. One possibility is that clutch effects result from differences in the early developmental environment between nests (Nowicki et al., 2002b; Holveck et al., 2008). In the Bengalese finch, birds from larger, male-biased broods had lower song complexity than those from smaller broods (Soma et al., 2006). In this case song features, such as consistency, may be honest indicators of male quality. Vocal development incurs neural costs during early development (Gil and Gahr, 2002) when birds are likely to be exposed to stressors. High quality songs may, therefore, indicate lower stress levels during development (Nowicki et al., 1998; Nowicki and Searcy, 2004). As well as increasing developmental stress, large, male-biased broods may also result in fraternal inhibition of song learning. In zebra finches, birds with more male siblings had shorter motif durations and reduced note numbers compared to their tutors (Tchernichovski and Nottebohm, 1998). Social reinforcement of learning from parent birds may also play a role in clutch-specific differences in learning accuracy, as parents are likely to show variation in the levels of reinforcement provided. In zebra finches, social feedback from both the father and mother was correlated with song learning, with birds that received appropriate input producing more faithful copies of fathers’ songs (Carouso-Peck et al., 2020).

The strong influence of vocal learning, particularly of song structure and the acoustic characteristics of notes, has implications for the evolution and maintenance of song in the Java sparrow. Sons do not precisely copy their social fathers’ songs; there are differences, particularly when considering note subtypes, which may relate to improvisation or copying errors during learning. However, we report large effects of the social father’s phenotype, suggesting that learning fidelity is high for these traits. In this case, novel variants that arise during the learning process may be preserved and accumulate over generations, contributing to population divergence in song and the formation of vocal dialects (Baker and Cunningham, 1985; Catchpole and Slater, 2008). Differences in songs among populations, if coupled with female preference for local song types, can result in pre-mating reproductive isolation and, in some cases, speciation (Kirkpatrick, 2000; Verzijden et al., 2012). The potential role of song in speciation may be of particular interest in Estrildids, as the family has recently undergone a period of rapid speciation (Olsson and Alström, 2020). In a closely related species, the Bengalese finch, female preference for song complexity, coupled with release from selection pressures, has been highlighted as a driver for increasingly complex songs in captivity compared to ancestral wild populations (Okanoya, 2012; Suzuki et al., 2014). While the Java sparrow and Bengalese finch share similar life histories and domestication history, little is known about female preference for song features in Java sparrows. It is, therefore, not possible to predict how female mate choice could impact song evolution in the Java sparrow.

The Java sparrow has been widely bred in captivity as part of ex situ conservation efforts (BirdLife International, 2018) and as a popular species in aviculture (Restall, 1996). Genetic and behavioral change is frequently reported in captive breeding programs and can accumulate over relatively short time periods, spanning few generations (Håkansson and Jensen, 2005; Frankham, 2008; Suzuki et al., 2013), and these differences may extend to vocal behavior (Tanimoto et al., 2017). The potential for song evolution and cultural divergence in the Java sparrow is, therefore, likely to be of interest to conservation practitioners, as vocal changes may influence the success of conservation programs and in particular reintroduction programs (Lewis et al., 2020; Crates et al., 2021).

Overall, we find that cultural processes play a large role in the song inheritance of Java sparrow, influencing song structure and complexity, as well as acoustic characteristics of notes, in line with findings in other species. Social inheritance of these features has the potential to influence the formation and maintenance of population specific differences, with implications for evolution and conservation in Java sparrows. However, we found no clear evidence for the inheritance of a performance-related factor, vocal consistency, which was instead related to age at recording and clutch-specific differences. While we did not find a relationship with genetic relatedness, our findings support the hypothesis that vocal consistency is an honest signal of quality, revealing information about the age and developmental environment of the signaler.
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Culture, defined as shared behavior or information within a community acquired through some form of social learning from conspecifics, is now suggested to act as a second inheritance system. Cultural processes are important in a wide variety of vertebrate species. Birdsong provides a classic example of cultural processes: cultural transmission, where changes in a shared song are learned from surrounding conspecifics, and cultural evolution, where the patterns of songs change through time. This form of cultural transmission of information has features that are different in speed and form from genetic transmission. More recently, culture, vocal traditions, and an extreme form of song evolution have been documented in cetaceans. Humpback whale song “revolutions,” where the single population-wide shared song type is rapidly replaced by a new, novel song type introduced from a neighboring population, represents an extraordinary example of ocean basin-wide cultural transmission rivaled in its geographic extent only by humans. In this review, we examine the cultural evolutions and revolutions present in some birdsong and whale song, respectively. By taking a comparative approach to these cultural processes, we review the existing evidence to understand the similarities and differences for their patterns of expression and the underlying drivers, including anthropogenic influences, which may shape them. Finally, we encourage future studies to explore the role of innovation vs. production errors in song evolution, the fitness information present in song, and how human-induced changes in population sizes, trajectories, and migratory connections facilitating cultural transmission may be driving song revolutions.

Keywords: birdsong, whale song, vocal learning, cultural transmission, cultural evolution, cultural revolution, local dialect, sexual selection


INTRODUCTION

Some of the most important aspects of animals’ lives have a large learned component (Whiten et al., 2017). Learning plays an important role in, for example, tool use (Whiten et al., 1999), foraging specializations (Allen et al., 2013; Aplin et al., 2015), and migratory routes (Carroll et al., 2015). Vocal communication provides another good example: many species of birds socially learn details of the songs that underpin successful resource defense and breeding, while a few whale species show signs of song learning that likely contributes to their reproductive success. This form of cultural transmission of information has features that are different in speed and form from genetic transmission (see Aplin, 2019, for a recent review), and these features have given cultural transmission a role in one of the major transitions in life (sensu Maynard Smith and Szathmary, 1999). Studies of birdsong have provided a wealth of information on learning mechanisms, including social learning aspects and the underlying hormonal and neural pathways, and these have contributed to our understanding of cultural evolution in general. Production learning is a form of social learning, where as a result of experience with signals of other individuals, an animal learns to modify the form of its own signal (Janik and Slater, 2000; Naguib et al., 2009; Janik, 2014). Production learning is considered rare in vertebrates. As whales and songbirds are thought of as exemplars of this advanced form of social learning, it is reasonable to adopt a comparative approach to better understand the factors driving their evolution. For example, the pattern of song “revolutions” in humpback whales (Megaptera novaeangliae), where the single population-wide shared song type is rapidly replaced by a new, novel song type introduced from a neighboring population, is unique in whales (Noad et al., 2000; Garland et al., 2011). The rapid (within season) and extensive (ocean basin-wide) spreading waves of song replacement represents an extreme example of song change that has the potential to increase our understanding of cultural transmission in general. While cultural evolution of song in birds has been widely documented (e.g., Williams et al., 2013; Pipek et al., 2018), sometimes at a continent-wide scale (e.g., Otter et al., 2020), we are aware of only one songbird species, the corn bunting [Emberiza (Miliaria) calandra], that shows concerted change in details of local dialects from year to year (McGregor et al., 1997). Therefore, the aim of this paper is to compare humpback whale song revolutions with the cultural evolution of song in birds (focusing on corn buntings) and to identify the sort of data that would be required to test some of the possible explanations, both in birds and whales.

Controlled-environment studies of factors influencing whale song cultural transmission in both field and lab experiments are unlikely in the foreseeable future because of insurmountable practicalities; for example, humpback whales are 14 m long, weigh 30 tonnes, and migrate ~6,000 km one-way. While agent-based models can provide an informative framework for investigating various social learning scenarios (Mcloughlin et al., 2018), all types of model can lack real-world applicability. Therefore, a comparative approach is currently the best option to understand the key factors of such phenomena. Information from lab studies of song learning in birds may seem the obvious comparison; however, such studies are problematic to interpret and apply to a real-world setting because virtually all such studies lack relevant social context. This is a significant limitation of lab studies because a social context is a prerequisite for song learning in nature and because song-learning mechanisms have evolved in a social environment. Cultural transmission of birdsong has been studied in the field, with individually identifiable subjects followed for some generations, for several species. Examples include the pioneering study on song sparrows Melospiza melodia (Nice, 1943; since extended by Beecher’s lab, e.g., Beecher, 2017; Beecher et al., 2020), Bewick’s wren Thryothorus bewickii (Kroodsma, 1974), saddlebacks Philesturnus carunculatus (Jenkins, 1978) and Philesturnus rufusater (Parker et al., 2012), indigo buntings Passerina cyanea (Payne, 1981; Payne and Payne, 1993), great tits Parus major (McGregor and Krebs, 1982), and savannah sparrows Passerculus sandwichiensis (Wheelwright et al., 2008). An approach using unidentified singers recorded continent‐ or country-wide by many workers including citizen scientists (e.g., Pipek et al., 2018; Otter et al., 2020) can allow cultural evolution to be documented on comparable spatial scales to whale song. While lacking the control of lab studies, field studies do take place in a natural social context. Field studies have produced sufficient indications of patterns and factors affecting song learning in birds to be useful in a comparative approach to understanding humpback song revolutions.



WHALE SONG: FROM SIMPLE SONGS TO CULTURAL REVOLUTIONS

Most baleen whale species sing. Like songbirds, their songs range from simple songs comprised of a few sound types (e.g., fin whales, Balaenoptera physalus: Delarue et al., 2009 and blue whales, Balaenoptera musculus: Stafford et al., 2001) through the complex songs of bowhead (Balaena mysticetus; Stafford et al., 2018) and humpback whales (Payne and McVay, 1971). While cultural transmission of vocalizations is not limited to song in cetaceans (e.g., killer whale and sperm whale repertoires; Ford, 1991; Rendell and Whitehead, 2003), the aim of this review is to examine the cultural transmission of male song displays. To that end, male humpback whales sing a long, complex, stereotyped, and hierarchically structured vocal sexual display termed “song” (Payne and McVay, 1971; Herman and Tavolga, 1980). It is generally agreed that song functions in sexual selection, but the details of whether its primary function is to attract a mate, mediate male–male interactions, or as a multi-message signal, are currently contested (see review by Herman, 2017). In terms of the comparative approach taken in this paper, both humpback whales and corn buntings are producing complex patterns that change over time; we compare the ways in which these patterns change. A humpback whale song unit is considered analogous to a birdsong note or element, and a humpback whale song phrase (itself consisting of a stereotyped sequence of units; Payne and McVay, 1971) is considered analogous to a bird’s song (Figure 1; Cholewiak et al., 2013). In the humpback whale song hierarchy, phrases are repeated multiple times to make a theme, and a sequence of different themes forms the song (Payne and McVay, 1971).
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FIGURE 1. (A) Spectrograms illustrating the hierarchical structure of humpback whale song (from Garland et al., 2017b). A single unit (“trumpet”) and a single phrase from Theme 25a are shown in the top panel. Theme 25a units from the single phrase in the top panel are as follows: short ascending moan, grunt, grunt, grunt, grunt, grunt, grunt, short ascending moan, trumpet, squeak, trumpet, squeak, and trumpet. The repetition of phrases and the sequential singing of themes are shown in each of the subsequent panels. Spectrograms were 2048 point fast Fourier transform (FFT), Hann window, 31 Hz resolution, and 75% overlap, generated in Raven Pro 1.4. Reprinted with permission from Garland et al. 2017b (Copyright 2017, Acoustic Society of America). (B) Spectrograms illustrating the hierarchical structure of corn bunting song. The lower panel represents part of a bout of singing lasting several minutes. It shows two song types (song types differ mainly in the first part of the song; McGregor, 1986) sung in an eventual variety style: five repeats of song type 1, then four repeats of song type 2. A single song (top panel) is composed of units of grouped elements, where elements are single continuous sounds. Spectrograms produced with 20 kHz sampling rate and 160 Hz bandwidth.


A single humpback whale song can last from 5 to 30 min, and a song session can last for many hours (Payne and McVay, 1971). All humpback whales produce units with predictable acoustic characteristics that are similar within and across whales and populations, making it possible to compare songs. From this, we hypothesize that there may be a general, worldwide repertoire of unit types (although the exact number of unit types per location is a current focus of research), suggesting that humpbacks may possess an inherited basic template of own species sound units. It is the arrangement and rearrangement of units into distinct, stereotyped patterns (like with birdsong) that is the major focus of humpback song research. Humpback whales are considered “eventual variety” singers (Cholewiak et al., 2013, a term that originated in birdsong; Hartshorne, 1956), as they repeat phrases within each theme before moving onto the next theme (e.g., AAAA, BBB, CCC, etc.). At any point in time, most males within a population will sing the same song type, thus, there is strong cultural conformity to the current arrangement (version) of the song display (Payne et al., 1983; Payne and Payne, 1985).

Song evolution occurs in humpback whale song through addition, deletion, and/or substitution at all levels within the nested song hierarchy. Individual sound units can be stretched and split into 2 units, new themes can be added, and older themes deleted from the song (Winn and Winn, 1978; Payne et al., 1983). The process is one-way; no song has reappeared once it has been dropped entirely by a population (Winn and Winn, 1978; Payne and Payne, 1985; Cato, 1991). As the humpback song changes, all males within the population incorporate the changes into their own song, maintaining the observed cultural conformity. A salient feature of humpback song is strong cultural conformity; they may learn the changes to the song from surrounding males in acoustic contact or innovate their own changes. Recent work into song learning suggests that humpback whales use learning mechanisms similar to those of songbirds and humans when acquiring new material (Garland et al., 2017a). The song is segmented into themes and learned as separate segments. New themes can evolve from older themes or can be completely new arrangements of units (Payne and Payne, 1985) created de novo. However, which male(s) innovate or create new de novo arrangements and who ultimately leads the evolutionary song progression remains elusive.

At the ocean basin scale, songs are similar (based on “matched” themes/phrase types), but this similarity depends on the geographical distance and variable interactions among populations (Payne and Guinee, 1983; Helweg et al., 1998; Darling and Sousa-Lima, 2005; Darling et al., 2019). Song sharing among populations is hypothesized to occur due to three mechanisms (Payne and Guinee, 1983): song sharing on shared feeding grounds and/or on shared or partially shared migratory routes, through males visiting more than one wintering ground in consecutive years, and by males visiting more than one wintering ground within a breeding season (McSweeney et al., 1989; Clapham and Mattila, 1990; Calambokidis et al., 2001; Clark and Clapham, 2004; Smith, 2009; Garrigue et al., 2011; Stimpert et al., 2012; Garland et al., 2013a; Owen et al., 2019). A recent study by Darling et al. (2019) in the North Pacific demonstrated a single song type with varying amounts of theme sharing among the four North Pacific populations, mirroring previous studies (Helweg et al., 1990, 1992; Darling et al., 2014). There were year-to-year regional differences among populations suggesting variable interactions, as geographic distance was not a predictor (but was a factor) in song similarity (Darling et al., 2019). The authors suggest that differences among these populations are best viewed as “fluid divergences from a more common [single] North Pacific song.” In contrast, in 2000, Noad et al. (2000) documented an extraordinary cultural phenomenon: the song from the west Australian population of humpback whales appeared in the east Australian population and rapidly replaced the existing song. This process was termed a “song revolution” to clearly distinguish it from the common and much slower process of song evolution as described above (Noad et al., 2000). The complete replacement of a population-wide display was striking; Noad et al. (2000) were able to trace this process over 2 years where the new song first appeared in low numbers and then increased in frequency until the old song was completely gone. The movement of a small number of whales from the west Australian population to the east Australian population taking their song with them was hypothesized to have initiated the cultural transmission of the song between the ocean basins. Most importantly, this cultural phenomenon (song revolution) was believed to be a unique event.

