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Abstract
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Morpho-phonetics: A Framework for Studying Speech and Its Evolution

by Tiena DANNER

Linguistic diversity arises from a complex interplay of biological, cultural, and en-
vironmental forces that shape the acoustic, phonological, lexical, and grammatical
systems of the world’s languages. In this dissertation I explore how acoustic di-
versity propagates from interindividual variation in vocal tract morphology to sys-
tematic acoustic differences across populations and languages. Focusing on vowel
systems, I develop and apply a novel framework termed morpho-phonetics — which in-
tegrates geometric morphometric analysis of speech articulation with real-time MRI
and synchronized acoustic analysis — to examine how anatomical differences in the
vocal tract give rise to distinct articulatory strategies and consistent acoustic signa-
tures. These insights extend to speech phenomena such as coarticulation, offering
new tools to investigate continuous variation in connected speech and showing that
phonetic contrast is maintained through relative, rather than absolute, articulatory
positioning.

Scaling from individuals to populations, I then apply evolutionary models
to large-scale speech datasets, uncovering isolation-by-distance (IBD) patterns in
vowel acoustics that mirror drift-like processes of gradual divergence. This sup-
ports a model of neutral-like evolution of acoustics in spoken language, where ge-
ographic distance influences acoustic differentiation. Importantly, these dynamics
are not limited to humans: parallel analyses of Eurasian chaffinch birdsong reveal
strikingly similar IBD and neutral-like patterns, suggesting that both speech and
birdsong may be shaped by comparable population-level processes. These findings
provide a biologically grounded null model of acoustic trait evolution, against which
non-neutral or culturally driven changes can be tested.

Finally, I demonstrate how acoustic features may retain historical signals over
deep timescales, potentially exceeding the 8-10k-year limit of the comparative
method. Similarity-based clustering of vowel acoustics recovers known genealog-
ical relationships between language families, indicating that gradual phonetic
divergence may serve as a powerful, underutilized tool in historical linguistics.
This work proposes a new approach to language diversification rooted in acoustic
analysis, offering insights into both the evolution of language and the mechanisms
that maintain its diversity over time.

Keywords: geometric morphometrics, real-time MRI, coarticulation, language
evolution, neutral evolution
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Résumé de la theése

La diversité linguistique résulte d’une interaction complexe de forces bi-
ologiques, culturelles et environnementales qui fagonnent les systémes acoustiques,
phonologiques, lexicaux et grammaticaux des langues du monde. Cette these ex-
plore la fagon dont cette diversité se propage de la variation interindividuelle de la
morphologie du conduit vocal aux différences acoustiques systématiques entre les
populations et les langues.

En me concentrant sur les systéemes vocaliques, je développe et applique un
nouveau modele appelé morpho-phonétique — intégrant ’analyse morphométrique
géométrique de l'articulation de la parole avec un IRM en temps réel et I’analyse
acoustique synchronisée — pour examiner comment les différences anatomiques
dans le conduit vocal donnent lieu a des stratégies articulatoires distinctes et a des
signatures acoustiques cohérentes. Ces connaissances s’étendent a des phénomenes
vocaux tels que la coarticulation, offrant de nouveaux outils pour étudier la varia-
tion continue dans la parole connectée et montrant que le contraste phonétique est
maintenu par un positionnement articulatoire relatif plutoét qu’absolu.

En passant des individus aux populations, j'applique ensuite des modeles évo-
lutifs & des ensembles de données vocales a grande échelle, découvrant des schémas
d’isolement par la distance (IBD) dans 1’acoustique des voyelles qui refletent des
processus de dérive semblables a une divergence phonétique graduelle. Ceci sou-
tient un modele d’évolution de type neutre de 'acoustique dans la langue parlée,
ot la distance géographique influence la différenciation acoustique. Il est impor-
tant de noter que cette dynamique ne se limite pas a '’homme: des analyses paral-
leles du chant des oiseaux du pinson d’Eurasie révelent des modeles IBD et neutres
étonnamment similaires, ce qui suggere que la parole et le chant des oiseaux peu-
vent étre fagonnés par des processus comparables au niveau populationnel. Ces
résultats fournissent un modele nul biologiquement fondé de 1’évolution des traits
acoustiques, qui permet aux changements non neutres ou d’origine culturelle d’étre
testés.

Enfin, je démontre que les caractéristiques acoustiques peuvent conserver des
signaux historiques sur des échelles de temps tres longues, dépassant potentielle-
ment la limite de 8,000 a 10,000 ans de la méthode comparative. Le regroupement
de l'acoustique des voyelles basé sur la similarité permet de retrouver des rela-
tions généalogiques connues entre les familles de langues, ce qui indique que la
divergence phonétique graduelle peut constituer un outil puissant et sous-utilisé en
linguistique historique. Ce travail propose une nouvelle approche de la diversifica-
tion des langues fondée sur 'analyse acoustique, qui permet de mieux comprendre
a la fois 1’évolution des langues et les mécanismes qui maintiennent leur diversité
au fil du temps.

Mots-clés: morphométrie géométrique, IRM en temps réel, coarticulation, évo-
lution du langage, évolution neutre
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Introduction

1.1 Rationale

It is a remarkable feature of human nature that, regardless of our genetic background
or the environment in which we are raised, children have the capacity to learn any
of the world’s languages (Chomsky, 2005). Currently, around 8,000 spoken lan-
guages exist across the globe (Hammarstrom et al., 2024). While signed languages
are equally complex, expressive, and governed by rich linguistic structure (Sandler
and Lillo-Martin, 2006), this work focuses specifically on spoken languages. What
produces this vast diversity — so extensive that it often renders us mutually unintel-
ligible — remains one of the most intriguing and yet not fully resolved questions in
the study of language (Hauser et al., 2014).