This was however not the case. Garland et al. (2011, 2012, 2013a,b, 2015, 2017a) have conclusively demonstrated multiple song revolutions where multiple song types from the east Australian population have been horizontally transmitted east across the populations in the South Pacific in a series of cultural waves spanning a decade (Figure 2). Song types take 2 years to spread from east Australia across to French Polynesia in a series of steps creating a checkerboard of behavioral phenotypes at the decadal scale. Recently, a variant of white-throated sparrow (Zonotrichia albicolis) song spread across Canada in a west to east direction replacing the existing song; the spread was similar in the extent of change, but much slower in that the change took some decades (Otter et al., 2020). Humpback whale song dynamics in the South Pacific appear to differ from other ocean basins as several different song types can be present at any point in time instead of a single song type (Darling et al., 2019). The unidirectional cultural transmission of song types is hypothesized to occur due to differences in population sizes across the region; novel song types appear to spread from larger to smaller populations (Garland et al., 2011, 2015). Rapid and complete replacement of a behavioral phenotype is a striking cultural process. The only mechanism to date that appears to trigger a song revolution is the appearance in an ocean basin of a new song type that can be traced to come from another (i.e., song from the west Australian population located in the Indian Ocean appearing in the east Australian population in the South Pacific). We speculate this phenomenon occurs throughout the Southern Hemisphere due to humpbacks’ circumpolar feeding grounds and no landmasses to impede movement at high latitude. We would not expect to find such revolutionary dynamics in Northern Hemisphere populations (primarily located in the North Pacific and North Atlantic) because these populations are constrained by continents on each side of the ocean basins. However, there may be the possibility of trans-hemisphere cultural transmission of song (e.g., North and South Pacific breeding grounds may overlap along the northern South American and central American coasts). What is clear, though, is that when a novel song appears within a population, singers switch to the novel song. Novel songs are hypothesized to be rapidly learned, and this quest for novelty is thought to be driven by sexual selection (Noad et al., 2000; Cerchio et al., 2001). This would allow a male to stand out against the background of song. However, this novelty needs to be constrained; otherwise, all songs would rapidly diverge at the individual level (Noad, 2002), which is not what we observe.
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FIGURE 2. Humpback whale song types identified in the South Pacific region from 1998 to 2008 (from Garland et al., 2011). Populations are listed from west to east across the region. Each color represents a distinct song type; song type colors are as follows: black, gray, pink, dark blue, blue, light blue, dark red, light red, yellow, dark green, and light green. Two colors within the same year and location indicate that both song types were present. In these cases, the seasons are broken into three periods (early, middle, and late) to indicate when a new song type was recorded. Crosshatching indicates no data available. Reproduced with permission.


Understanding the underlying mechanisms of this process and the individual learning strategies that create such a pattern is challenging. Recently, Garland et al. (2017a,b) investigated how humpback whales learn a new song type by examining instances of song hybridization, where we recorded a whale hypothesized to be in the process of learning a new song. Songs were segmented and then learned as whole themes, akin to how songbirds learn song and human infants learn language in segments (Garland et al., 2017a). The position in the song a singer switched from “old” to “new” song themes was not random; a “switch when similar rule” was uncovered where singers smoothly transitioned from old to new themes where the similarity in unit type and arrangement was highest (Garland et al., 2017a). Agent-based models of humpback whale song revolutions have also provided valuable information on the various scenarios that may initiate a song revolution (Lamoni, 2018). By modeling the west–east Australian song revolutions and comparing this to actual song revolution data, individual agents required a song memory to ensure they did not immediately revert to their old song. This hints at a cognitive capacity to remember not only the current song but also the previous season’s song, similar to songbirds’ discrimination learning (e.g., McGregor and Avery, 1986).

The appearance of a new song type presents the whales with a substantial amount of novel material that requires rapid learning to mirror the pattern we observe. Allen et al. (2018) investigated the complexity of song in the east Australian population over 13 consecutive years. As songs evolved, complexity increased; however, song revolutions were significantly less complex than their predecessor. The relative complexity of songs in song revolutions may represent an upper limit to song learning (Allen et al., 2018). It may also support the “cognitive capacity hypothesis,” where song complexity may convey an individual’s overall cognitive ability and could be used by prospective mates. Finally, this cyclic pattern of increasing complexity during evolutions and decrease in complexity with a novel, revolutionary song may superficially mirror broad-scale human music evolutionary processes (e.g., Baroque to Classical and then into the Romantic period).



SONG LEARNING IN BIRDS

The general pattern of song learning in songbirds is commonly described as an inherited basic template of own species song and a predisposition to add details from singing adults (often fathers) within a sensitive period in early life (when nestling or fledgling), after which the song is unchanging (e.g., Brainard and Doupe, 2002). This pattern is apparent in lab studies of song learning using tape tutoring (see Mennill et al., 2018, for tape tutoring in the field), i.e., in the absence of social interaction. The potential importance of male–male interaction in driving song learning was shown by a lab experiment using live tutors (Baptista and Petrinovitch, 1984) – males learned the song of their social tutor even when it was a different species. The importance of social interaction in song acquisition has been shown in several other bird species (e.g., Farabaugh et al., 1994; Nordby et al., 2000; Poirier et al., 2004; Beecher, 2017), discussed in relation to the “classic” song-learning pattern (e.g., Beecher and Burt, 2004; Beecher and Brenowitz, 2005) and linked to human speech acquisition (e.g., Kuhl, 2007). Given that male–male interaction, including singing interactions, is a prerequisite for establishing a territory in songbirds, there is good reason to expect natural song learning to be affected by such interactions. Indeed, field studies of juvenile song sparrows show they are particularly attracted to adult singing interactions during their prime song-learning phase (Templeton et al., 2010). Below, we explore two patterns of song learning in the field that may be salient in understanding song learning in humpback whales.


Field Evidence for Song Learning: A Clinal Pattern, e.g., Great Tits

Male great tits defend a territory in the breeding season and pair with a (non-singing) female. The role of song in territory defense is well-established (Krebs et al., 1978). Males sing a repertoire of one to six discrete song types (McGregor and Krebs, 1982) and are known to perceive song type categories in a similar way to researchers’ visual categorization of spectrograms (e.g., Falls et al., 1982; Shy et al., 1986; Weary, 1990). Evidence that song is learned mainly from territorial neighbors is two-fold: the extent of repertoire sharing with a focal male declines with increasing distance from the male (Figure 3A), as does the similarity of details of songs of the same song type (Figure 3B; Falls et al., 1982), and the details of song types shared between sons and fathers are less similar than song types shared between sons and males in the sons’ year of breeding (McGregor and Krebs, 1982). The advantage of sharing song types with neighbors is likely related to song type matching (e.g., Falls et al., 1982; King and McGregor, 2016) in aggressive singing interactions between males. Field studies of individually marked males have shown that song learning can continue throughout life [for both production (McGregor and Krebs, 1989) and discrimination (McGregor and Avery, 1986) learning], with the stimulus for learning being interactions with male neighbors. Interestingly, it seems that songs learned for discrimination are not forgotten and create proactive memory interference (McGregor and Avery, 1986), whereas songs for production are added and others not used with the effect that repertoire size does not change significantly with age (McGregor et al., 1981; McGregor and Krebs, 1989). The result of this pattern of song learning is that song types change in commonness in the population across years mainly due to males leaving/arriving (McGregor and Krebs, 1989) and that both repertoire and song type similarity decline with distance from a focal male. Similar patterns are seen in other territorial, discontinuous-singing, repertoire species (examples in Hill et al., 1999).
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FIGURE 3. Changes in song similarity (values are means ± SE) with distance between pairs of male great tits in five distance categories (100 m increments, 100 m ≈ 1 territory width). (A) The extent of repertoire sharing, expressed as the difference from the average yearly rate. n = 30 (five distance categories for each of 6 years). Details in McGregor and Krebs (1982). (B) The dissimilarity between songs of the same song type, expressed as a difference index (details in Falls et al., 1982). n = 150 comparisons.




Field Evidence for Song Learning: Local Dialects, e.g., Corn Bunting

In contrast to the gradual, clinal change in song similarity described in the previous section, other species show a mosaic pattern of song similarity, with high similarity within a local dialect and abrupt changes in similarity at boundaries between contiguous local dialects. Such a pattern is often termed microgeographic variation to acknowledge that the distances between local dialects are too small to create the differences by geographical isolation. The corn bunting shows clear local dialect variation in song in the United Kingdom (McGregor, 1980; Holland et al., 1996), France (Pellerin, 1981), Poland (Osiejuk and Ratynska, 2003), and Portugal (Latruffe et al., 2000). Within an area of suitable habitat, the population is fragmented into a number of local dialects, song variation is discrete, and no examples of intermediate or mixed songs have been found, although some males on the boundary between local dialects are “bilingual” in the sense that they sing both local dialects. Playback experiments have shown the salience of local dialects to males (Pellerin, 1983); for example, males respond differently to playback of own, neighboring, and distant dialects (McGregor, 1983). Another indication of the salience of local dialect variation to males is the example of a polyterritorial male that held territories in neighboring dialects – this male always sang the “right” dialect for the territory (McGregor et al., 1997).

A local dialect pattern of song variation has been shown in a number of species (e.g., white-crowned sparrow Zonotrichia leucophrys: Marler and Tamura, 1964; village indigo birds Vidua chalybeata: Baker and Cunningham, 1985; Payne, 1985). Corn bunting local dialects are comparable to humpback whale song because of a pattern of concerted change in a local dialect, with all males concurrently changing their song to a newer version. The nature of change in corn bunting local dialects from one breeding season to the next is that the detailed note structure of the song changes to varying degrees, but it is still possible to see the relationship to songs from the location recorded several years previously (e.g., McGregor and Thompson, 1988; Holland et al., 1996; McGregor et al., 1997; Figure 4). The surprising aspect of this change over time is that it is a concerted change by all males singing in the population; a study of males individually marked as nestlings showed that no males sang a song from the previous year, even if they had successfully bred then (McGregor et al., 1997). This pattern of concerted change appears comparable to humpback whales in that all males concurrently change their song to a newer version. However, humpback song revolutions are characterized by completely novel arrangements that bear no resemblance to the previous years’ song, whereas the new corn bunting songs show considerable similarity to the previous local dialect – corn bunting song change is evolutionary rather than revolutionary.
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FIGURE 4. Song of a color-ringed individual male corn bunting in 1987 (upper) and 1990 (lower). Colored boxes show examples of corresponding song elements that have changed between years. Scale bottom left indicates 0–4 kHz (y-axis) and 0–0.5 s (x-axis). Spectrograms produced by LSI Speech workstation, 16 kHz sampling rate and 160 Hz bandwidth. From original material after McGregor et al. (1997).





SONG CHANGE IN SPACE AND TIME: WHALES AND SONGBIRDS

There are clear differences between humpback and corn bunting song variation that may shed some light on the observed differences in cultural transmission and evolution. First, the extent of change in song – wholesale replacement in humpbacks vs. changes in some details of corn bunting local dialects – merits the use of the term song revolution for humpbacks, but not for corn buntings. Second, the geographical scale of change – much more extensive (ocean basin-wide) in humpbacks vs. a few kilometers for corn buntings – this is unremarkable given the differences between species in patterns of movement (corn buntings are sedentary, dispersing a few 100 m from birth to breeding site). However, the associated population size differences (1,000–40,000 individuals in humpbacks vs. 10–100s of males in corn buntings) may have relevance for population genetics. Active singing space, i.e., the number of other individuals in the communication network centered around a singing male, may be a better way to consider the geographical scale of change. Humpback song transmits for tens of kilometers (see Cato, 1991) and could potentially encompass hundreds of individuals, whereas corn bunting song could at best encompass tens of individuals. However, for high-fidelity copying, it is suggested that a whale would need to be within 10 km of the singer to copy higher frequency components of the song that do not transmit as far within the environment; therefore, the size of a network of singers within a breeding ground may be comparable (i.e., tens of individuals in both species). A third major difference is the likely source of the new song variant. In humpbacks, a male from a different and potentially “isolated” humpback population may immigrate into the focal population and initiates a song revolution (Noad et al., 2000). In corn buntings, the source is likely a male from the same population (see below).

There are also some interesting similarities between humpbacks and corn buntings, both in aspects of song acquisition and factors that could affect learning. First, one explanation for the high degree of similarity of songs seen within populations of both species is that the change occurred because a single male produced a new song variant that was then copied, as observed in village indigo birds (Payne, 1985). This raises two questions: how did the new song variant occur and why was this new song copied? The new song variants in corn buntings show relatively limited change, making it more likely that change resulted from a learning or production error at the beginning of the season (McGregor et al., 1997). A similar process may occur in humpback song; recent work using agent-based models of song evolution demonstrated that production errors (rate = 1 or 0.1%) facilitated the gradual song evolution observed in the wild (Mcloughlin et al., 2018). Using both novelty bias and production errors in the model mirrored the progressive song evolution observed in the South Pacific (Mcloughlin et al., 2018). However, no scenarios resulted in song revolutions; to produce a revolution in the agent-based model required a song memory to be added (Lamoni, 2018). While learning or production errors are likely causing the gradual evolution of song, innovation cannot be discounted. Understanding whether some males innovate, and to what extent this occurs, or an innovation is copied requires research.

The learning of novel songs seems to be contrary to the arguments for conformity in other species (e.g., Lachlan et al., 2018). The propensity of corn buntings to copy the new song variant may reflect their breeding system. While considered a territorial species, the Hebrides study population is better described as an exploded lek, with polygynous males (one-third total singing males) at the center of the dialect area, monogamous males (also one-third total) surrounding them and unmated males at the periphery. In subsequent years, if males move territories, they do so toward the center and their mating status changes accordingly (Shepherd, 1992; Shepherd et al., 1997). If territory settlement is asynchronous, then the song of the first bird to settle (likely at the dialect center) would be copied (together with any of its learning and/or production errors) by the males settling subsequently in adjacent territories. That is, the current year’s version of the local dialect would spread out from the center of the local dialect area as more males settle. Likewise, the mating system of humpback whales may explain their propensity to copy new song variants including completely novel songs. Humpback whales have a mating system that is polygynous, promiscuous (Clapham, 1996; Clapham and Palsbøll, 1997; Cerchio et al., 2005; Darling et al., 2006), or a lek (including the “floating lek” proposed by Clapham, 1996). In a recent review of song function by Herman (2017), he concluded that humpbacks adhere to a classical lekking system (with a few additions), and the arena is at the scale of a breeding ground (e.g., over 1,000 km2). In such a scenario, song changes are unlikely to radiate out from a center akin to corn buntings, as male humpbacks do not hold territories, rather they roam freely (along with females) on the breeding grounds. Song changes are hypothesized to be passed along a chain of singers or to radiate out from a single singer regardless of his position on the breeding grounds. It is unclear which male(s) within the population “lead” song changes, if this is a collective process, or if the directional change observed in song units follows an innate template of how songs should evolve (Cerchio et al., 2001). If song evolution is not based on an innate template, who should a male copy? In some songbirds, males copy the song of the most successful breeding male (e.g., Payne, 1985; West and King, 1988). It is unclear how a male humpback whale could assess his reproductive success let alone another male’s. In lieu of a clear indication (e.g., eggs in a nest/fledglings), a feasible method of assessing reproductive “success” and a suggestion of whose song to copy would be akin to mate-copying: copy the song of a male who is escorting a female. Males interrupting singers may be prospecting for females (Smith et al., 2008); if a male is unable to displace the current male, he would be a good song model to copy. Whether songs convey fitness information that females use in mate choice is in desperate need of research.