Although we speak different languages, spoken languages are ultimately
grounded in speech sounds: vowels, consonants, and tones. Many of these sounds
are shared across languages; for instance, the vowel [i] and the consonant [m] are
found in over 90% of the world’s languages (Moran and McCloy, 2019). These speech
sounds are produced by our vocal tracts, which themselves vary considerably across
individuals (Weirich and Fuchs, 2011). This anatomical variation is apparent in our
daily lives: we can easily identify family members or close friends by their voice
alone (Lavan and McGettigan, 2023).

This raises a compelling question: how does interspeaker variation in the
anatomy of the speech organs influence the production of speech sounds — and,
moreover, the structure and diversity of languages? Speech sounds form the acous-
tic foundation of language (Ladefoged and Maddieson, 1996), and may encapsulate
evolutionary signals that reflect the processes shaping linguistic diversity (Dediu et
al., 2019; Moran et al., 2024). In parallel, the cultural transmission of language —
through interaction, learning, and adaptation — continuously shapes and amplifies
this diversity across generations and populations (Kirby et al., 2008). Understanding
how variation in human vocal anatomy affects spoken language production could
therefore provide important insights into the broader question of language evolu-
tion. Recent advances in imaging technologies, computational modeling, and cross-
linguistic phonetic databases now make it increasingly feasible to study these rela-
tionships in fine-grained detail (Narayanan et al., 2014; Ahn and Chodroff, 2022).

This dissertation thus seeks to bridge the gap between the everyday experi-
ence of individual vocal variation and the broader evolutionary dynamics of spo-
ken language. By examining how anatomical variation influences the production
and acoustic realization of speech sounds, this dissertation aims to shed light on
one pathway through which biological diversity drives the ongoing diversification
of languages (and of birdsong, but more on that later).
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1.2 Studying speech and language: a complex problem

The study of spoken language and its origin has repeatedly been marked as “the
hardest problem in science” (Christiansen and Kirby, 2003a; Christiansen and Kirby,
2003b). Language evolution is based on myriad complex processes that occur
in complex social environments, including cultural, biological, and environmental
mechanisms (Blasi et al., 2019; Dediu et al., 2019; Gisladottir et al., 2023; Liang et al.,
2023). Additionally, a fundamental distinction often remains underexplained: while
language refers to the abstract, rule-governed system of communication, speech is
the physical realization of language through articulated sound. The two are inher-
ently connected — as will be shown throughout this dissertation. Given this com-
plexity, there is no consensus on how to methodologically approach the study of
language evolution (Christiansen and Kirby, 2003b). Various approaches address
different strata of language and speech to study language change — ranging from the
analysis of grammar, syntax, and morphology (features of language) and how they
change over time (Greenhill et al., 2017; Heggarty et al., 2023), to the investigation
of acoustic-phonetic data and vocal tract morphology (features of speech) and how
these affect language and language change (Moisik and Dediu, 2017; Dediu et al.,
2017; Blasi et al., 2019; Dediu et al., 2019), and ultimately to the neural mechanisms
underlying language, speech production, and perception (Christiansen and Chater,
2008). In this dissertation, a bottom-up approach is used to study speech, language,
and their diversification — beginning with the relationship between vocal tract mor-
phology, articulation, and acoustic output, and using this foundation to infer how
the sounds of language diversify over time. This approach presents a contrast to the
comparative method (Fox, 1995; Campbell and Poser, 2008; Campbell, 2013), which
traditionally infers language diversification from the discrete, hierarchical units of
language such as phonemes or lexical cognates across languages (Atkinson and
Gray, 2005; Greenhill et al., 2017; Barbieri et al., 2022), often abstracting away from
the biological and physical mechanisms of speech production. While powerful for
reconstructing ancestral states and classifying language families (Gray and Atkin-
son, 2003; Atkinson and Gray, 2005; Heggarty et al., 2023), the comparative method
typically overlooks the role of speaker-level variation and the articulatory-acoustic
interface in shaping linguistic change (Dediu et al., 2017; Moisik and Dediu, 2017;
Dediu et al., 2019). By contrast, the bottom-up approach presented in this work inte-
grates morphological, articulatory, and phonetic data to ground language evolution
and diversification in the physiological and cognitive realities of speech, enabling
the exploration of how individual-level variability can scale up to population-level
patterns of diversification (Moran et al., 2024).

However, analyzing speech itself presents a complex challenge, since it includes
— if a holistic approach is warranted — the integration and analysis of the succes-
sive levels of speech production (Fig. 1.1). It is well understood how articulation,
i.e., the coordinated movement of different articulators in the vocal tract to produce
speech sounds, is conditioned in the brain via speech motor planning and subse-
quent somatosensory and auditory feedback (Bartoli et al., 2015; Gick et al., 2019;
Pastore et al., 2022). The acoustic signal produced by these articulations is processed
in the brain, which includes primary and secondary auditory perception in the supe-
rior temporal gyrus and successive integration of semantic and syntactic processing
(Mesgarani et al., 2014; Guenther, 2016). In contrast, the connection between vocal
tract anatomy and articulation, and successively between articulation and the corre-
sponding acoustic signal is less well understood (Lammert et al., 2011). Especially



1.2. Studying speech and language: a complex problem 3

A: Neural control B: Vocal tract (articulation) C: Acoustic signal D: Perception

D - >

FIGURE 1.1: The successive levels of speech production. A: Speech production begins
with speech motor planning in the brain, which translates into articulatory gestures of
the vocal tract (B) (Gick et al., 2019). Vocal tract anatomy and individual articulatory
gestures of speech sounds (such as vowels and consonants) produce an acoustic signal
(C; depiction of the author’s frequency spectrum while saying the word “language”)
(Fant, 1960), which is mainly perceived in the superior temporal gyrus of the brain (D)
(Mesgarani et al., 2014). Finally, speech motor control is influenced by speech
perception through feedback via sensorimotor integration (gray arrow) (Bartoli et al.,
2015; Ekstrom, 2022; Pastore et al., 2022). This dissertation is mainly concerned with the
processes that translate articulatory gestures and vocal tract variability into acoustic
signals (B—C), and eventually in the processes that lead to language diversification,
given the acoustic variation that is produced by individual articulation (orange arrow).
The 3D model of the brain is from the Allen brain map.