Both humpback whales and corn buntings have suffered extreme population declines through anthropogenic effects, respectively, through whaling (Jackson et al., 2015) and agricultural intensification (in 1970s and 1980s in the UK, central and western Europe; Donald, 1997). While humpbacks are generally recovering worldwide (exception Oceania/western and central South Pacific; Childerhouse et al., 2008; Jackson et al., 2015), UK corn buntings have declined to 10% of their 1970 numbers (Defra, 2018). These different trajectories in population size may help explain the differences in the source of new songs; in recovering humpback populations (such as west or east Australia), immigrating males may bring new songs, whereas new songs originate within declining corn bunting populations.

The effect of declining corn bunting populations seems to be that dialects become less clear (Holland et al., 1996), similar to the less apparent local dialects in less suitable habitats (Osiejuk and Ratynska, 2003). The information on the rate of change of songs in newly established populations is mixed. Songbirds introduced to (and colonizing) areas well outside their natural geographical range may show a slower rate of song change (e.g., chaffinches Fringilla coelebs introduced to New Zealand from Sussex, UK; Ince et al., 1980; Jenkins and Baker, 1984) and may retain dialect variation that has been lost from the source population (e.g., yellowhammers Emberiza citronella; Pipek et al., 2018). But can also show rapid cultural evolution (e.g., Eurasian tree sparrows Passer montanus introduced to the USA; Lang and Barlow, 1997). In the South Pacific, French Polynesia appears to have been recently colonized by humpbacks (Olavarría et al., 2007). French Polynesian song is also perplexing in that song revolutions can fail to take hold (Garland et al., 2011); perhaps this slower rate of song change may be tied to their colonization past. The details of relative isolation of populations and the rate of introgression of males/songs from other populations would seem to be key factors affecting evolutionary and revolutionary change in songs.



KNOWLEDGE GAPS AND FUTURE AVENUES OF RESEARCH

Ultimately, the aim of this comparative approach is to understand population-wide processes in the natural environment that could apply to any species of animal. In whales and songbirds, a few specific data gaps are clear; filling these, while extremely challenging to say the least, is what we should be striving for. Different species may be more amenable to address specific questions than others. Long-term datasets are key to answering questions in cultural evolution. These can take a researcher’s lifetime to build and to address processes and mechanisms will require information at an individual level on genotype, song samples (through time), reproductive success, and movements (to name a few). The following list of questions in key topics needs to be addressed:

Innovation. Do some or all males innovate? To what extent does innovation occur? Are all innovations copied? How do males choose which male (or innovation!) to copy?

Song and mating. Do songs (or parts of songs) convey fitness information? And if so, what aspects do females use in mate choice? Is novelty part of the answer?

Source of variation. Is song evolution primarily caused by production errors?

Anthropogenic influences. Are human-induced changes in population size and distribution critical factors driving revolution, innovation, and local dialects?

To test these questions, meticulous individual-level data are needed for some (e.g., song, or song parts, conveying fitness), while other broader-scale questions (e.g., production errors) can be addressed by population surveillance. For example, the study of cultural evolution of savannah sparrow song over three decades showed a change in some song elements but not others, and variants of some parts of the song were associated with reproductive success (Williams et al., 2013). In terms of other tractable systems, testing such questions using corn buntings (or other applicable species, e.g., village indigo birds) would greatly enhance our wider understanding of song evolution. There is undoubtedly a strong genetic basis to singing and song, where the genetic influence ends and cultural processes begin is where things get interesting. Unfortunately, no songbird or any other animal species to date have exhibited the rapid and repeated population-wide replacement of a cultural phenotype as observed in humpback song revolutions. However, the recent report that a variant of white-throated sparrow song spread across Canada in a west to east direction replacing the existing song is similar in the extent of change but much slower in that the change took some decades (Otter et al., 2020).

There is one final piece to the cultural puzzle we have not considered here: human culture. Cultural evolution, language evolution, horizontal transmission of fads, and the like all provide a rich expansion for the comparative approach we have taken here (Smith and Kirby, 2008; Whiten et al., 2017). The spread of pop songs or fashion through a population bears a striking resemblance to the spread of song revolutions. Markers of group identity shown through the rapid cultural change in slang words within a group are also present in shared songbird dialects. With the maturing of multiple long-term datasets, the next decade is poised to provide answers to some of these important questions in cultural evolution.
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Culture can be defined as “group typical behaviour patterns shared by members of a community that rely on socially learned and transmitted information” (Laland and Hoppitt, 2003, p. 151). Once thought to be a distinguishing characteristic of humans relative to other animals (Dean et al., 2014) it is now generally accepted to exist more widely, with especially abundant evidence in non-human primates, cetaceans, and birds (Rendell and Whitehead, 2001; Aplin, 2019; Whiten, 2021). More recently, cumulative cultural evolution (CCE) has taken on this distinguishing role (Henrich, 2015; Laland, 2018). CCE, it is argued, allows humans, uniquely, to ratchet up the complexity or efficiency of cultural traits over time. This “ratchet effect” (Tomasello, 1994) gives the capacity to accumulate beneficial modifications over time beyond the capacities of a single individual (Sasaki and Biro, 2017). Mesoudi and Thornton (2018) define a core set of criteria for identifying CCE in humans and non-human animals that places emphasis on some performance measure of traits increasing over time. They suggest this emphasis is also pertinent to cultural products in the aesthetic domain, but is this the case? Music, art and dance evolve over time (Savage, 2019), but can we say they gain beneficial modifications that increase their aesthetic value? Here we bring together perspectives from philosophy, musicology and biology to build a conceptual analysis of this question. We summarise current thinking on cumulative culture and aesthetics across fields to determine how aesthetic culture fits into the concept of CCE. We argue that this concept is problematic to reconcile with dominant views of aesthetics in philosophical analysis and struggles to characterise aesthetic cultures that evolve over time. We suggest that a tension arises from fundamental differences between cultural evolution in aesthetic and technological domains. Furthermore, this tension contributes to current debates between reconstructive and preservative theories of cultural evolution.
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INTRODUCTION

Culture can be broadly defined as “group typical behaviour patterns shared by members of a community that rely on socially learned and transmitted information” (Laland and Hoppitt, 2003, p. 151). Cultures evolve, in the sense that they change over time, and there is vigorous and ongoing debate over the extent to which this cultural evolution can be understood in the same or similar Darwinian framework that underpins our understanding of genetic evolution (Mesoudi, 2011; Claidière et al., 2014; Nettle, 2020; Rosenberg, 2021). Cultural transmission occurs through different social learning pathways: vertically (parent to offspring), horizontally (between individuals of the same generation), or obliquely (between unrelated individuals of different generations) (Cavalli-Sforza and Feldman, 1981). There is, however, disagreement as to whether this transmission is dominantly preservative or transformative. Of course, preservation and transformation must both be present if culture is to evolve at all (see e.g., Gabora and Tseng, 2017), but debate about relative importance persists. Cultural evolutionary theorists view cultural transmission as preservative, in which variants are faithfully transmitted between individuals (with some degree of error). On the other hand, cultural attraction theorists argue that cultural transmission is reconstructive, wherein cultural variants are potentially transformed in the context of being reconstructed by the receiver (Mesoudi, 2011; Acerbi and Mesoudi, 2015; Scott-Phillips et al., 2018).

Human life is rich with culture pervading science, technology, customs, beliefs, art, literature, and music. Culture was once thought to be a distinguishing characteristic between humans and other animals (Dean et al., 2014) but is now generally accepted to exist outside humans, with evidence in non-human primates, cetaceans, and birds (Rendell and Whitehead, 2001; Whiten, 2011; Aplin, 2019). Although semantic disagreements persist (Heyes, 2020), there is ample evidence that the content of non-human culture evolves in the sense of changing over time (e.g., Garland et al., 2011). Despite this evidence from across the animal kingdom, there still appears to be something distinctive about the way human culture builds upon itself over time to increase the performance of our cultural products. This process, referred to as cumulative cultural evolution, or CCE henceforth (Boyd and Richerson, 1996; Tomasello, 1999), has become a primary focus for those trying to understand the differences between human and non-human culture, and how human populations collectively improve their cultural toolkits. Humans are able to “ratchet up the complexity or efficiency of cultural traits over time” through this process (Tomasello, 1994, p. 312; Tomasello, 1999).

If CCE is to be a feature of human uniqueness, then we need very clear ideas of what it is, and what it is not (Vaesen and Houkes, 2021). Our purpose here is to highlight what we see as an ambiguity in current thinking on the key features of CCE when it comes to cultural traits that are valued primarily or exclusively for their aesthetic properties – what we will term as “aesthetic cultural traits” or “aesthetic products”.

Using interdisciplinary perspectives on the philosophy of aesthetics, musicology, cultural evolution, and biology, we show here how the question in our title is not trivial, and that its answer will have important implications for how we think of CCE in humans and non-humans alike, using musical performance and non-human animal song as our principal motivating examples. One of our primary goals is to build bridges between a number of disciplines whose interests we see as overlapping on this question. Because of this, some material may be familiar to some readers but new for others, and while we do not pretend to provide comprehensive reviews of each area, we hope most readers interested in this general topic will find something informative from a discipline different to their own background.

Here we begin with an introduction to cultural evolutionary theory and ask how aesthetic cultures may fit into the current framework of CCE. We then examine whether aesthetic attractiveness (in terms of aesthetic value) can be measured sufficiently to enable its incorporation into this framework. We then take an example of an aesthetic culture – music – and explore whether this can improve over time. Finally, we discuss a case study of potential CCE in non-human animals – humpback whale song – through the lenses of these arguments. Our discussion is born of a realisation that we cannot evaluate whether humpback whale song is CCE without first determining how human aesthetic cultures fit into the CCE framework.



CUMULATIVE CULTURAL EVOLUTION

Mesoudi and Thornton (2018) sought to define a set of core criteria for CCE in human and non-human animals. The core criteria comprise four steps or qualities:


iThat behavioural variation exists.

iiA behavioural variant is passed onto others by social learning.

iiiThat the learned behavioural variant must enhance some measure of performance (our emphasis), and lastly.

ivThat steps i, ii, and iii are repeated to create sequential improvement over time.



Recent literature is ambiguous regarding whether Cumulative Technological Culture (CTC) is merely one form of, or is synonymous with, CCE (Miton and Charbonneau, 2018; Osiurak and Reynaud, 2019; Osiurak et al., 2020). Mesoudi and Thornton (2018) sought to clarify the concept of CCE in part due to the diversity of definitions of CCE in the literature. They contemplated 35 definitions, of which eight specified technology in CCE. Mesoudi and Thornton’s conception of CCE is not however restricted by definition to the technological domain and could, theoretically, include any cultural trait which meets their core requirements. It is their requirement for improved performance that we focus on here. Examples of a performance measure may be “the efficiency of migratory routes or extractive foraging, the durability and sharpness of cutting tools, or the aesthetic attractiveness of art or dress styles (our emphasis).” (Mesoudi and Thornton, 2018, p. 2; note that Supplementary Tables 1A,B give further examples of performance measures used in the literature). However, while “aesthetic attractiveness” is mentioned as a performance measure early in their manuscript, it is not explored further. Our intention here is to pull at this thread, because the interdisciplinary discussions that led to the present analysis suggest it is not straightforward to say that aesthetic “attractiveness” can increase in a measurable way. In our discussion of this problem, we interpret aesthetic attractiveness to mean “aesthetic value” as used in literature in the philosophy of aesthetics and focus on that value as the experience of an aesthetic product, in context, by individuals.

We define aesthetic cultural traits as those which are created, transmitted, and consumed because of the intrinsically valuable experiences which sustained appreciation of them affords. Examples of these aesthetic cultural traits are primarily found in the arts, where traditional categories include (but are not confined to) those cultural products (or artworks) found within visual art, sculpture, literature, poetry, music, performance art, theatre, film, dance, and architecture (what we refer to as “aesthetic products”). We use the term “aesthetic culture” to refer to cultural activities and products (including events such as musical performances or live theatre) that have been designed to afford aesthetic experience or be objects of aesthetic appreciation. The concept of an “aesthetic domain” may seem nebulous, as almost any object, activity or process could be experienced aesthetically (as emphasised in the burgeoning “everyday aesthetics” literature – see Leddy, 2012; Melchionne, 2013; Davies, 2015; Saito, 2017), but we use the expression to refer primarily to the examples above, whilst accepting that the concept has a fuzzy boundary and can be applied to non-standard cases. We also note that although there is some philosophical scepticism regarding whether the different arts share properties which would allow them to be united into a single group (Kivy, 1967), we focus on examining aesthetic products as a whole, in the sense defined above.

Some cultural evolutionists maintain that an additional essential criterion of recognising cumulative culture is that no one individual would be able to create the behaviour, skill or knowledge in question on their own, such that the cultural product “is beyond the capacities of a single individual” (Sasaki and Biro, 2017)1. This is a point of contention within the literature between the “process” vs. “product” oriented views of cumulative cultural evolution (Reindl et al., 2020). Product oriented views assert as a diagnostic criterion of CCE that cultural products must be beyond the capacity of a single individual to create de novo. On the other hand, process focussed views emphasise the processes of iterated innovation and transmission that resulted in a given cultural product. If, for example, a group produces stone tools following a history of repeated learning cycles, as in Mesoudi and Thornton’s (2018) core criteria, it is an example of CCE irrespective of whether another individual in a different group at some point develops an identical stone tool de novo. A product-oriented definition presents some issues in the aesthetic domain however – anyone can invent a new tune, but would we consider the same sequence of notes differently if it had been produced by a babbling toddler rather than an advanced music student who had been trained in composition and its history? We need not be derailed by this debate here, since both views are reliant on the concept of an “improvement of performance” (or “ratcheting”), which forms the central concern of this article.

We think it is imperative for cultural evolution researchers to interact with disciplines that have existing traditions of thought and study related to the phenomena they are bringing under the cultural evolution lens, so our motivation here was partly to explore via interdisciplinary dialogue what it might mean to talk of cumulative cultural evolution in the aesthetic domain. Has art improved in the way that our capacity to reach celestial bodies has? While surely few would doubt the excellence of both in their respective contexts, is the music of Beyoncé really the product of countless iterations of performance improving innovation since the time of Beethoven? A principal reason to undertake this enquiry is that the resolution of this question has important implications for thinking about whether non-humans have elements of CCE, which we address through the example of humpback whale song. Mesoudi and Thornton (2018) are clear that they consider those behaviours transmitted by social learning that are fitness neutral as non-cumulative. They posit examples of first names in humans and changes in birdsong as showing neutral drift as opposed to cumulative evolution (Mesoudi and Thornton, 2018). But where is the line between “fitness neutral” and “aesthetic” to be drawn? If we are unable to determine how aesthetic cultures “improve” and are therefore cumulative, must we also consider large tracts of aesthetic human cultural products as the result of neutral drift as opposed to any kind of cumulative evolution? A secondary reason is that through our dialogues we have come to the view that current debates in cultural evolution between advocates of “traditional” approaches and more recent contributions from supporters of cultural attraction theory might be clarified by considering the way in which CCE might occur and/or differ in the aesthetic domain.

Borrowing terminology from Sterelny (2017) for efficiency, cultural evolutionary theorists of the “Californian” (“traditional”) (e.g., Boyd and Richerson, 1996; Acerbi and Mesoudi, 2015; Mesoudi and Thornton, 2018; Buskell, 2019) and “Parisian” perspectives (e.g., Claidière et al., 2014; Morin, 2016) agree that humans’ ability to live and thrive in a wide variety of ecological conditions is dependent on the accumulation of cultural learning over time, but they disagree about the relative importance of transmission versus construction in that process (Sterelny, 2017):


The Californian perspective (sometimes presented as the “traditional” view) frames cultural transmission as a preservative mechanism in which variants are chosen and faithfully transmitted between individuals (with some error) which creates overall stability in cultural traits across time (Acerbi and Mesoudi, 2015).