Sound pressure

Speech perception

Frequency (Hz)

the impact of interindividual variation on articulation and the resulting acoustic re-
alizations is often neglected (Fuchs et al., 2008; Weirich and Fuchs, 2011; Dediu et al.,
2019).

In this dissertation, the focus lies on specific aspects of speech production: the
relationship between vocal tract morphology and its downstream effects on artic-
ulation and the resulting speech sounds — vowels and consonants — as expressed
through their acoustic realizations (Fig. 1.1 B — C). The mapping between articula-
tion and acoustic output has long been a subject of debate, and there remains no uni-
fied theoretical or empirical framework to resolve it (Blumstein and Stevens, 1979;
Browman and Goldstein, 1992; Galantucci et al., 2006; Neiberg et al., 2008; Noiray et
al., 2014; Perkell and Klatt, 2014). Proposed confounding factors include potentially
non-linear relationships between articulation and acoustics (Stevens, 1972), motor
equivalence in articulatory gestures (Perrier and Fuchs, 2015), i.e., different artic-
ulatory gestures may produce the same speech sound, anatomical variation across
speakers (Lammert et al., 2011), the influence of biological and psychological factors
like sex or gender (Simpson, 2002; Simpson, 2009), challenges in measurement and
data representation (Stone, 1997; Duckworth et al., 2011), and mismatches between
speech production and perception (Liberman and Mattingly, 1985). This uncertainty
hampers our understanding of how morphological diversity among speakers influ-
ences spoken language and mutual intelligibility. Moreover, a clearer perspective
on the articulation-to-acoustics mapping process may provide important insights
into the dynamics of language acquisition, speech pathology, and ultimately, into
the evolution of spoken languages. As mentioned before, further complicating this
issue is the vast diversity of methodological approaches for measuring both the ar-
ticulatory and acoustic signals (Fant, 1960; Wood, 1982; Stone, 1997; Fitch and Giedd,
1999; Stevens, 2000; Zollikofer et al., 2011; Gully, 2021; Yang, 2021). To address this,
a further aim of this dissertation is to introduce a unified analytical framework —
a toolbox for the statistical co-analysis of articulatory and acoustic variation — that
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enables more systematic, comparable, and reproducible investigations across indi-
vidual speakers. The details of these procedures are introduced in sections 1.4, 1.5
and 1.6.

Building on this framework, the vast variation observed in acoustic signals
(Ohala, 1989; Johnson et al., 1993) — shaped by complex articulatory movements of
the vocal tract — can serve as a basis for investigating the processes underlying lan-
guage diversification (Fig. 1.1 C-D), and potentially the diversifying mechanisms in
the vocalizations of other species. Specifically, this includes tracing how interindi-
vidual variation emerges and propagates across successive levels of speech produc-
tion: from anatomical differences in the vocal tract, to articulatory variability, to the
resulting phonetic patterns within speaker communities, and ultimately to large-
scale phonetic variation across languages (Moran et al., 2024; this will be discussed
in detail in Chapters 2, 4 and 5).

In summary, this dissertation aims at offering a fresh perspective on the inte-
grated analysis of articulatory and acoustic data, with the overarching goal of ad-
vancing our understanding of how such data can be used to explore the dynamics
of language diversification. The following Sections (1.3 — 1.8) provide the theoretical
background necessary to contextualize the methods and conclusions presented in
the various chapters of this dissertation.

1.3 The vocal tract

To understand the physical basis of speech and its role in language evolution, we
now turn to the anatomy of the vocal tract — the biological system that underlies
articulatory movements and ultimately shapes the acoustic signal. Speech is pro-
duced in the vocal tract, a system of anatomical structures and muscles that connect
the lungs to the upper vocal tract, including the lips and nose (Fig. 1.2). These struc-
tures — collectively called speech organs — are anatomical adaptations and exapta-
tions that can coordinate at millisecond precision to produce speech (Ghazanfar and
Rendall, 2008; Simonyan and Horwitz, 2011; Falzone et al., 2014). During speech,
exhalation is modulated by abdominal muscle tension, which expels air from the
lungs through the trachea, glottis, and into the supralaryngeal vocal tract — the re-
gion above the larynx encompassing the oral and nasal cavities (Gick et al., 2013).

The larynx, a complex cartilaginous and muscular structure atop the trachea,
separates the lungs from the supralaryngeal tract. Beyond its role in breathing and
protecting the airway during swallowing, it functions as the motor of speech. As
subglottal air pressure builds below closed vocal folds, it eventually overcomes their
tension, causing the folds to part and air to flow through (Gick et al., 2013). This
airflow lowers pressure across the folds (Bernoulli effect), drawing them back to-
gether and initiating oscillation — described by the myoelastic aerodynamic theory
of phonation (Van den Berg, 1958). Variations in vocal fold tension, position, and
airflow produce a range of sound sources — periodic, aperiodic, or mixed — enabling
different phonatory modes such as modal, creaky, and breathy voicing (Gick et al.,
2013). These modes contribute to the rich variability of human vocal communica-
tion.

Finally, when the airflow reaches the pharynx, the rest of the vocal tract func-
tions as a resonator, transforming aerodynamic energy into acoustic energy. Air
pressure variations generate sound waves (Fry, 1979), which — when within the hu-
man auditory range — are perceived as sound. The specific vocal tract shape during
articulation — such as the vowel gesture for the vowel [u] and the gesture for the
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FIGURE 1.2: Vocal tract imaging and anatomy. A: Example of a static MRI (Magnetic
Resonance Imaging) of the vocal tract of a female speaker in the midsagittal plane,
depicting the major structures involved in articulation. B: Anatomical description of the
major structures (same speaker), which may be traced in midsagittal MRI of the upper
vocal tract. Note that in real-time MRI image data as compared to static MRI data, fine
structures such as the vocal folds might not be visible. Additionally, note that only part
of the larynx is visible in this MRI image (B; see dashed box). The MRI image data is
from the USC 75-Speaker Speech MRI Database (Lim et al., 2021).

consonant [t] (see Fig. 1.3) — selectively reinforces certain frequencies and attenuates
others (Fant, 1960). Its configuration, together with laryngeal settings and articulator
constrictions (via the tongue, lips, teeth, palate), underlies both innate vocalizations
like crying and laughing (Anikin et al., 2018), and the extensive phonetic diversity,
i.e., the diversity of speech sounds found in the world’s languages (Ladefoged and
Maddieson, 1996; Moran and McCloy, 2019). Further details on articulation and its
acoustic consequences are provided in Section 1.5.

However, while this dissertation primarily focuses on humans, we are by no
means the only species with vocal organs to produce complex vocalizations. Vari-
ous other mammals, birds, and fish can produce sophisticated vocal signals using
complex vocalization procedures (Bell et al., 2004; Fitch, 2006; Horvati¢ et al., 2021).
A particularly interesting analogue to humans is the vocal capability of songbirds
(Doupe and Kuhl, 1999; Zhang et al., 2023). In songbirds, vocalizations are also
produced by expiration, but through an organ called the syrinx. The syrinx can
produce more varied and more complex sounds than the human larynx because
the syrinx has two independently controllable sound sources, i.e., one to each lung
(Suthers, 2004). This allows, for example, the Marsh Warbler (Acrocephalus palustris),
a small passerine songbird, to mimic the songs of many other species, e.g., Swal-
lows, Thrushes, Nightingale, resulting in a repertoire that far exceeds 1000 distinct
syllables (Dowsett-Lemaire, 1979; Bell et al., 2004). More on the vocal capabilities
and the parallels between acoustic diversification in birds and humans is presented
in Chapter 4.

From an evolutionary perspective, it is important to briefly introduce the mor-
phology of the human vocal tract in comparison to that of other great apes, as they
are our closest extant relatives and provide key insights into the anatomical and
functional changes that may have supported the evolution of speech and language.
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A striking difference is that humans possess a descended larynx — our larynx is po-
sitioned lower in the throat than in other great apes (Fig. 1.2; cf., Fitch, 2000). How-
ever, this is a feature we also share with some non-primate mammals, such as deer
(Fitch and Reby, 2001). While human infants are born with a high-positioned larynx
that allows for simultaneous breathing and suckling by connecting the larynx to the
nasal cavity (Crelin, 1987), the larynx gradually descends into the throat over the first
few years of life as part of normal anatomical development (Fitch and Giedd, 1999).
This anatomical trait was historically believed to be essential for producing a wider
range of speech sounds, especially vowels (Lieberman et al., 1969). Developmental
evidence supports the idea that vocal tract length and configuration have phonetic
consequences: young children, who have a shorter and higher vocal tract and do
not yet produce the full set of speech sounds (Fitch and Giedd, 1999; Namasivayam
et al., 2020), show more limited vowel contrasts and less acoustic distinctiveness in
their speech, in part due to these anatomical constraints (Chung et al., 2012; Kent and
Rountrey, 2020). However, recent work disputes these findings and argues whether
a descended larynx is necessary — or even advantageous — for speech production
(Fitch et al., 2016; Boé et al., 2019; Janssen et al., 2019).

Alternatively, it has been proposed that the descended larynx functions primar-
ily in the acoustic exaggeration of body size and of sex differences, as elongating the
vocal tract lowers resonance frequencies and enhances the perception of largeness
(Fitch, 1997; Fitch and Reby, 2001). Further, recent anatomical studies suggest that,
over evolutionary timescales, the human larynx underwent structural simplification
compared to that of other great apes, potentially facilitating more consistent and
controllable vocalizations (Nishimura et al., 2022). However, other researchers ar-
gue that it is primarily the neural architecture supporting speech and language that
underlies humans’ complex vocal capacities (Fitch et al., 2016; Dubreuil and Hen-
shilwood, 2013; Albessard-Ball and Balzeau, 2018; Balezeau et al., 2020). In sum-
mary, the literature presents conflicting views, and the question of what makes the
human vocal tract truly unique remains somewhat unresolved. This issue will be
revisited in Chapter 6.

1.4 Studying articulation

There is a wide variety of approaches to study articulation (Wood, 1982; Stone, 1997;
Fitch and Giedd, 1999; Zollikofer et al., 2011; Gully, 2021). This dissertation presents
a comprehensive methodology for measuring and analyzing articulation using MRI
data. The focus is on measurement and analysis of the upper vocal tract — the active
and passive articulators involved in producing vowels and consonants (Fig. 1.2).

1.4.1 Articulatory data

Various classes of imaging techniques are available for the acquisition of articulatory
data, including Ultrasound (Wilson, 2014), Computed Tomography (CT) (Serrurier
and Badin, 2005), X-ray microbeam (Papcun et al., 1992), Electromagnetic Articu-
lography (EMA) (Rebernik et al., 2021), and real-time Magnetic Resonance Imaging
(rtMRI) (Narayanan et al., 2014), among others (cf., Stone, 1997; Gick et al., 2013; Lin,
2021). Ultrasound is commonly used to visualize the tongue and palate during artic-
ulation, but it does not provide a holistic or high-resolution view of the entire vocal
tract. EMA, on the other hand, uses electromagnetic sensors placed on articulators
(e.g., tongue, lips, and palate) to track their relative movement in three dimensions
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during speech. Although EMA offers feasible temporal and spatial resolution, it re-
quires time-intensive setup procedures and frequent system calibration (Gick et al.,
2013). Moreover, it is relatively invasive and has the potential to alter natural articu-
latory behavior (Tienkamp et al., 2024).

In contrast, both CT and X-ray microbeam imaging provide high-quality visual-
izations of the vocal tract. Notably, X-ray microbeam enables dynamic tracking of ar-
ticulatory motion during speech tasks. However, both techniques involve exposure
to ionizing radiation, though the dose in X-ray microbeam studies is relatively low
(Gick et al., 2013). MRI thus presents a valuable alternative, offering high-resolution
static and dynamic imaging of the entire speech apparatus without the risks asso-
ciated with radiation exposure (Gick et al., 2013; Narayanan et al., 2014). Figure
1.3 illustrates an example of rtMRI during articulation of a vowel-consonant-vowel
sequence [utu].