The Parisian perspective, specifically cultural attraction theory (CAT), emphasises transformative processes in which cultural variants are reconstructed by the receiving individual. CAT aims to explain cultural variation by way of cultural attractors. Cultural attraction theory includes the concept that some variants are statistically more likely to be reconstructed due to inherent biases within the individuals doing the reconstruction (Morin, 2016).



Proponents of the Californian perspective question the validity of CAT as a separate theory to explain culture (Buskell, 2017a,b, 2019), but Acerbi and Mesoudi (2015) assert that these two theories are not necessarily in contrast to each other, arguing a broad cultural attraction theory may encompass the same processes addressed by cultural evolutionary theory; in contrast CAT proponents defend the distinctness of their framework (Morin, 2016; Scott-Phillips et al., 2018)2.

Is this debate an unresolvable clash between two fundamentally different views of cultural evolution, or do the different perspectives arise because they are primarily focussed on fundamentally different forms of cultural evolution – consistent with Vaesen and Houkes (2021) we use the term “technological” cultural knowledge (e.g., how to build canoes) in the Californian case, as opposed to forms of culture that operate more exclusively in the aesthetic domain (e.g., heraldic symbols)? We will argue that appreciating the fundamental differences of what it means to talk about CCE in technological and aesthetic cultural contexts lends support to Acerbi and Mesoudi’s (2015) assertion that these schools can co-exist, since their ideas originate in fundamentally different types of cultural evolution. In the “technical” realm, it is unproblematic to think about ratchetting improvements, and to those improvements being transmitted, and tested against an external environment. In the aesthetic domain however, psychological processes like cultural attraction will increase in influence, as the form of the cultural products is not tested against an external environment, but more by the experience of viewing or listening to them, and the responses evoked therein. Here, the aesthetic process has much more in common with the transformative accounts of CAT, but as we shall see, it is more problematic to think about an aesthetic “ratchet.”



CAN AESTHETIC VALUE IMPROVE CUMULATIVELY?

Mesoudi and Thornton (2018) propose “aesthetic attractiveness” as one measure of performance that could show cumulative improvement. Their prospect of measuring aesthetic attractiveness intersects with topics in philosophical aesthetics – specifically, the subjectivity of taste – which we discuss in this section. We interpret “aesthetic attractiveness” here as “aesthetic value,” since the latter has more currency in the aesthetics literature. However, the conclusion we motivate, that aesthetic value may lack the objectivity needed to be a good proxy for the improvement that is a core criterion of cumulative cultural evolution, is equally applicable to “aesthetic attractiveness.”

What, then, is “aesthetic value”? The most common view in the philosophical aesthetics literature states that an object has aesthetic value or disvalue by virtue of, and in proportion to, the quality of the aesthetic experience it can produce in spectators who meet standard viewing (or listening, tasting, smelling, and so forth) conditions (see for example: Munro, 1955; Beardsley, 1958, p. 333; Watkins and Shelley, 2012, p. 531; Stecker, 2006, p. 5). Standard viewing conditions specify minimum conditions which a percipient (a person who is able to perceive things) must meet for her aesthetic experience of an object to be representative of the calibre of aesthetic experiences which that object can produce. Examples of standard viewing conditions include having functioning sensory and cognitive capacities, having art historical or contextual knowledge, as appropriate, about the work or object (or performance) to which they are attending (such as the knowledge of a painting’s provenance and the ability to classify it in the correct genre), and having experience of suitable comparators3.

According to this view, hereafter “the standard model,” an artwork or aesthetic product which consistently produces enriching, satisfying or rewarding aesthetic experiences is aesthetically valuable for doing so. Conversely, a work which elicits dull, onerous or nauseating aesthetic experiences thereby has aesthetic disvalue. The standard model casts aesthetic value as a kind of instrumental, rather than final, value (where instrumental value is the value something has a means to an end, and final value is autotelic; the value something has as an end or “for its own sake”): aesthetically valuable objects are valuable because they are means to aesthetic experiences.

This raises the issue of what makes an experience “aesthetic.” Aesthetic experiences vary in their duration, intensity and character. Some are brief moments of fleeting pleasure in which we savour a sumptuous quality we chance upon in our surroundings: the fragrant scent of a plant, or the undulating peal of church bells. Other aesthetic experiences are not so pleasant: we may feel repulsed, oppressed, distressed, indignant, or frustrated. Think, for example, of a formulaic pop song played ad nauseum, or the decomposing carcass of a bird. Francis Bacon, the painter, alludes to aesthetic experience having a restorative effect in the following:


“If I go to the National Gallery and I look at one of the great paintings that excite me [.] the painting unlocks all kinds of valves of sensation within me which return me to life more violently” (Sylvester, 1987, p. 141).



The intensity of some aesthetic experiences can displace the sense we have of ourselves as experiencing subjects who are apart from the observed world. These experiences may acquire a quasi-spiritual or quasi-religious character. Ralph Waldo Emerson describes one such experience in the following:


“I see the spectacle of morning from the hilltop over against my house, from daybreak to sunrise, with emotion which an angel might share … the active enchantment reaches my dust, and I dilate and conspire with the morning wind” (Emerson, 2003, p. 43).



Attempts by philosophers efforts to explain what makes these experiences “aesthetic” can be situated in four camps: (i) the content-oriented approach which characterises aesthetic experiences in terms of the qualities at which they are directed (see Carroll, 2002, 2006, 2012, 2015); (ii) the axiological approach which treats aesthetic experiences as being of final, and not just instrumental, (dis)value (see Stecker, 2001, 2005; Iseminger, 2006); (iii) affect-oriented approaches, which characterise aesthetic experience in terms of a distinctive affective state, set of affective states or a type of pleasure (e.g., Bell, 1914/1987; Beardsley, 1969); and (iv) attitudinal accounts, which explain aesthetic experience by reference to an “aesthetic” attitude or a way of allocating attention (see Stolnitz, 1960; Bullough, 2008; Nanay, 2016, 2018). Hybrid positions which combine several of these approaches are also possible.

We now have a rough outline of what Watkins and Shelley (2012) describe as the ‘‘dominant’’ view of aesthetic value4. Thomas Munro expresses it in the following:


“Works of art as products – pictures, poems, and sonatas – can be good only instrumentally, as means to good experience in someone at some time […] No work of art or “objective” quality in art (such as unity or balance) can be good in itself […] It has aesthetic value as a means to good aesthetic experience” (Munro, 1955, p. 333).



Monroe Beardsley puts it in slightly different terms:


‘‘X has aesthetic value’’ means ‘‘X has the capacity to produce an aesthetic experience of a fairly great magnitude5 (such an experience having value)” (Beardsley, 1958, p. 531).



More recently, here is Robert Stecker:


‘‘Aesthetic value comes in two varieties. There is the intrinsic value of aesthetic experiences themselves by which I just mean that they are valuable in themselves. There is the instrumental value of objects capable of delivering aesthetic experience to those who understand them’’ (2006, p. 5)6.



If aesthetic value is to be a proxy for cumulative improvement, as Mesoudi and Thornton suggest, then we need to be able to measure it in some way. The standard model gives us a rough sense that this would involve examining the quality of aesthetic experiences an object affords a subject who meets standard viewing conditions. However, it is unclear how much consensus there could be about aesthetic value which is measured in this way. A given object may afford different aesthetic experiences for different people depending on their tastes and preferences (which have themselves many inputs including from the individual’s expertise, cultural background and the context in which an object is presented – see Figure 1). Consider Death Metal music. A piece of Death Metal may provide an intensely satisfying aesthetic experience for one person and a torturous and unpleasant aesthetic experience for another. The amount of aesthetic value or disvalue the piece has would therefore seem to depend on whose aesthetic experience we study.


[image: image]

FIGURE 1. Taken from Leder et al. (2004): A model of aesthetic appreciation and aesthetic judgement.


If, as the standard model implies, the aesthetic value of objects derives from our aesthetic experiences of them, and those experiences vary, then we may have to index measurements of aesthetic value to individual percipients. Quite how much consensus or divergence there is amongst aesthetic experiences could be established through empirical research (by, for example, conducting surveys). It seems at least probable that we could identify trends that indicate which artworks provide high quality aesthetic experiences and which do not. What remains unclear is how much consensus would be needed in order for measurements of aesthetic value to be a good proxy for the improvement as a criterion for CCE.

Clearly, an argument for classifying a behaviour as CCE would seem, at least, less compelling if there is a lack of consensus about whether the products of that behaviour had improved by a measure of performance. To this concern, we can offer four responses that warrant further consideration:


1.Accept that measurements of aesthetic value vary relative to the tastes and preferences of individual percipients and accept that that putative cases of CCE which advert to aesthetic value are on shaky foundations; [indeed, some implicitly take this approach by focussing specifically on “cumulative technological culture” as the explanandum (Osiurak and Reynaud, 2019)].

2.Argue against relativism, which David Hume famously does7 (see Hume, 1757/1995), though not without facing considerable challenges [see Kivy, 1967; Shusterman, 1999; Levinson, 2002, p. 229].

3.Argue that there is too little consensus about aesthetic value to justify using measurements of it as a proxy for cultural fitness.

4.Argue against the standard model of aesthetic value and in favour of an alternative which is less vulnerable to objections from relativism (though it is unclear what such an alternative would look like).



In summary, the standard model provides a framework within which aesthetic value can be empirically investigated; we can measure the aesthetic experiences of people who satisfy standard viewing conditions and, in doing so, learn how aesthetically valuable the objects of their experiences are. However, it remains to be seen how much intersubjective validity measurements of aesthetic value gathered in this way could have. CCE requires a “ratcheting” of improvements in some measure of performance over time. But how much intersubjective validity do these measures of performance need? Further research could establish just how objective a measure of performance needs to be for CCE and just how much or little consensus there is among our aesthetic experiences.



DOES MUSIC IMPROVE OVER TIME?

Moving from general considerations of improvement in aesthetic value, we now consider how concepts of improvement and progress have been deployed in a highly significant area of human aesthetic culture – music. Mesoudi and Thornton (2018) do not expand upon their identification of “aesthetic attractiveness of art” as a possible measure of performance. Contrastingly, Mesoudi (2011) posits that the sort of change seen in the aesthetic aspects of music is not a matter of improvement but is better captured by the notion of cultural drift which is the result of the random copying of cultural variants. We investigate this tension now, firstly looking at how “progress” (including the sense of increasing aesthetic value) has been theorised in historical musicology and ethnomusicology. We consider technical advancements and other developments which some authors argue lead to “local” improvements in aesthetic value. Lastly, we review empirical studies utilising large digital datasets.

In 1788 Johann Nikolaus Forkel, a founding figure in modern historical musicology, invoked a striking image of an octopus (Forkel, 1788, translation in Dahlhaus, 1987). He used this image to capture his vision of the teleological development of ‘‘the arts and sciences [which] only grow to perfection gradually,’’ in ‘‘stepwise progression from the simple to the complex’’ (our emphasis)8.

Nearly two hundred years later in an essay on “Progress and the avant garde,” musicologist Carl Dahlhaus (1987) referred back to Forkel’s octopus to illustrate “the paradox of the idea of progress.” This paradox arises when we take a particular view on musical change: that music is inexorably developing through a series of “stages,” becoming more complex and, in some sense, improving. Although this idea has not survived detailed examination of the world’s musical cultures (Nettl, 2006), it seemed like a certainty to Forkel, no doubt nurtured by living in the optimistic Enlightenment, and continued to be a common implicit assumption and explicit declaration well into the twentieth century, by which time it was being illegitimately backed up by misapplied arguments taken uncritically from Darwinian evolutionary theory (Mundy, 2006, 2014).

This assumption of progress – or growth – toward perfection runs counter to a second commonly held intuition: that the acknowledged masterpieces of a particular style or period are not superseded by subsequent works. Stravinsky’s “Rite of Spring” is no higher in aesthetic value than Beethoven’s “Eroica,” Radiohead’s “Kid A” no improvement on The Beatles’ “Abbey Road.” As Dahlhaus puts it, it would “be blindly presumptuous to ascribe a higher rank to the musical present than to the past.” In this context he cites music historian François-Joseph Fétis, who appealed to the view that the goal of music is emotion, and wrote against the prevailing mood of his day that “in general what we call progress is only transformation…’’ (1835, our translation)9. “Change rather than progress” with respect to aesthetic value is currently the conventional view in musicology.

However, there may be progressive development in various aspects of musical means and “language.” Such improvements in the technological means (or means of production) through which musical works are produced and performed have occurred and are generally gradual (e.g., the nineteenth century expansion of the Western orchestra both in size and variety of instruments) but some are customarily viewed as revolutionary (e.g., the rapid uptake of staff notation in Gregorian Chant, or the introduction of digital production to popular music).

Regarding musical language, the discovery of harmony has often regarded as a key stage in the development of music (e.g., Spencer, 1890; Gilbert, 1920; Benzon, 1993), enabling wholly new domains of aesthetic experience. We might also listen to those composers and musicologists who have seen progress in terms of the development of a musical language, or in the way of thinking through music, as the addressing of certain “technical puzzles” (Adorno, 2020). Dahlhaus describes this process with respect to the music of Stockhausen:


“Difficulties which at first seemed insoluble provided the stimulus for works at a second level on which earlier problems were solved. Admittedly, others arose in their stead, but these in turn urged musical thinking onward. This seems to suggest that musical development in a restricted sphere, that of compositional technique, shares certain traits with the progress of a scholarly discipline” (1987, p. 20).



However, importantly, we should strongly resist the idea that there is any single or privileged musical language. Even within Western Art Music (WAM), the past century has arguably seen the end of the so-called “common practice period,” a strong and largely successful challenge to the hegemony of musical modernism, and the emergence and spread of multiple and very disparate styles (new complexity, minimalism, neoclassicism, neoromanticism, and spectral, etc.). If there is “progress” within a language it is severely local (e.g., we might think of how Schoenberg’s serialism with respect to pitch was broadened into “total serialism” in the works of Boulez and Stockhausen), and certainly cannot be measured in any absolute terms. Returning to our question: “Does music improve over time?” it is surely undeniable that gradual and sometimes ratchetting, in the sense of being very unlikely to be reversed, development of this kind result in changes in aesthetic experience and hence aesthetic value. Nonetheless, the history of the rise and fall of classical and popular musical styles, and the changes in popularity of individual artists, demonstrates the wide range of the evaluation of such changes and offers no support for global or unilineal increase in aesthetic value.

In comparative musicology and ethnomusicology, progress was problematised from the mid-1920s onward, particularly after World War II (Mundy, 2006, 2014). An example of this rejection is found in Curt Sachs’s (1961) posthumously published “The Wellsprings of Music” in which he describes progress as a “dangerous slogan,” and writes that “[w]e no longer believe in a neat evolution from low to high, a constant development from unassuming simplicity toward an ever growing complication.” He criticises the internal contradictions of teleological views of musical history with the telling point that their adherents frequently held up an earlier period as offering the most perfect music. Leonard B. Meyer echoes Sachs in his “Music, The Arts, And Ideas” (1967), in which “the demise of the idea of progress” in music is seen as part of a wider social and historical movement. Meyer argues that “[w]ith the development of historical musicology and ethnomusicology, the notion of stylistic progress has to all intents been given up.” Nonetheless Sachs still recognises a form of limited progress, in which each period sets “for art a temporary goal of its own,” a goal which may require the acquisition of new techniques and new means of expression. Sachs finds musical progress in the early development of opera, and the changing treatment of recitatives from Peri to Monteverdi. “Progress exists at best within a limited span; as to the total of art, there is no progress, no regress, but simply otherness.”