FIGURE 1.3: Real-time vocal tract imaging. Illustration of a dynamic series of real-time
MRI images (rtMRI) in the midsagittal plane of a male speaker producing a
vowel-consonant-vowel sequence (here: [utu]). For simplification only a subset (five
frames) of the sequence is shown. The image data was recorded at 23.18 frames per
second. The MRI image data is from the USC Speech and Vocal Tract Morphology MRI
Database (Sorensen et al., 2017).

In this dissertation, rtMRI is utilized to analyze imaging data across various
speech sounds, including stationary vowels and dynamic sequences such as vowel-
consonant-vowel (VCV) utterances (Fig. 1.3). Real-time MRI records MRI images at
rates of up to 83 frames per second (Lim et al., 2021), which permits the simulta-
neous fine-grained analysis of vocal tract morphology during articulation and the
time-aligned acoustic realizations thereof, since it is possible to make reliable acous-
tic recordings directly in the MRI scanner (Bresch et al., 2006).

1.4.2 Geometric morphometrics

In this dissertation, I employ geometric morphometrics (GM) to quantitatively eval-
uate articulatory shape using real-time MRI (rtMRI) data collected during speech
(see Fig. 1.4; Bookstein, 2018). GM is an analytical toolkit used for the quantitative
analysis of shape of two- or three-dimensional biological structures (Mitteroecker
and Gunz, 2009; Zollikofer et al., 2011; Zelditch et al., 2012; Klingenberg, 2015; Dry-
den and Mardia, 2016; Bookstein, 2018; Ponce de Leén et al., 2018; Alatorre War-
ren et al., 2019; Zollikofer et al., 2022). Traditional morphometrics measures linear
distances (e.g., length, width, height) on biological objects and uses multivariate
statistics to analyze variation among or within groups (Lagler et al., 1962; Strauss
and Bookstein, 1982; Marcus, 1990). This approach has also been applied to artic-
ulatory data (Fitch and Giedd, 1999). However, linear distance measurements are
problematic because they are often correlated with size, they often do not rely on
homologous anatomical reference points, and make it difficult to graphically rep-
resent shape. Additionally, identical measurements can arise from different shapes
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FIGURE 1.4: Geometric morphometrics of the vocal tract. A: Anatomical landmarks
are placed on MRI image frames to quantify vocal tract shape (example: vowel [a]).
Fixed landmarks (large blue dots) mark homologous anatomical points;
semi-landmarks (small blue dots) follow curves such as the palate. Red lines trace
major vocal tract outlines. B—C: Raw landmark configurations (B) vary in position,
scale, and orientation. Generalized Procrustes Analysis (GPA) aligns them into a shared
coordinate system (C), preserving only shape variation. D: Principal Component
Analysis (PCA) of GPA-aligned shapes visualizes articulatory variation in multivariate
space. A key strength of geometric morphometrics is that abstract shape differences
(PCs; D) can be mapped back to physical landmark configurations (C), enabling
interpretation in both shape and anatomical space.

if the spatial relationships between anatomical reference points are not considered
(Adams et al., 2004).

GM overcomes these limitations by quantifying shape with geometric coordi-
nates instead of linear measurements (Fig. 1.4 A). Compared to traditional multi-
variate morphometric methods, the major advantage of modern GM is that complex
patterns of shape variation can be analyzed simultaneously in abstract multivariate
space, i.e., the shape space (Fig. 1.4 D), and in the original physical space of actual
morphologies (Fig. 1.4 C). Thus, GM and related multivariate methodologies can be
used for the co-analysis of articulatory and acoustic data (cf., Geng and Moosham-
mer, 2009; Chang et al., 2014; Narayanan et al., 2014).

A geometric morphometric (GM) analysis follows a series of standardized steps
known as the Procrustes paradigm (Fig. 1.4 A-C); Adams et al., 2013). This approach
unifies the statistical treatment of shape (Kendall, 1981; Kendall, 1984; Kendall,
1985) by aligning landmark configurations through Generalized Procrustes Anal-
ysis (GPA; Gower, 1975; Rohlf and Slice, 1990; Dryden and Mardia, 2016). The GM
workflow typically involves: (1) collecting landmark data, (2) performing GPA to
remove differences in position, scale, and rotation, and (3) conducting multivariate
analyses on the resulting shape variables. The next few paragraphs outline the steps
of a standard GM procedure.

First, landmarks are placed on anatomically well-defined points (so-called land-
marks) to sample aspects of the shape of interest (see 2.51 in Chapter 2 and Fig. 1.4
A), e.g., points of biological significance or functional homology that can be repli-
cated from object to object (fixed landmarks). Fixed landmarks are clearly defined
points that indicate particular anatomical traits and discrete biological attributes,
such as the tip of the front teeth (Fig. 1.4 A). Additionally, semi-landmarks along
curves or outlines can be placed between two fixed anatomical endpoints (fixed
landmarks) in order to capture shape variation of outlines and curved objects (such
as the outline of the hard palate or the tongue; see Fig. 1.4 A; Mitteroecker and Gunz,
2009). Curve semi-landmarks are then equidistantly sampled and are are allowed to
slide along tangents to the curves to ensure geometrical correspondence between all
configurations (Bookstein, 1996; Gunz et al., 2005). From a digitized image, such as
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an MR, fixed landmarks as well as points along curves can be obtained with com-
mon software packages and libraries in R (Olsen and Westneat, 2015; R Core Team,
2024).

Second, the extracted landmark data typically contain non-relevant variation in
terms of orientation and position as well as biologically relevant variation in size.
Non-relevant variation arises from differences in positioning and head posture dur-
ing scanning, or because of inconsistencies in image alignment across individuals.
Hence, before any further analysis is undertaken, non-relevant variation is removed
via Generalized Procrustes Analysis (GPA; Dryden and Mardia, 2016). GPA trans-
lates and rotates individual landmark configurations to minimize their squared de-
viations from the sample mean shape. Additionally, it scales each configuration to
unit centroid size, thereby removing differences in position, orientation, and size. To
clarify, in this context, shape refers to the geometric relationships among landmarks
once differences in location, orientation, and size have been removed, while size is
captured by a single scaling factor — centroid size — defined as the square root of the
summed squared distances of landmarks from their centroid.

Third, the GPA data are used to evaluate a sample mean shape, which serves as a
reference for all further analyses. Each subject’s shape is expressed as its landmark-
by-landmark deviation from the reference landmark configuration (Fig. 1.4 C-D;
Zelditch et al., 2012). The resulting multidimensional shape data can then be an-
alyzed with various statistical procedures, including Principal Component Analy-
sis (PCA), Canonical Variates Analysis (CVA) and Multiple Multivariate Regression
(MMR) (Mitteroecker and Gunz, 2009). PCA is the most commonly used technique
and can be computed on the shape variables to obtain a low-dimensional represen-
tation of shape data (Fig. 1.4 D). PCA yields linearly uncorrelated (i.e., orthogonal)
dimensions that represent the major variation in the data, the so-called Principal
Components (PCs), accounting for largest, second-largest, etc. proportions of the
total variation in the sample. Normally, the first few PCs together comprise a signif-
icant proportion of the total variation in the sample, and may be used to visualize
the major patterns of shape variation (Zollikofer and Ponce de Leén, 2002). Since
multivariate shape space and physical landmark space are equivalent to each other
(Fig. 1.4 C-D), patterns of shape variation can be explored and visualized in both
spaces simultaneously. Although these methods are very powerful, it must be kept
in mind that PCA and other ordination techniques are statistical methods, such that
they do not necessarily correspond to biologically meaningful factors. Thus, espe-
cially higher-order shape PCs should be treated with caution (Mitteroecker et al.,
2005; Mitteroecker and Bookstein, 2007).

Note that scaling to unit centroid size during GPA removes linear size varia-
tion from the landmark data, but the resulting shape configurations still exhibit
non-linear shape variation due to size differences between subjects — a phenomenon
known as size allometry (Klingenberg, 2016). Thus, the effect of size allometry on
the shape of the object under study must be taken into account in GM analyses and
when evaluating hypotheses. This issue is further discussed in Chapters 2 and 3.

1.5 The acoustics of speech sounds

As described in Section 1.3, speech sounds are produced through the interaction of
a sound source (the vocal folds) and a filter (the articulatory configuration of the
vocal tract; Fant, 1960). The preceding sections outlined how articulatory gestures
can be analyzed using geometric morphometrics (GM). In what follows, I turn to
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the acoustic consequences of these gestures — examining how sound is generated in
detail, and how the resulting acoustic patterns can be measured and analyzed.

The sound source originates in the larynx, where the periodic vibration of the
vocal folds generates glottal pulses — acoustic waves that determine the fundamental
frequency (FO) of the speech sound and its harmonics (Fig. 1.5 A-B; vocal folds,
i.e., the “source” in blue). The fundamental frequency (F0) is proportional to the
rate at which the glottal pulses occur, which then determines the perceived pitch
of a voice (i.e., how high or low a sound is perceived; Gick et al., 2013). FO can be
individually modulated (producing higher or lower pitched voice) by altering the
tension of the vocal folds through complex muscular control of the larynx (Wrench
and Beck, 2021). The filter is the supralaryngeal vocal tract, whose configuration
—shaped by articulatory gestures like tongue and lip position — modifies the source
signal by enhancing certain frequencies (resonances) and attenuating others (Fig. 1.5
A & C; supralaryngeal vocal tract, i.e., the “filter” in red). This relationship between
source and filter is formalized in the source-filter theory of speech production (Fant,
1960), which explains how vocal tract shape influences the acoustic output.

The resulting complex wave can be decomposed into its component sine waves
— each with its own frequency, amplitude, and phase — via the Fast Fourier Trans-
form, allowing the signal to be analyzed in the frequency domain, i.e., the frequency
spectrum (Fig. 1.5 C; Ladefoged, 1996). The dominant resonant frequencies, or for-
mants, appear as peaks in the power spectrum and are crucial for distinguishing
vowel qualities (Stevens, 2000). The spectral envelope — the shape of the frequency
spectrum (Fig. 1.5 C) — reflects both the formants and timbral characteristics, encod-
ing speaker-specific information that arises from individual vocal tract anatomy and
speaker-specific articulation patterns (Warren et al., 2005).
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FIGURE 1.5: Overview of acoustic phonetics. A: The speech organs include the vocal
folds (blue), which generate the source signal, and the articulators (red), which shape
the vocal tract for specific sounds (here, vowel [a]). B: According to the source-filter
theory (Fant, 1960), glottal pulses from the rhythmic vibration of the vocal folds create a
periodic source signal. C: The vocal tract configuration filters this signal, producing a
frequency spectrum where formants appear as spectral peaks. D: This spectrum can be
analyzed using formant analysis, Mel Frequency Cepstral Coefficients (MFCCs; Davis
and Mermelstein, 1980), or dimensionality reduction methods like PCA and CVA. E:
Resulting acoustic variation can be visualized in low-dimensional spaces, such as the
classical F1-F2 formant plot in the psychoacoustic Bark scale (Traunmiiller, 1990).
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Acoustic analysis techniques such as formant tracking (explained in detail in Sec-
tion 1.5.1), MFCCs (explained in Section 1.5.2), and dimensionality reduction tech-
niques, such as principal component analysis (PCA), and canonical variate analysis
(CVA) (Section 1.4.2) may be used to capture and quantify this variation in a multi-
variate acoustic space. These methods allow the statistical analysis and visualization
of speech sound differences in low-dimensional spaces, such as classical formant
plots, making it possible to study both linguistic content and speaker-specific fea-
tures (Fig. 1.5 E).