Meyer (1967) offers perhaps the most systematic and comprehensive account of stylistic change in general, which although focussed on the history of WAM is broad enough to include other musics. Alongside the “apparently random” changes that have been the focus of some contemporary modelling studies (e.g., Bentley et al., 2007) and which we discuss below, Meyer also discusses “mutational change.” This is particularly relevant to us because such revolutionary changes (such as the discovery of linear perspective in the visual arts, serialism in music, or the invention of new aesthetic goals) are said to give rise to “permanent and fundamental alteration” in the “fundamental presuppositions” or “premises” of a style. In their irreversible effects such paradigm shifts resemble the operation of Tomasello’s ratchet and could be linked to Sachs’s views on limited aesthetic progress. Once new premises have been established, artists work to explore the new realm of aesthetic possibilities offered by the new technological means, musical forms, or aesthetic goals. Meyer argues that the resulting period of intra-stylistic change is best captured by a model where change is predominantly driven internally rather than externally and is typically (though not inevitably) associated with a growth in complexity and reduction in informational redundancy.

Turning from historical musicology to the empirical sciences, the development of computational techniques in the field of Music Information Retrieval (Lartillot et al., 2008; Schedl et al., 2014), coupled with the assembling of large digital archives of recorded music and databases such as the Million Song Dataset (Bertin-Mahieux et al., 2011), has made it more straightforward to pose testable scientific hypotheses on various aspects of the cultural evolution of musical styles (Brand et al., 2019). Although it is true that some published studies using “evolution” in their title either do not use concepts or tools informed by evolutionary biology, instead they indicate a quantitative analysis of temporal trends and patterns (e.g., Serrà et al., 2012); or use biological measures of population change (such as diversity and disparity) without attempting to account for their causes (Mauch et al., 2015), there is also a significant body of research addressing whether such changes can be better explained through cultural drift alone (resulting from random copying) or when coupled with transmission or psychological bias (the term used to capture the effects of listener preferences, whether determined by musical features, desire for novelty, or social pressure to conform) (Acerbi and Bentley, 2014).

To raise the possibility that trends in musical cultures may be explained without reference to listener preferences is in some ways to question the very possibility of aesthetic progress and seems to strike at the notion of meaningful agency on the part of both music creators and audiences. Yet support for this possibility has arisen from corpus studies into the ability of a random copying model versus models incorporating transmission biases to predict observed turnover rates of songs in album and internet charts (Bentley et al., 2007; Acerbi and Bentley, 2014), turnover rates in the frequency of use of drum samples (Youngblood, 2019), and the dependence of the changing emotional content of lyrics on content and model biases (Brand et al., 2019). This research suggests that chart trends can predominantly be explained through cultural drift, with some evidence for conformity bias for specialist genres (Acerbi and Bentley, 2014; Youngblood, 2019), and a content bias for negative lyrics (Brand et al., 2019).

On the other hand, the rather unintuitive conclusion that chart success is mainly the upshot of random copying and has little to do either with its aesthetic value or with the content bias of the listener (i.e., a preference based on aesthetic experience), is challenged by other work which shows that success can be well-predicted through acoustic properties (Interiano et al., 2018), and is influenced by various measures of musical complexity (Percino et al., 2014; Parmer and Ahn, 2019). Moreover, moving outside the realm of Western pop music, Nakamura and Kaneko (2019) have demonstrated that trends in dissonance across four centuries in Western classical music can be reproduced in a simple evolutionary model excluding random copying, in which creators learn from the past and evaluators make selections based on novelty and style conformity; and further, that this simple model successfully predicted changes in an unrelated genre.

Finally, another perspective on this debate is provided by the results of the “DarwinTunes” experiment reported by MacCallum et al. (2012). Here, a “population” of short melodic loops, with successive generations being generated through modelled random mutation and reproduction, was allowed to evolve under the pressure of selection governed by listener preference. Once again, a balance is struck between cultural drift and psychological bias. It is striking that harmonic and rhythmic properties of the loops approached those commonly considered aesthetically pleasing in Western pop music: i.e., it appears that listeners chose tunes based on aesthetic grounds rather than at random. It is difficult to compare the different contexts offered by this experiment and the corpus studies into real-world music-buying habits described above, but the results of MacCallum et al. (2012) are consistent with iterated learning experiments showing that learning biases in the copying of drum patterns leads quickly to “rhythmic universals” (Ravignani et al., 2016). Together these studies may offer comfort for those seeking to hold on to a notion of agency. In a comment on the DarwinTunes experiment from the perspective of the “Parisian” perspective of cultural evolution, Claidière et al. (2012) emphasised the importance of guided transformative processes rather than random mutation in the evolution of “real music.” To us, this points to the need to take into account the makers of music as well as its audience, and the combined message is that creation and choice may after all be a driving force in cultural evolution. We note that in the artificial context of the “DarwinTunes” experiment the proxy of mean listener preference is used, and as we have unpacked in our philosophical analysis of aesthetic value above it is unclear whether preference can equate to a measurement of aesthetic value. It is also difficult to extrapolate from the results of this experiment context to the way in which the world’s diverse musics have altered over time.

Over the course of the last hundred years, historical musicology and ethnomusicology have come to the conclusion that any notion of global aesthetic progress is dead in the water, inescapably bound up with discredited social Darwinist notions of cultures evolving toward some idealised Western pinnacle. Nonetheless, in addition to undeniable technical and technological advancements, there are some strictly limited and local cases in which we might speak of improvement: Dahlhaus’s advances in “musical thinking” within a specific musical language, Sachs’s temporary progress toward particular aesthetic goals requiring the development of new techniques, and Meyer’s exploration of the possibility space of a new style. Empirical support for these limited cases may come from the corpus studies discussed above, which have demonstrated an increase in instrumental complexity associated with the growth of new popular music styles (Percino et al., 2014), and have confirmed the increased use of dissonant harmony in the history of WAM (Nakamura and Kaneko, 2019). However, the quest for, let alone the identification of, a culture-independent measure of global “aesthetic value” has long been abandoned in musicology, and the empirical studies cited have instead used proxies of chart success or listener preferences. Aesthetic goals, when considered at all, are seen to be learned, set and evaluated from within particular musical cultures. Each musical culture can and perhaps should be thought of as a distinct stem of a constantly diversifying evolutionary bush rather than steps on a ladder. Adopting this perspective, who is to judge the relative merits of the musical productions of a Beethoven and a Beyoncé?



IS CUMULATIVE CULTURAL EVOLUTION UNIQUE TO HUMANS?

While students of philosophy and musicology may be familiar with the preceding content, it may not be so obvious why it could, as we argue now, be relevant to debate at the interface of human and non-human animal cultural evolution. If CCE is to be somehow diagnostic of human uniqueness, then there will inevitably be great interest in understanding whether anything like it occurs in non-humans. Some have challenged the claim that CCE is unique to humans. For example, Hunt and Gray (2003) posited tool manufacture in New Caledonian crows (Corvus moneduloides) as CCE. A variety of cultural behaviours in primates have also been postulated as cumulative in character from nutcracking behaviour in chimpanzees to eye-poking in capuchin monkeys (Cebinae) (Perry, 2011), More recently, Jesmer et al. (2018) have shown evidence for the CCE of migration routes in relocated populations of both bighorn sheep (Ovis canadensis) and moose (Alces alces). Individuals from a population of bighorn sheep that had been established in the environment for over 200 hundred years were found to have double the efficiency in their migration route compared to individuals of a population that had only been established for up to 35 years. This was due to a longer history of repeated cycles of innovation (in movement decisions) and learning, very similar to Mesoudi and Thornton’s (2018) core criteria, in the longer established populations.

Further provocative evidence for CCE in non-human animals comes from experiments in homing pigeons (Columba livia) (Sasaki and Biro, 2017). This study found that chains (“generations”) of pairs in which information was pooled between multiple individuals over five iterations (or “generations”) created routes that were eventually more efficient than the two control chains consisting of solo fliers or pairs that stayed the same. The authors argued from this that collective intelligence in animal groups can initiate CCE (Figure 2). Finally, observational evidence from the cultural evolution of humpback whale song has also been proposed as a contender for non-human CCE (Allen et al., 2018), and we explore this in more detail below.
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FIGURE 2. From Sasaki and Biro (2017): “Homing flight release protocols. (A) Experimental group and (B) control groups. In each chain of the experimental group, a single pigeon (orange) was first released from the same site repeatedly 12 times, then partnered with a naive pigeon (red) and flown as a pair a further 12 times. The first bird was then replaced by a third bird (green) and this new pair (red þ green) was also released 12 times. This procedure continued until the fifth-generation bird (grey) was added and flown a final 12 times. In the control groups (B), single pigeons and fixed pairs were released the same number of times as the total flown by the experimental group (60 flights). All three treatment groups contained 10 independent replicates (chains, solo birds, or pairs)”.


These examples are however, open to critical scrutiny due to lack of direct evidence of both social learning and innovation (Dean et al., 2014; Whiten, 2018). Arguably, Sasaki and Biro’s (2017) is the most convincing study from this perspective, but the trait it focuses on, a navigational route, could in theory be improved readily by a practicing individual without social input. From a product-focussed perspective on CCE, it is not out of the question in most of non-human examples that an individual could learn to produce the documented trait improvements asocially (Tennie et al., 2020), and from this perspective the migration route example is arguably strongest. Finally, all these cases focus on the refinement of a particular skill rather than an entirely new innovation or recombination (Whiten, 2018).


Humpback Whale Song Case Study

The roots of our enquiry into the tension between CCE and change in aesthetic cultures was that its resolution has important implications for thinking about whether non-humans have elements of CCE, and in particular, whether humpback whale song should be considered an example, as suggested by Allen et al. (2018).

Some of the strongest evidence for non-human culture is found in the complex songs of humpback whales (Megaptera novaeangliae) (Payne and Payne, 1985; Garland et al., 2011). Male humpback whales produce a vocal sexual display called “song” during the breeding season. Song is a long, stereotyped acoustic signal with a hierarchical structure, such that each song is composed of a set of themes, each theme is composed of repeated phrases and each phrase is composed of a stereotyped sequence of units (Payne and McVay, 1971; Suzuki et al., 2006). All male humpback whales of each breeding population sing the same song at any given time. The speed of changes to a song that spread across a population indicates that song sequences are socially learned (Tyack and Sayigh, 1997; Janik and Slater, 1998). Generally, each song changes gradually with all singers of the same population updating their song resulting in the maintenance of similarity across the population (Payne and Guinee, 1983; Payne and Payne, 1985). The transmission of song in the South Pacific Ocean is of particular interest to researchers due to the occurrence of song “revolutions” in which a population discards a current song type in favour of a new, and completely different song type (Noad et al., 2000; Garland et al., 2011). Song types have been found to radiate eastward across the South Pacific Ocean. For example, the song of Eastern Australia was transmitted eastward all the way to French Polynesia in 2 years (Garland et al., 2011).

Allen et al. (2018) examined the song structure of humpback whales off the west and east coasts of Australia over thirteen consecutive years. The west coast song regularly spread to the east coast during “revolutions,” but songs underwent more gradual changes in between these events. Allen et al. (2018) found that the complexity of songs, measured as the number of distinct units per phrase and overall song duration, increased as a song evolved between these revolution events (typically over 1–2 years). However, as old songs were replaced with new songs during revolution years complexity was reduced, only to build up again between revolutions (Figure 3). It is thought that an increase in complexity may represent embellishment by males wishing to stand out to females and that reductions in complexity during revolutions may indicate a limit to the social learning capacity of novel material in humpback whales (Allen et al., 2018). Due to the conformity in general song structure at any one time it can be assumed that changes by individual males are incorporated by the population at large and then further built upon to create this incremental increase in complexity over a song’s lifetime.
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FIGURE 3. Taken from Allen et al. (2018): “Song complexity scores for each year (2002–2014) representing complexity at the (i) song-level, (ii) theme-level, and (iii) total complexity. Revolution and evolution transitions are demarcated”.


These cycles of innovation and transmission that produce an increase in complexity mirror the mechanisms described in CCE literature and makes humpback whale song a potential non-human example of CCE. But in what sense has the song “improved”? Is the more complex song “better”? Or is the actual content selectively neutral (borrowing a genetic fitness term for the fitness of cultural traits), only significant within a specific population at a specific time? These questions are also relevant to ongoing debate over the evolution of aesthetics in non-human animals (e.g., see Prum, 2017 and Patricelli et al., 2018). While we do not mean to uncritically compare the experience of humpbacks hearing a song to human aesthetic experiences, it does seem legitimate to ask what basis, if any, do we have to differentiate between “fitness neutral” evolution of song in this example, and change in human aesthetic products?




TECHNOLOGICAL AND AESTHETIC CULTURES EVOLVE IN DIFFERENT WAYS

While we do not wish to equate human music with humpback whale song, we do wish to point out that when humpback whale song is examined through the lens of cumulative cultural evolution, the secondary questions posed about improvement in performance are similar to those of aesthetic value (or aesthetic attractiveness) in human aesthetic culture. Humpback whale song in at least some populations increases in complexity through cultural evolution, akin to some changes in musical styles (Percino et al., 2014; Allen et al., 2018). However, this increase in complexity is reduced when song revolutions occur, which would seem contrary to the ratchet effect, or sequential improvement central to the CCE framework. As with the cultural evolution of human art forms, we cannot uncritically equate change (in this case an increase in complexity) with an improvement in performance. There are iterations of embellishment, upon which each individual learns and incorporates changes or additions into their own repertoire, after which the same individual may add further embellishments/changes/additions. In a similar manner, the core processes of learning, innovation, and transmission are present in aesthetic cultural products. Consequently, the key question arises: do we widen our definition of CCE (potentially dropping or weakening one of Mesoudi and Thornton’s core criteria) to encapsulate both aesthetic cultural products in humans and strengthen the case for non-human CCE (e.g., humpback whale song)? Or, if we cannot show that the human aesthetic cultural products improve in any measurable way, do we exclude them both from the CCE framework (for example by rebranding CCE as CTC, as in Osiurak and Reynaud, 2019)?

We have focussed on aesthetic value as the metric by which aesthetic products might or might not be said to improve, but some authors consider advancements in the means of production that create an aesthetic product to qualify as an improvement within the aesthetic domain (Tinits and Sobchuk, 2020). We argue in contrast that while the means of production may be an input of consideration to the overall aesthetic value of an aesthetic product, the means of production cannot solely determine improvement in the aesthetic value or experience of an aesthetic product. Instead, the means of production are cultural traits within the technological domain. The contrasting view from a contemporary study by Tinits and Sobchuk (2021) depends upon the philosophical stance of Becker (2019), a sociologist who argues that art is better understood as a collective activity than as a collection of artworks. According to Tinits and Sobchuk (2020) this means that the mechanisms behind the production of a painting cannot be sharply distinguished from the painting itself (where “painting” could be replaced by a piece of music, a film, a book, etc.). Tinits and Sobchuk (2020) describe cumulative cultural evolution in the aesthetic domain by pointing toward the increase in complexity in the structure of production crews behind films. However, the process by which an aesthetic value arises from the interactions between a product and a specific percipient is complex. Undoubtedly, contextual factors about the process of production (for example knowledge of the circumstances of the production, or the artist’s statements of intent, or a film directors influences) could be important inputs to both the aesthetic experience and the ultimate aesthetic judgement of a given product (Leder et al., 2004). To us, this means that relationship between CCE in production methods and resultant aesthetic values is also likely complex and unlikely to follow simple correlations. Tinits and Sobchuk (2020) present their study as showing CCE in an aesthetic domain, but they are focussed on the means of production (in this case the film industry), which is, at least partially, distinct from the aesthetic value of the final product (the film). In our view, they have shown that the means of production of aesthetic traits can evolve by the process of CCE (traits belonging in the technological domain), rather than showing CCE in the aesthetic traits themselves. Similarly, the nineteenth century expansion of the Western orchestra both in size and variety of instruments would not automatically mean an increase in aesthetic value or attractiveness of the aesthetic products created through such an expansion.

A theory related to Becker’s is held of music by sociologist Christopher Small, who prioritises performance over the musical “work,” and defines “musicking” as the participation in any capacity whatsoever in a musical performance (1998). Musicking is just one aspect of a society’s ritual activities which articulate its (ideal) social relationships, and a participant’s aesthetic pleasure in a performance arises when its musical gestures successfully articulate or affirm these relationships in a way which meshes with the participant’s own view of them. Aesthetic judgements and value, for Small, thus refer implicitly to the society that has given rise to the performance being judged. If the degree of pleasure is related to the degree of fit between performance and participant, it seems highly unlikely that aesthetic value can increase in the open-ended way implied by Tinits and Sobchuk. Our stance is supported somewhat by Yang et al.’s (2019) suggestion that aesthetic experiences do vary across cultures, as aesthetic judgements varied between participants with different cultural backgrounds, with aesthetic judgements more positive when participants viewed visual art from their own culture.

Such detailed analyses of the relationship between the technological and aesthetic domains of cultural evolution can, in our view, help clarify current debates in cultural evolution between advocates of Californian cultural evolution theory and more recent contributions from supporters of the Parisian cultural attraction theory. We have analysed above the ways in which cultural change might differ between technical and aesthetic domains. How might our treatment lead to additional understanding of why Parisian-perspective cultural attraction and Californian-perspective cultural evolution can co-exist? We propose that they are accounts of cultural change that are directed at different types of fitness landscape. In the technological domain, the Californian perspective works well because a problem, once defined, is essentially static – for example: “produce using available materials a human powered craft for navigating sheltered waters in the Arctic” – and solutions can then be objectively compared. In this domain, discussing cumulative cultural evolution in the context of improving performance is relatively unproblematic.

In contrast, within the aesthetic domain, the ‘‘problem’’ -- maximising aesthetic value -- can never be static because the target, the aesthetic value judgements of the percipient, is always moving. Tastes are changing, and sub-groups branch toward radically different and sometimes fundamentally incompatible judgements of value, such that solutions cannot be objectively compared, and can in fact be described as arbitrary with respect to any criterion that does not reside within a human mind. Here, the value of ‘‘solutions,’’ i.e., aesthetic products, is defined as much by the characteristics of the audience as by the nature of the solution, which is why the notion of cultural attractors, features of particular groups of minds at particular times, can be valuable as a tool for explaining cultural change in this domain10. We should therefore expect from the arguments we have laid out that fundamentally different principles could govern cultural changes in the two domains, and as a result be mindful of the problems of confusing or conflating the two. Inevitably there are going to be cases where the contrast is not clear cut, but in general we suggest that recognition of this contrast between aesthetic and technical domains provides a conceptual framework in which both Parisian and Californian perspectives on cultural change can and should co-exist.

Our manuscript brings together thought from biology, musicology and philosophy with the aim of disentangling the implications of applying the idea of improvement in performance that is critical to the concept of CCE to the cultural evolution of aesthetic attractiveness or value. Our overall conclusion is that this is clearly not a trivial task and requires more attention than has been previously allocated in the CCE literature, which has been predominantly technological in focus (Vaesen and Houkes, 2021). Depending on the philosophical stance taken, this task may even prove impossible. Through a philosopher’s lens we have examined the nature of aesthetic value and whether it can be measured in any meaningful way, and from the perspective of musicology we have examined a long tradition of thought about whether the aesthetic value of a specific example, music, can progress. Both views find that the answer is not straightforward and importantly that the answer we choose has potentially important repercussions for how we treat an array of cultural phenomena both in humans and other animals. Lastly, we have discussed a non-human animal case study to evaluate the repercussions of our findings on particular cases of non-human animal culture. We hope that our manuscript opens up new avenues of discussion about CCE within the aesthetic domain and that this is just the beginning of a fruitful discussion between disciplines.

The question remains though as to whether cultural change in the aesthetic domain can ever be meaningfully described as cumulative, if there cannot be unambiguous consensus on the nature of what is accumulating? The answer matters. If it is no, which from the perspective of the philosophy of aesthetics is arguably the supported position, and the one we lean toward, cultural change in the arbitrary form of animal signals must be excluded – humpback whale song is not, from this perspective, an example of cumulative cultural evolution. The perhaps uncomfortable extension, however, is that large swathes of human cultural production in the aesthetic domain must also be moved out of the cumulative box, including Mesoudi and Thornton’s (2018) last example of “the aesthetic attractiveness of art”. In contrast, if the answer is yes, then Mesoudi and Thornton’s original examples all stand, but we have no basis for saying that humpback whale song does not also show cumulative cultural evolution, and the philosophical issues raised above become a more serious problem for this account of CCE. We do not pretend to answer this question here definitively, rather our goal has been to articulate it, and the consequences of choosing each answer, and we hope to have clarified how, in our view, accounts of cumulative cultural evolution are currently resting on the horns of a dilemma when it comes to the aesthetic domain.
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FOOTNOTES

1A common example cited as the pinnacle of human cumulative culture, as beyond the capacities of one individual, is when one person stepped on the moon. This feat was a team enterprise including technologies across a range of disciplines, the research for which was carried out over multiple centuries (Dean et al., 2014).

2See Sterelny (2017) for a more in-depth analysis of the agreements and disagreements between these two perspectives of thought in cultural evolutionary research.

3Walton’s (1970) “Categories of Art” contains useful suggestions about which qualities aesthetic experiences of artworks should be directed at.

4The standard model is not without its detractors, such as Sharpe (2000) and Watkins and Shelley (2012), though neither give a positive account of what might replace it.

5
“Magnitude” is Beardsley’s term for the collective effect which three inter-related factors have on the character of an experience. The factors are: (i) how unified – “coherent” and “complete” – the experience is; (ii) how intense the experience is; and (iii) how complex the experience is (i.e., “the range or diversity of the distinct elements that it brings together into its unity”) (Beardsley, 1958, p. 529) (see Dickie, 1965, 1974; Beardsley, 1969 for discussion of these criteria).

6Other proponents of the standard model, or a variant of it, include: Ross (1930), Lewis (1946), Dickie (1988), Levinson (1992, 1996), and Goldman (1995, 2006). See Forsey (2017) for a critique of Stecker.

7
“Under some or other of these imperfections, the generality of men labour; and hence a true judge in the finer arts is observed, even during the most polished ages, to be so rare a character: Strong sense, united to delicate sentiment, improved by practice, perfected by comparison, and cleared of all prejudice, can alone entitle critics to this valuable character; and the joint verdict of such, wherever they are to be found, is the true standard of taste and beauty” (Hume, 1757/1995).

8There is no straightforward or standardly accepted definition of musical complexity, evidenced by the fact that the standard encyclopaedia of music, “Grove Music Online,” contains no entry for the term. However, we note here that “complex,” as antonym of “simple,” is often used informally to describe either an overall impression or various dimensions of music, such as melody, harmony, rhythm, timbre and structure, from at least two points of view: those of the performer and the listener. Naturally, this indexes performance skills and listener familiarity and preferences, and can never be entirely objective. Here Beardsley’s characterisation of the complexity of an aesthetic experience (already cited above) as “the range or diversity of the distinct elements that it brings together into its unity” seems to be a reasonable description of the term’s application to musical works by writers in historical musicology such as Forkel, and for the main part this is how we use it in this section of our manuscript (the exceptions are for the corpus studies cited below by Percino et al. (2014) and Parmer and Ahn (2019), which use information-theoretic measures).

9
“Ce qu’on appelle en général progrès n’est que transformation”.

10While Scott-Phillips et al. (2018) discuss “ecological attractors” within the context of cultural attraction, this seems to us a flawed conflation of two fundamentally different domains of cultural change.
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Publication

1766

Der Greis. Vol. 13
Text: Patzke
Music: Burmann

1768
Kleine Lieder fiir Kinder zur BefSrderung der
Tugend. Vol. 2

Text: Weisse

Music: Scheibe

1769

Lieder fiir Kinder, vermehrte Auflage
Text: Weisse

Music: Hiller

1774

Lieder eines Mégdchens, beym singen und
claviere

Text: (Werthes)
Music: unknown

1774

G. W. Burmanns Kleine Lieder fir kleine
Médchen und Knaben

Text: Burmann

Music: Burmann and “J. G. H.”

1783
Kleine Kinderbibiiothek. Vol. 9
Text: Campe (7)
Music: Witthauer

1791

Amaliens Erholungsstunden. Vol. 2.1
Text: unknown

Music: Heinz

Title(s) of Lied (er)

Der Vater und sein Kind

1 Zuschrift an ein paar Kinder
5 Der arme Mann

6 Eitle Schonheit

11 Das Geschenk

25 Die Lieblingsleidenschaft
30 Ermahnung an zwey Kinder

1 Zusohift an ein paar Kinder
29 Der arme Mann

30 Eitle Schonheit

36 Das Geschenk

50 Die Liebiingsleidenschaft
69 Briiderliche Eintracht

70 Ein paar Kinder an ihre Mutter, bey derselben Geburtstage
71 Ermahnung an zwey Kinder

21 Die Tocher an die Mama
24 Die Mutter und die Tochter

Of 53 Lieder, allbut nine are “zu zweyen Stimmen ausgesetzt” (2-part duets) -
but text is all first-person singular
+ Der Vater und das Kind (Der Greis)

Ausdruck kindlicher Freude am Tage der Geburt des Vaters

“Lied eines kleinen Médchens an ihren Vater, bei Ueberreichung eines
Rosenkndspchens™

Family Members Who Sing

Father, then son (strophic)

1 Father (to two children)
5 Brother, then sister

6 Brother, then sister

11 Brother (to sister)

25 Sister, then brother

30 [Father] (to two children)

1 Father (to two chidren)
29 Brother, then sister

30 Brother, then sister

36 Brother o sister

50 Brother, then sister

69 Brother, then sister (strophic), then
together (harmony)

70 Chidren together (harmony)

71 [Father] to two chidren

21 Daughter (to mother)
24 Mother, then daughter (ballad form)

Father, then son (strophic)

Brothers (to father) (cantata: verses for
solo, duet, and chorus)

Daughter to father
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Publication

1777

Kinderschauspiele
Rode

1777
Der Kinderfreund. Vol. 5
Weisse

1778
Der Kinderfreund. Vol. 8
Weisse

1779
Der Kinderfreund. Vol. 15
Weisse

1779
Die wahre Liebenswirdigkeit oder das Geburtstagsgeschenk
Schulze

1780
Unterhaltungen fur Kinder und Kinderfreunde. Vol. 3
Salzmann

1780

Kieine Unterhaltungen. Ein Weihnachtsgeschenk fir Kinder.
Vol. 1

Claudius

1780
Kleine Spiele und Gespréche fur Kinder
Roding

1780
Sammlung von Kinderschauspiele mit Geséngen
Seidel

1781
Das Rondo
Beigel

1782
Theater fur die Jugend
Ed. Sartorius

1782-1821

Etwas wider die Mode. Gedichte, und Schauspiele ohne
Caressen,

und Heurathen, fur die studirende Jugend

Jann

1783

Kieine Unterhaltungen. Ein Weihnachtsgeschenk fiir Kinder.
Vol. 2

Claudius

1786
Briefwechsel der Familie des Kinderfreundes
Weisse

1789
Briefwechsel der Familie des Kinderfreundes
Weisse

1793-04
Kinderschauspiele. Ein Neujahrsgeschenk fir gute Kinder
Wil il Saniais:

Title(s) of Play/Singspiele

Der Ausgang, oder Die Genesung. In drey Aufziigen

Die Schadenfreude. Ein Lustspiel mit Liederchen

Die Kleine Aehrenleserinn. Ein Lustspiel fir Kinder in einem Aufziige

Die Friedensfeyer, oder die unvermuthete Wiederkunt. Ein Lustspiel
fiir Kinder in zwey Aufziigen

Die wahre Liebenswirdigkeit oder das Geburtstagsgeschenk. Ein
Lustspiel fir Kinder in drey Aufziigen

Denk, daB zu deinem Gliick dir niemand fehlt, als du!

Das Friedensfest. in einigen Scenen fiir Kinder
Die ankbaren Kinder. Ein Kieines Schauspiel mit Gesang

Wunderschin ist Gottes Erde Und werth darauf vergniigt zu seyn. In einem
Autzuge

1. Der Neuahrstag
2. Das Besserungsittel
3. Die Reise auf Schulen
4. Tugend bleibt nicht unbelohnt

Das Rondo. Lustspiel mit Gesang

Denk, daB zu deinem Gliick dir niemand fehlt, als Du! (Salzmann)

Vol. 1
1. Die zur Liebe der Wissenschaften aufgemunterte Jugend

2. Iphigenia
3. Heil, oder die versaumte Kinderzucht
4. Das Opfer des Abrahams
More in subsequent volumes

Der Abend auf der Flur. Ein léndiches Schauspiel fir
Kinder mit Gesang in Einem Aufzuge

Unverhoft kémmt oft. Oder Das Findelkind. Eine comische Oper

Mit Schaden wird man klug, oder wer leicht glaubt, wird leicht
betrogen. Eine Posse in zwey Aufziigen, mit untermischten Liederchen

1. Der edelmilthige Denunziant. Ein Kinderschauspiel in finf Aufziigen
2. Der Invalid oder der Geburstag, ein Singspiele

Musical Settings

Benda

André, Keliner,

Winter

M. Haydn, Hiller

André, Hiller

Several set by
M. Fischer
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Song Leading Activities Key

Symbols and Icons

Definitions

generalist teacher
(LT T speaking line

children

spoken communication between generalist teacher and children

— single verse

verse(s) of the target song momentarily not in focus

— single verse, melody and lyrics

singing with lyrics

= single verse, lyrics only

lyrics recited, i.e. verse meter is implicitly present

— single verse, melody only

singing the melody without lyrics by producing single syllables,
e.g. la-la-la

single verse, thythm only

rthythm without lyrics or melody, expressed by body
percussion or vocal sounds

listening

instruction to listen attentively

@ gestures or body percussion

gestures related to the lyrics” semantic content or metric sound
production by body percussion

@ material support

use of realia such as pictures, tissue papers, puppets etc.

é/ guitar

use of instrument as song accompaniment or on its own






OPS/images/fpsyg-12-654282/fpsyg-12-654282-g006.jpg
’ &4 PLT /
¢ 44 448 ¢ ¢ ¢ [ 4
) L4 066 4 iy g—

[ 4 o Lo 4
B B @ CHECEEDDHE @EEEEE 66 @ EE D B8 O 00 68

Y 0F R ERER R H 6 B BB B BE s H HE @
[ 4 0BG 6 Ly

—— v ©
[ ¢

Torapncaiuache,
= T - T
’ .

L s

r—





OPS/images/fpsyg-12-654282/fpsyg-12-654282-t001.jpg
Song
Reciting/chant

Speech

Continuous

Intensity
Intensity, pitch

Intensity, pitch

Discrete categories

Pitch, duration
Duration, phonemes (with
‘onomatopoetic features)
Phonemes

Relational

Accents: musical and verse meter
Accents: verse meter

Language-spedific stress patterns

Rules

Tonal, timing, lyric
Timing, phonemes
(thymes)

Prosody, morphology,
syntax

Organizational units

Syllable, phrase
Word, verse line

Word, sentence
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Choose (B) Convince (T) Queen (T)

Cakes (B) 088" 091" 082"
Choose (B) 093" 065"
Convince (1) 084"

Sentences are identified by fist content word. B = binary metrical organization,
T = temary metrical organization.
*p < 0.05, **p < 0.01 after FDR correction.
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Chips Days Eat

Cats 052 081
Chips 0.69" 0.65
Days 077

Sentences are identified by initial word (see appendix A). Correlations with “Jane” and “Tell” exclude one particit

Girls.