1.5.1 Formant analysis

The previous Section (1.5) described how articulation shapes the frequency spec-
trum of speech sounds, with major frequency peaks — called formants — emerging as
key acoustic features (Fig. 1.5 C). These formants, especially the first two (F1 and F2),
are central to identifying vowel quality and are widely used in phonetic and cross-
linguistic studies (Chung et al., 2012; Yang, 2021). Formants are commonly extracted
from spectrograms of speech sounds (Fig. 1.6 A; Yang, 2021), using automated for-
mant trackers with software such as Praat (Boersma, 2001). Spectrograms visualize
the dynamic nature of speech production. They plot frequency over time with an
additional third dimension; the amplitude or intensity of a component frequency,
which appears as dark bands, i.e., the formant frequencies (Boersma, 2014; Fig. 1.6
A; see colored lines).

Phoneticians typically visualize the extracted formants by plotting the first two
formant frequencies (F1-F2) in a bivariate graph (Weckwerth, 2021; Fig. 1.6 B). Vowel
quality, i.e., the distinct positions of vowels in a formant plot (Figs. 1.6 B-E) is clas-
sically described through articulatory and auditory properties (compare Fig. 1.4 D)
- jaw /tongue height, frontness/backness of the tongue, and lip rounding (Interna-
tional Phonetic Association, 1999).

However, formant analysis often involves mapping acoustic data onto percep-
tual scales to better align with human auditory perception. Logarithmic scales, for
example, compress frequency ranges — such that a doubling in frequency is per-
ceived as an octave — making them more tractable and perceptually meaningful
(Harrington et al., 1999). Among the most commonly used representations are the
Bark and Mel scales. The Bark scale divides the audible spectrum into 24 critical
bands of approximately equal perceptual width (Fig. 1.6 C; Zwicker, 1961; Traun-
miiller, 1990). It increases linearly at low frequencies and exponentially at higher
ones, mirroring how we perceive loudness. The Mel scale, derived from pitch judg-
ment experiments, transforms frequency logarithmically to match perceived pitch
distances (Stevens et al., 1937; Stephens and Volkman, 1940). A frequency difference
of 100 Hz is more salient at lower frequencies (e.g., 100-200 Hz) than at higher ones
(e.g., 3000-3100 Hz), and the Mel scale accounts for this non-linear sensitivity. The
Mel scale is used for the computation of Mel Frequency Cepstral Coefficients (Sec-
tion 1.5.2). Taken together, these scales allow for more perceptually realistic analy-
ses and visualizations of vowel spaces and improve feature extraction for tasks like
speech synthesis, recognition, and cross-linguistic comparison (livonen, 1994; Her-
mansky et al., 2013). Depending on the research goal, formant data may be analyzed
in raw frequency (Hz), Bark, or Mel scales and further explored using techniques
such as PCA and CVA for dimensionality reduction.
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FIGURE 1.6: Formant extraction and visualization. A: Spectrogram of the vowel [e]
recorded in an MRI scanner (Lim et al., 2021). Colored lines indicate formant
frequencies; the strong band between F1 and F2 reflects MRI scanner noise. B: Classical
F1-F2 plot (in Hz) for vowels i-e-a-0-u, with 90% density ellipses and mean values
connected as a vowel polygon. C: F1-F2 values shown in Bark scale (Traunmiiller,
1990), capturing the logarithmic nature of auditory perception. D: F1-F2 plotted as
log10-transformed wavelengths (1), as vocal tract changes are reflected more
proportionally in wavelengths (Fry, 1979). E: Bark scaled F1-F2 plot from
VoxCommunis corpus (Ahn and Chodroff, 2022), showing cross-linguistic vowel
variation.

1.5.2 Beyond the peak: continuous acoustic features

In the previous Section, the classical and widely applied technique of formant anal-
ysis was introduced. However, formant analysis has various limitations, as it “only”
identifies local maxima in the sound spectrum and may overlook other important
articulatory and acoustic dimensions (Bladon, 1982; Holmes et al., 1997; Harrison,
2013; Maurer, 2016). Furthermore, there is an ongoing debate about the extent to
which formants directly correlate with the perception of speech sounds (Bladon,
1982; Zahorian and Jagharghi, 1993; Nenadi¢ et al., 2020). As a result, it has been
proposed that listeners may rely on more global spectral features, often referred to
as the “overall” or “gross” spectral shape (Kiefte et al., 2013), alongside or even in-
stead of “discrete” formant peaks (Plomp et al., 1967; Klein et al., 1970; Zahorian and
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Jagharghi, 1993; Ito et al., 2001; Friedrichs et al., 2017; Nenadi¢ et al., 2020). In line
with the multivariate and continuous nature of articulation (Fig. 1.4 D), the spectral
envelope itself (Fig. 1.5 C) along with methods such as Mel Frequency Cepstral Co-
efficients (MFCCs) that approximate a perceptually filtered version of this broader
spectral envelope, can perhaps provide a more comprehensive characterization of
vowel acoustics (Davis and Mermelstein, 1980).