0.65*
0.79"
0.65™
0.63"

Jane

0.83"
0.49"
091
0.71*
051"

Kids

0.65"
0.67"
067"
0.66™
0.69™
0.52"

Night

0.42"

0.6
0.71"
0.59"
0.68
0.66
0.61*

Rats

0.63"
0.74*
0.83
0.56™
0.65"
0.74*
0.67**
0.65™

Snacks

0.71"
0.64"
0.83
0.59"
0.76*
0.76
0.62**
0.61"
0.80"

Tell

0.67*
0.70"
091
0.72"
0.55™
0.77*
0.48*

0.56"
0.83"
0.69"

ant. *p < 0.05, *'p < 0.01, after FDR correction.

Turn

0.15
023
023
0.41*
0.39*
0.37
023
0.19
037
027
0.36
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Timescale of plasticity

Timescale units

Developmental phenomena

Explained by Neural Resonance
Theory

Short-Term Plasticity (STP)

Long-Term Plasticity (LTP)

Very Long-Term Plasticity (vLTP)

Seconds

Months

Years

Neural entrainment to music; music-movement
interactions during infancy

Perceptual narrowing to musical structure; learning of
rhythmic motor patterns

Emergence of flexible sensorimotor synchronization to
culture-specific musical rhythms across musical tempi
over the lifespan

Non-linear resonance of bio-physical
oscillators; transient coupling between
bio-physical oscillators over seconds to
minutes

Stable coupling within the auditory and
motor-planning networks over months to
years

Stable coupling between auditory and
motor-planning networks over years to
decades
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Song characteristics Formal song Maleny song Subsong

Discontinuous singing (regular X X

inter-phrase interval)

Continuous singing (no inter-phrase X
interval)

Singing with immediate variety X X
Singing with eventual variety X

Delivered nocturnally X

Delivered diurnally X X
Delivered only in the spring X

Delivered beyond the spring X X
Delivered with a strong signal X X

Delivered softly in less than full voice X
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Repetitions

2
2

10
11

Note morphology

(only pure flute-like notes)

two notes warble slightly — a
“quasi-rattle” whose units do not
fully separate

(only pure flute-like notes)

(only pure flute-like notes)

Frequency range

1,0256-2,205 Hz
913-1,361 Hz

999-1,633 Hz
1,387-1,998 Hz
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35

Note morphology

steep descending frequency
sweep; low notes

ascending octave leap;
descending frequency sweep;
descending rattle (11 pulses in
0.5 sec., or 22 per sec.); low note
low note; double note

very steep descending frequency
sweep making a “chip” sound;
low note

low note; broad spectrum
(“noisy”) rattle (40 pulses in

1.8 sec., or 22 per sec.)

Frequency range

569-896 Hz

577-2,920 Hz

560-3,060 Hz
991-2,791 Hz

577-1,421 Hz
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Stimulus SU sequences emitted Median Normalized

CSE after the stimulus Levenshtein Levenshtein
notation index similarity
index

0C2 “CDDMCCD” NC

0C3 “C2C2D” NC

P1 “BCC,” “EBCCD,” “C2BCC” 0.4-1
“C2C2DC2,” “C2DC2C2D”

PP “MCCD,” “CCD,” “C2C2C2D” 0-1
“C2C2C2D,” “C2C2C2D,”
“C2DC2C2D,” “C2C2DC2”

P1D “HC4DC4,” “QQ2DRC4C,” HQ2DC2C4C 0.67-0.92
“Q2C2C2DROCCDPOC”

P2D “CCDMC” NC

P2F “BCCDD,” “BCCDD” 0.62
“BCCDFCCDFC2DEC2”

PP3A “DRC2QQ2DDC2CCCDR NC
C2Ccccepp”

P40 “IC2D,” “C2C2CDC2C2D” “C2C2Ch” 0.71

P5A “C2C2DC2,” “C2D” “C2C2D” 0.5

PSDOF “C2CCDhc2c2cbe2,” “Jpr 0.22-1
“C2CDC2C2CD,”

“C2C2DJKJ,” “J," “JD,”

“JDJ,” “JM,” “PDJP”

“PPP2P3P3PP2,”

“PPP3P2PP3,” “PP2P3,”

“P3P2PC3C3C4P3C3”

WF1 “0C2CDOC2CDOC2C2D0C2” NC

WFG2 “KOC2DOC2DOC2DOC2C2 NC
DOC2C2DJD”

WFGH D DJD 0.89
“DJDJDJDJIDIDIDIPPPPP2’

‘P2PPP2HP3PP2PC4 NC
C4DC4DC4”

WF1D

NC, not computed; SU, song unit; CSE, concrete sound element.
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0c2
A 6.01
B 5.59
C 6.35
c2 5.43
C3 5.38
C4 517
D 5.81
E 4.30
F 5.26
H 2.47
| 5.07
J 5.30
K 4.20
M 5.20
o 4.29
P 4.56
P2 3.68
P3 4.36
Q 4.31
Q2 4.30
R 6.16
Mean 4.91

In bold is the minimum within one row.

oc3

5.74
5.72
6.72
5.83
5.37
5.08
5.37
4.07
5.68
2.52
5.47
5.33
4.02
5.26
4.80
4.58
3.87
4.16
4.29
4.24
4.89
4.90

P1

1.46
1.31
2.32
2.20
0.92
0.95
.65
0.78
1.77
2.50
.63
Rh
0.87
1.37
.79
.48
1.61
1.78
0.77
0.74
4.03
1.57

P18

1.20
1.76
2.84
2.75
1.37
1.33
1.36
1.34
2.33
3.04
223
157
1.44
1.68
245
1.91
224
2.10
1.36
1.33
3.72
1.97

P28

1.84
2.07
3.29
2.89
1.58
1.3
1.67
0.28
2.46
1.83
2.28
1.67
0.50
1.81
2.20
1.56
1.64
2.08
1.19
1.24
4.67
1.90

P2F

217
2.18
3.35
2.87
1.76
1.52
2.08
0.53
2.44
1.65
2.25
1.80
0.60
1.93
2.06
1.58
1.47
1.53
0.81
0.71
3.65
1.85

P40

2.61
1.92
2.90
2.43
1.78
1.79
207
1.68
1.94
2.30
1.76
1.80
1.60
1.94
1.62
1.87
1.47
210
1.42
1.46
4.78
2.09

P5A

1.86
0.64
1.26
1.23
0.96
1.24
237
.96
0.43
3.63
0.41
.01
9
1.16
117
.82
1.89
2.46
52
1.6
5.28
.70

P5DOF

3.33
3.39
4.50
3.92
2.98
271
3.13
1.75
3.58
2.21
3.40
3.02
1.88
3.09
3.11
2.70
2.49
2.60
2.4
2.02
4.27
2.96

PP1

1.92
1.93
3.06
2.65
1.54
1.34
1.85
0.67
219
211
2.01
1.62
0.82
1.73
1.95
1.61
1.61
1.70
0.89
0.81
3.73
1.80

PP3A

2.46
1.26
1.59
1.25
1.50
1.67
2.87
2.056
0.47
3.28
0.32
1.45
1.95
1.45
0.61
1.93
1.61
2.54
1.54
1.63
5.52
1.85

WF1

1.39
1.42
2.67
2.38
0.94
0.80
1.45
0.41
1.88
235
1.72
1.10
0.57
1.35
1.83
1.35
1.62
1.60
0.45
0.41
3.80
1.49

WF1D

1.97
1.60
2.69
2.24
1.29
1.18
2.08
0.61
1.73
2.09
1.54
1.32
0.57
1.47
1.43
1.32
1.07
1.57
0.26
0.28
4.18
1.54

WFG1

1.03
0.72
2.01
1.94
0.19
0.59
1.47
1.21
1.37
3.07
1.27
0.62
1.24
1.03
1.70
1.47
1.81
1.91
0.98
1.01
4.28
1.47

WFG2

1.09
2.29
3.48
3.43
1.74
1.57
0.82
1.61
3.06
3.27
2.96
2.01
1.81
1.96
3.22
2.23
2.88
221
1.95
1.87
2.80
2.30
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Name Number Delta

ZCR

Energy

Energy entropy
Spectral centroid
Spectral spread

1
1
1
1
1
Spectral entropy i
1
1

R RS e Bl U ED EE S Sy S gy e e

Spectral flux

Spectral roll-off

Spectral bandwidth NC
Spectral flatness NC
RMS level NC
Renyi entropy NC
Shannon entropy NC
Spectral kurtosis NC
MFCC 13 13
Chroma 13 13

NC, not computed; t-SNE, t-distributed stochastic neighbor embedding;
ZCR, zero-crossing rate; RMS, root mean square; MFCC, mel-frequency
cepstral coefficient.
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Notation

A
B
C

Mean + SD is given for each feature. In the last column, NC (Not Computed) is written when only one sound was in the category.

Frequency (kHz) Time (s)

Min Max Bandwidth Peak Duration
0.40 + 0.07 1.99+0.15 1.59 £0.14 0.52 + 0.02 1.8+04
0.22 + 0.02 2.03+0.28 1.81 £0.27 0.29 + 0.02 1.3+04
0.12 +0.03 1.46 £ 0.70 1.35 £0.69 0.18 + 0.06 04 +02
0.10 + 0.03 2:16:k:1:12 2.05+1.11 0.18 £ 0.16 09+04
0.35 £ 0.03 2.31 £0.05 1.96 +0.07 0.41 £0.03 0.6 0.2
0.27 +£0.08 242+0.25 215+0.24 0.35 + 0.05 24+10
0.46 & 0.06 2.30+0.45 1.84 £0.44 0.58 + 0.04 22108
0.21 + 0.01 2.79+0.05 2.58 +£0.05 0.88 £ 0.11 22+03
0.08 + 0.01 2.7 +0.18 2.09 £0.19 0.15 £ 0.02 14+£02
0.13 + 0.04 3.97 +£1.28 3.84 +1.31 0.88 &+ 0.40 26+03

0.09 2.30 2.21 0.17 1.4

0.12 4+ 0.08 213+ 0.49 2.01 £0.48 0.29 +0.14 3.7+1.0
0.19 4+ 0.01 2.88+0.25 2.69 +0.24 0.72 £ 0.10 27+£07
0.22 + 0.09 2.35+0.40 213 £0.46 0.32 £ 0.07 22+18
0.09 &+ 0.01 2.85+0.52 2.76 £0.52 0.16 &+ 0.01 14+£02
0.27 £0.13 2.75+0.62 2.48 +0.68 0.77 £ 0.54 0.6 0.2
0.15 £ 0.02 3.24 £0.54 3.09 £ 0.55 0.50 £ 0.43 16+£03
0.25+0.16 2.80+0.73 2.556 +0.83 1.19 + 0.68 0.8+0.5
0.19 + 0.05 2.72+0.08 253+0.13 0.78 £ 0.01 1.4 +01
0.20 + 0.03 2.74 £0.02 2.54 +0.04 0.80 £ 0.03 1.56+03
0.74 £ 0.15 3.08+1.15 2.34 +£1.20 1.96 £ 0.10 0.3 +£0.1

Pair-wise Euclidean distance

0.34 £0.0
0.59 £0.25
1.23+0.82
1.70 £1.76
0.20 £ 0.04
0.84 +£0.38
0.99 + 0.60
0.19+£0.0
0.41 +£0.0
270+ 0.0
NC
0.92 £ 0.70
0.82 £ 0.0
1.67 £ 0.62
0.83 £0.70
191 £1.07
1.36 +0.86
280+ 111
0.46 £0.0
0.33 £0.11
242 +£1.15
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Frequency (kHz) Time (s) Pair-wise Euclidean distance

Notation Min Max Bandwidth Peak Duration

0C2 0.10 5.50 5.40 0.86 0.4 NC
0C3 0.1 4.98 4.87 2.08 0.4 NC

P1 0.17 £0.08 2.45 +0.48 227 £0.48 0.80 £ 0.15 2.0+£0.1 1.07 £ 0.47
P1D 0.30 +£0.14 2.34 + 0.66 2.04 £0.71 0.56 + 0.20 28+09 1.90 +0.38
P2D 0.19 2.82 2.63 0.97 2.8 NC
P2F 0.19 £ 0.05 3.03+0.37 2.84 +£0.32 0.97 +£0.02 21+02 0.79 +£ 0.0
P40 0.09 £+ 0.01 3.00 + 1.23 290 +1.24 0.77 £0.3 1.2+00 258 +£0.0
P5A 0.10+£0.01 210+ 0.04 2.00 +£0.05 0.15+0.02 2.1 +01 0.14 +£ 0.0
P5DOF 0.18 £0.05 3.88 &+ 1.50 3.70 +1.54 0.82 +£0.13 28+08 247 £217
PRt 0.22 +0.06 2.81+0.12 2.59 +0.13 0.91 +£0.48 1.7+06 1.09 +£0.75
PP3A 0.1 2.48 237 0.26 0.4 NC
WF1 0.18 2.59 2.40 0.63 3.1 NC
WF1D 0.14 2.78 2.64 0.82 1.6 NC
WFGH1 0.17 £0.07 216 +0.15 1.99 +£0.23 0.45 + 0.40 29+26 0.21 £0.0
WFG2 0.49 2.46 1.97 0.65 2.6 NC

Mean + SD is given for each feature. In the last column, NC (Not Computed) is written when only one sound was in the category. CSE, concrete sound element.
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suU CSE

Notation Occurrence Name Notation  Occurrence
A 2 Oye Canard 2 0oC2 1
B 6 Oye Canard 3 OC3 1
C 4 Pulsed 1 P1 4
c2 57 Plaint 1 double P1D 3
C3 3 Plaint 2 double P2D 1
C4 8 Pulsed 2 frot P2F 2
D 64 Plaint 4 ouin P40 2
E 2 Pulsed 5 appui P5A 2
F 2 Plaint 5 deux ouins frot ~ P5DOF 12
H 2 Plaint plus 1 PP1 6
| 1 Plaint plus 3 appui PP3A 1
J 17 Waou frot 1 WF1 1
K 2 Waou frot 1 double WF1D 1
M 4 Waou frot grav 1 WFG1 2
(0] 11 Waou frot grav 2 WFG2 1
P 19

P2 9

P3 8

Q 2

Q2 3

R 4
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Cultural Drift

The prevalence of variants of learned
songs or song components changes
randomly over time.

proportion of
population

Cultural Selection

A learned song or song component
increases in prevalence at the expense of
another song or song feature. In the case

of a selective sweep, the rise follows an

-shaped trajectory, and the new song or
feature reaches fixation when it is sung
by all or nearly all of the population.

proportion of
population

Directional Cultural Selection

A continuously variable trait (such as duration or frequency
modulation) shifts in one direction, as one extreme within the
previous range is favored during learning, perhaps because of
a bias towards copying specific acoustic characteristics
(because of sensory predispositions or behavioral feedback).

Conformist Bias

The most common form of a trait, such as a syllable type (red), is
preferentially copied, while forms that are rare (blue and green)
are less likely to be learned. In this case copying is based on
prevalence, not on the acoustic characteristics of the trait.

Rare-form Bias

Rare forms of a trait (for example, syllable types) are
preferentially copied, while forms that are common
are less likely to be leamed. A rare-form bias might
result in preferential learing of one or more than one

rare forms, again based on prevalence rather than acoustic
characteristics. (Also called a negative frequency bias.)

Color coding of borders denotes whether the mechanism is likely to resut in stabilty (req) or change (green). Selective mechanisms shown here can be dfiven by (1) sensory bias or

motor constraints in the learner; (2) natural selection (such as change that increases the efficacy of signal transmission), (3) sexual selection, in the form of male-male interactions or
female choice, as well as (4) demonstrator biases (copying songs of prominent males).
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Cultural transmission via song copying:
“Singers copy high quality, innovative songs”

Song differences should grow with increasing temporal
and/or geographical separation.

Controlled introduction of high quality, innovative songs
will lead to copying.

Song evolution will follow dissimilar trajectories across
populations.

In locales where multiple singers are audible, the most
skiled singer wil not change its song, whie other
group members may modify their songs to better
match the highest quaiity song,

Singers should generally produce the highest quaity
song they are capable of producing, to consistently
advertise their fitness.

Individual differences in songs should be most
apparent when mutiple singers are in direct acoustic
competition.

Song morphing through local interactions:
“Singers modulate song features reactively”

Themes shouid recur within and across populations.

Controlled introcuction of foreign songs will not cause any
singers to adopt those songs.

Song morphing will follow similar trajectories across
populations.

Inlocales where multiple singers are audible, all singers wil
modulate song production in predictable ways,

Singers will continuously modulate song production based
on the acoustic conditions or behavioral context within
which they are singing.

Individual differences in songs should be more apparent
when singers are alone and ot constrained by the vocal
actions of other singers.

How to test predictions

These predictions can be tested through
objective comparisons of recordings made across.
decades.

Testable through playbacks or by estabiishing
direct communication channels between
populations (e.g., two-way cellular transmission
between acousticaly isolated singers).

Testable through objective comparisons of relative
changes in unit and phrase characteristics across
years in acousticall isolated populations.

Gan be tested by monitoring the songs of
multiple singers or by artficially bringing lone
singers into acoustic contact (e.g., sing two-way
cellular transmissions).

Testable through objective analyses of intra-
individual variations within and across song
sessions.

Gan be tested by objectively comparing songs
produced by singers within choruses relative to
songs produced by lone singers.
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Response Social father's phenotype log(age) Relatedness Clutch Relatedness or clutch

Note duration® 019 -0.34 p=0.14 078 p=0.0056
p=00022

Mean dominant frequency* 16 p>099 p=0.0033 p=0013

Frequency change p>099 p=033 p=062

Dynamic time warping p>099 p=00025 p=0010

Spectral cross correlation p>099 p=0015 p=0028

(median)

p=025

Vocal consistency was computed from a total of 18,985 (note duration, mean dominant frequency); 17,917 (frequency change); or 17,808 (dynamic time warping, spectral cross
correlation) notes where the same note subtye appeared multiple times n the same song. For each vocal consistency measure, we studied data on 58 social father-son pairs,
“Inspection of scatterplots revealed three potentially influential points, which were all birds from a single clutch. Data were reanalyzed with these three birds removed, resulting in
changes in significance of some values (see Supplementary Information 2), but do not change the interpretation of our resuits.
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Response Social father’s phenotype log(age) Relatedness Clutch Relatedness or clutch

Duration® 063 0040 p>099 p=099 p=086
p <0.0001 p=067

Time median 061 ~0.041 p>099 p=0014 p=0043
p <0.0001 p=067

Time I0R 060 ~0.080 p>099 p=00070 p=0.0028
p<00001 p=043

Mean dominant frequency* 063 0.095 p=096 p=0041 p=0.12
P <0.0001 p=027

Maximum dorminant 068 0030 p=094 p=097 p>099

frequency" p<0.0001 p=067

Modularty index'* 053 -0.13 p=082 p>099 p=098
p <0.0001 p=0.18

Frequency change 064 0.12 p>099 p=054 p=083
p <0.0001 p=013

Peak frequency” 062 0,083 p>099 p=027 p=054
p <0.0001 p=029

“Indicates that response variable was log transformed.

““Indlcates that response variable was double log transformed.

*Acoustic characteristics were computed from a total of 20,764 notes, where the note types were produced at least five times by both sons and their social fathers. For each
spectral feature, we studied data on 182 social father-son pair x note type combinations.
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Response Social father’s phenotype log(age) Relatedness Clutch Relatedness or clutch

Number of notes® 045 012 p=0.11 p=0.15 p=0.10
p =0.0002 p=0068

Repertoire size" 082 0007 p=099 p=098 p>099
p< 00001 p=088

Shannon entropy 080 -0.006 p=098 p=098 p>099
p< 00001 p=088

Song linearity 039 0.0046 p=089 p=0.10 p=027
p=00006 p=054

1st order entropy 081 0.012 p=071 p=079 p=071
p<0.0001 p=051

2nd order entropy 070 0035 p=097 p=094 p>099
p<0.0001 p=0056

Repertoire size" 051 0095 p>099 p=017 p=040
p< 00001 p=0.14

Shannon entropy 050 0.086 p>099 p=033 p=062
p<00001 p=013

Song linearity 087 -0015 p=099 p=098 p>099
p=00027 p=0.11

1t order entropy 030 0.060 p=083 p>099 p=088
p=0014 p=0024

2nd order entropy 013 0028 p>099 p=098 p>099
p=033 p=0.15

“Indicates that response variable was log-transformed.
*Across all birds, structural features were computed from a total of 676 songs with a total of 22,972 notes. For each structural feature, we studied data on 58 social father-son pairs.
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Song feature

Measurement

Role of social learning

Role of genetic inheritance

Role of developmental
environment

Complexity

Spectral and temporal
characteristics

Performance

Repertoire size (number of note
types, song types, etc.; Searcy,
1992)

Syntactical complexity (note-to-
note transitions; Honda and
Okanoya, 1999)

Acoustic characteristios of
notes (requency, duration,
amplitude, etc.; Catchpole and
Sater, 2008)

Song rate, song amplitude,
duration, and trll performance
(Cardoso, 2017; Podos and
Sung, 2020)

Song and/or note consistency
(Sakata and Vehrencamp, 2012;
Botero and de Kort, 2013)

Generational overlap in repertoire
and note sequences in normal
and cross-fostered indviduals
suggest a learned component
(Grant and Grant, 1996; Soma,
2011)

Learning of notes may resultin
replication of acoustic features of
tutor (Ritschard and Brumm,
2011). Learned components may
reflect local adaptation (Podos
and Warren, 2007)

Complex interaction between
tutor learning and individual
qualty; low quaty birds may not
be able to reproduce high
performance models (Botero and
de Kort, 2013); and high quality
pupils may increase performance
of low quality models (Lahti et al.,
2011)

Genetic predisposition for
learning certain song
components (Wright et al.,
2004; Mundinger and Laht,
2014)

Inherited components may
reveal singer quality (e.g., body
size and genetics; Forstmeier
etal, 2009; Hall et al, 2013)

Song performance may
correlate with heritable
features, e.., body size
(Ballentine, 2009; Kagawa and
Soma, 2013)

Genes and gene x
environment interactions could
affect feedback processing
and other factors influencing
performance (Sakata and
Vehrencamp, 2012)

Song learning may incur costs.
during development, and
developmental stress early in life may
influence song characteristics and
learning (Gil and Gahr, 2002;
MacDougal-Shackleton and
Spencer, 2012; Schmidt et al., 2014)
Stress in early development may
influence note production and
reduce note copy accuracy
(MacDougall-Shackleton and
Spencer, 2012)

Song production involves
coordination of complex motor
patterns, high energy requirements
and physical constraints and may
be more indicative of current
condition (Gil and Gafr, 2002;
Botero and de Kort, 2011; Schmidt
etal., 2014)
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Time median

Time IQR

Mean of dominant frequency values (blue triangles) measured across the note (kHz)

Highest dominant frequency in the note (pale blue arrow) in A (kHz)

Starting dominant frequency (1# blue triangle) - end dominant frequency (last blue triangle) in A (kHz)

Cumulative absolute difference between adjacent dominant frequency values (adjacent blue
triangles) divided by dominant frequency range (difference between points indicated by blue arrows)
inA

Frequency of highest energy within the selection (blue arrow) in B (kHz)

Time at which note is split into two parts each containing 50% of the total energy of the signal in A
(orange dotted line) (s)

Third quartile time (time at which signal is divided into two intervals of 75% and 25% energy
respectively) minus first quartile time (signal divided in two time intervals of 25% and 75% energy
respectively) (purple dotted line - yellow dotted line) in A (s)
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Blackbird

Human

 Motifs repeated unvaried.

« No harmonic relationship between
different motifs.

«No apparent hierarchy of pitches.

« Continuous song, no overarching
structure.

« Ambitrary (to us) ateration of sound and
silence.

« Rhythmic but not metric (durations are
not organized hierarchically)

* Motifs varied and developed as piece
progesses.

« Harmonic relationship between adjacent
motifs.

« Hierarchical relationship between pitches.
«“Goal-oriented” structure.

« Mostly sound, silence used as punctuation.

« Rhythmic and metric (hierarchical
organization of durations)
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Bird ID Recording phrases in Recording Time Location
length quantitative source
analysis
A 9:57 min 216 Dave Gammon  Mid-spring Elon, North
song Carolina
B 11:27 min 235 Dave Gammon  Mid-spring Elon, North
song Carolina
C 6:49 min - Dave Gammon  Mid-spring Elon, North
song Carolina
D 6:09 min 116 Paul Marvin, Late spring  Osceola,
xeno-canto ID: song Florida
139965
E 6:39 min 196 Richard E. Late spring  Cochese
Webster, song County,
xeno-canto ID: Arizona

321899
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Acoustic
feature

Amplitude

Frequency

Wiener
entropy

Duration
ratio

Adjacent-phrase Euclidean distance (ED)

Morphing modes

“Pitch change” “Timbre “Stretch”  “Squeeze”
change”
{ \ =/| =/
(Amplitude (Amplitude (Amplitude (Amplitude
envelope envelope envelope envelope
unchanged unchanged changed changed
e ED lower than o ED lower than e ED not e ED not
random) random) much lower  much lower
than random)) than random))
= \ 1 s
(Frequency (Frequency (Frequency  (Frequency
contour changed contour contour contour
e ED not lower than unchanged unchanged unchanged e
random) e ED lower than e ED lower ED lower
random) than random) than random)
| = | |
(W. entropy contour (W. entropy (W. entropy  (W. entropy
unchanged contour changed contour contour
e ED lower than e ED not lower  unchanged  unchanged
random) than random) e ED lower e ED lower
than random) than random)
Around 1: 1 Around 1: 1 <1:1 &zl

“=" indicates that Euclidean distance (ED) is expected to be similar to that of
random phrase pairs, “|"and red font indicate that Euclidean distance is smaller
(brown font when the distance is expected to be only slightly smaller). The
smaller ED therefore corresponds to the high similarity in morphed syllables, as
opposed to the higher ED of random syllable pairs which are, on average, more

“_n

different to each other. “e” means “therefore”.
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Amplitude Frequency Wiener entropy Relative note duration

BirdA p=0.006 p <0.001 p < 0.001 p=0.152
BirdB p=0.007 p <0.001 p =0.003 p =0.001
BirdD p=0.091 p < 0.001 p=0.074 p =0.044
BrdE p=0.012 p <0.001 p = 0.005 p=0.041

Bold font indicates statistical significance (t-test, Bonferroni corrected for multiple
comparisons, see section Statistics).
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Common Name Proporton (95% C|

Groy Shrko-thrush ~ 07070087
Japanose Bush-warbler —~—  o73064.082)
Loz Bunting ~  onezosm
Whito-crowned Spartow = ons0079
‘Common Chatinch = oerossom
Canyon Wren —~—  oerss.07)
Vesper Spartow ~  oe60s7.076)
Broun Trvasher —  omos.073
Wintor Wran —  osws2om)
Grey Butsherbird —  oerostorn
Gachmarss Sparrow [~ oss0a06m
Gt Fnen [ osroue.06n
Red Fox.sparrow [ osro4.00m
Madagascar Magpie-robin [ osr0as.0n
Stited Fieiduren 1 054(0.44,065)
Scrupit 1= 053(0.43.0.64)
Noisy Scrub-bird pe 051(041,061)
Fild Sparrow - 048 (035, 0:58)
Common Frecrest 4 041(031.051)
Wisor's Snpe. —~] 0.40(030,050)
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Family Common name Species Source

Scolopacidae  Wikson's Snipe Galinago delicata c
Atrichornidae  Noisy Scrubbird Atrichornis clamosus |
Acanthizidee ~ Sorubit Acanthornis magna 3
Striated Fieldwren Calamanthus fulginosis J
Artamidae Gray Butcherbird Cracticus torquatus ~ E
Pachycephalidae  Gray Shrikethrush Coluricincla harmonica €
Reguiidae Common Firecrest Regulus ignicapilla D
Cettidiae Japanese Bush Warbler  Horornis diphone F
Muscicapidae  Madagascar Magpie-Robin Copsychus H
albospecularis
Mimidae Brown Thrasher Toxostoma rufum 8
Troglodytidae  Canyon Wren Catherpes mexicanus G
Winter Wren Troglodytes hiemalls G
Fringlidae Gitrl Finch Carduefis citrinella D
Common Chaffinch Fringilla coelebs D
Passerelidae  Red Fox Sparrow Passercla iiaca 8
White-crowned Spartow  Zonotrichia leucophrys B
Field Sparrow Spizella pusila 8
Vesper Sparrow Pooecetes gramineus G
Bachman's Sparrow Peucaea aestivalis A
Cardinalidae Lazuli Bunting Passerinaamoena G
Attentiveness  Fiddle Hormo sapiens K
Control
Banjo Homo sapiens L

Recording sources: A, Stokes Field Guide to Bird Songs: Easten Region; B, Donald
Kroodsma, The Singing Life of Birds; C, Comell Lab of Omithology, The Diversity of
Animal Sounds; D, Andreas Schulze and Kari-Heinz Dingler, Die Vogelstimmen Europas,
Nordafrikas, und Vorderasiens; £, David Stewart, Australian Bird Calls: Subtropical East;
F; Hideo Ued, Wild Bird Songs of Japan; G, Stokes Field Guide to Bird Songs: Western
Region; H, British Library Sound Archive, Bird Sounds of Madagascar; |, XC40687, Mark
Harper, xeno-canto.org; J, David Stewart, Australian Bird Calls: Tasmanie; K, “Rolling
Waves,” Pitnacree, unreleased recording; L, “Josie-O" on Earth Tones, by Adam Hurt.
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Male gender

Survey taker is hearing impaired

Experience with studying music, singing, playing an instrument
Little/no experience
Amateur/some experience
Professional/extensive experience

Survey taker has experience with wild bird song

Survey taker is a bird owner

51(55%)
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FIGURE 1. Songs of the Hermit Thrush are shown in the first score. In the second
score, beneath each song is shown the pentatonic or five-toned scale upon which the
song is based. Song A sharp (A #) is shown with only one note, the other notes
having been too faint to determine. The pentatonic scale of Song D contains a
sixth tone one octave higher than the opening note Dj this sixth tone may be consid-
ered as part of another pentatonic scale an octave higher and of the same formation.
Songs F and G # contain together only five tones which may be arranged as
shown to form one pentatonic scale.
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Measured freq (Hz) 1720] 2897] 2341] 1725] 2850] 2378] 2852] 3398] 2885] 2384] 1740] 2842] 2305] 2848] 3336] 2006
Predicted freq (based on

1728] 2880| 2304| 1728| 2880| 2304| 2880| 3456/ 2880| 2304| 1728| 2680 2304 2880| 3456| 2880
differs from predicted freq | 0.5 -0.6] -1.6] 02| 1.1f -3.1] 10| 17| -0.2| -3.4] -07] 13| -3.8] 1.1] 36] -0.9
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