MEFCCs are used in most state-of-the-art speech and speaker recognition sys-
tems and disease detection (Davis and Mermelstein, 1980; Tiwari, 2010; Tracey et al.,
2023). MFCC analysis divides the acoustic signal into short feature vectors by ana-
lyzing short time windows. For each window, a power spectrum is computed using
a Fast Fourier Transform (FFT), transforming the signal from the time domain into
the frequency domain. This spectrum is then filtered through a Mel scale filter bank
to reflect the non-linear frequency sensitivity of human hearing. A cepstral analysis
of the Mel scaled spectrum yields MFCCs. These features mimic human auditory
perception and help separate the source signal (glottal pulses) from the filter effects
(vocal tract shape), with more filters concentrated in the speech-relevant frequency
range to model human critical bandwidths (Logan, 2000). The classical extraction
of MFCC:s of a speech signal typically retains 12-13 MFCCs (Ellis, 2005), which can
be visualized - similar as shape variables — in a reduced multivariate acoustic space
using PCA (see Section 1.4.2). Figure 1.7A shows the five cardinal vowels in MFCC-
PCA space, which closely resembles multivariate articulatory shape space (compare
Fig. 1.4 D). Similarly, the raw and unfiltered frequency spectrum (Fig. 1.5 C) can
be directly analyzed and visualized using PCA (Fig. 1.7 B) and CVA (Fig. 1.7 C). A
comprehensive application of MFCCs is presented in Chapter 3.
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FIGURE 1.7: Alternative acoustic measures. A: Representation of acoustic variation of
vowels using Mel Frequency Cepstral Coefficients (MFCCs) with subsequent
visualization using PCA. The density ellipses show the 90% variation around each
vowel, the colored points show the mean vowels, which are connected to represent the
vowel polygon. B: PCA of the frequency spectrum of vowel utterances via the Fast
Fourier Transform. C: CVA of the frequency spectrum.

1.6 Morpho-phonetics

As discussed in Sections 1.4 and 1.5, there are advanced methods for reliably mea-
suring both the articulation and acoustics of speech sounds. However, a unified
statistical approach to study the multivariate representations of these two domains
and their interrelations is lacking. In this Section, I provide an overview of the co-
analysis of corresponding articulatory and acoustic datasets (Fig. 1.8).

Data resources such as the 75-speaker speech MRI database from the University
of California provide corresponding articulatory data (rtMRI) and audio recordings
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of various speech sounds and sequences of speech sounds (Lim et al., 2021). This
enables a co-analysis of the two domains of data, i.e., a simultaneous analysis of
articulatory and acoustic data (Fig. 1.8 A-C). The vocal tract shape data of each indi-
vidual speaker — analyzed using GM — can be directly correlated with their acoustic
data. We refer to this integrated analysis of articulatory and acoustic data as morpho-
phonetics (Moran et al., 2024), as it combines the examination of morphological vocal
tract data using geometric morphometrics (GM) with the acoustic analysis of speech
sounds. This methodology may be utilized to study many aspects of speech, such as
effects of articulatory to acoustic correspondence (see Chapter 2), coarticulation of
vowel-consonant-vowel (VCV) sequences (see Chapter 3), and potentially provides
a new method for the study of speech pathology and in forensic speech science.
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FIGURE 1.8: Morpho-phonetics of vowel production. A: Real-time MRI frame of the
vocal tract of a speaker in the midsagittal plane producing the vowel [a] with
corresponding anatomical landmarks. At each MRI frame and corresponding acoustic
timestamp, analysis of shape via GPA and acoustic phonetic analysis is undertaken.
The MRI image data is from the USC 75-Speaker Speech MRI Database (Lim et al.,
2021). B: Shape variation of vowels in low-dimensional multivariate shape space
(PCA). C: Acoustic variation of vowels in Bark scaled F1-F2 space (Traunmtdiller, 1990).
D: The resulting corresponding shape (B) and acoustic (C) variation may be used to
study the correspondence between articulatory and acoustic data. The figure shows the
linear regression of the relationship between phonetic and articulatory distances among
vowels.

Morpho-phonetics requires the exploration of correlation and covariation between
the two time-aligned spaces (articulatory and acoustic; Fig. 1.8 B-C) and includes
several multivariate statistical approaches. One advantage of GM is that the multi-
variate shape space of articulatory gestures (Fig. 1.8 B) may be considered analogous
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to the frequency space derived from the acoustic analysis of speech (Fig. 1.8 C). The
shape space of GM, the Fourier space of formant analysis and/or acoustic represen-
tations of the spectral envelope (such as MFCCs), can be represented in multivariate
spaces and are thus suited for exploring the link between articulatory speech ges-
tures and their corresponding acoustic output (Figs. 1.4, 1.6, 1.7).

One way to approach the visualization and analysis of the interrelation between
articulatory and acoustic spaces is through the regression of between-vowel Eu-
clidean distance in acoustic and articulatory spaces (Fig. 1.8 D; Moran et al., 2024).
Furthermore, the covariation between the acoustic realizations of speech and vocal
tract shape can be evaluated directly using multivariate association methods. The
most commonly used methods for exploring patterns of covariation between multi-
ple sets of variables are Multiple Multivariate Regression (MMR) and Partial Least
Squares (PLS), which can both process the multivariate data provided by shape anal-
ysis (GM) and acoustic measurements (Mitteroecker and Gunz, 2009). However, one
advantage of PLS over MMR is that PLS does not necessarily require the input vari-
ables to be uncorrelated to each other, whereas MMR has difficulty dealing with
correlated predictor variables. PLS can thus be used to assess covariation between
the two blocks of data. PLS is based on two-block partial least squares and uses
singular value decomposition to extract pairs of components (singular warps; Rohlf
and Corti, 2000; Bookstein et al., 2003; Mitteroecker and Bookstein, 2007) from the
covariance matrix of the two blocks. Ultimately, PLS permits the analysis of the di-
rect impact of shape on acoustic measurements, and — similar to PCA — to render the
associated patterns of covariation directly in physical shape and frequency spaces
(compare Fig. 1.4 C-D). Two applications of morpho-phonetics are shown in chapters
2 and 3.

1.7 Studying language diversification with articulatory and
acoustic data

This introduction has provided an overview of how articulatory and acoustic sig-
nals of speech, and subsequently their interrelation, can be analyzed using a new
framework that I call morpho-phonetics. However, the question remains: how does
inter-speaker variation in the anatomy of the speech organs influence the produc-
tion of speech sounds and, consequently, influence the structure and diversity of
spoken languages? We can expand this question further to consider how current
acoustic variation across languages might offer insights into the processes of diver-
sification that have led to the vast array of languages we observe today. To address
these questions, we must explore how morphological variation affects the produc-
tion and acoustic properties of speech sounds and how this variation propagates
from individuals to speaker populations, ultimately influencing language diversity
(Moran et al., 2024). The final part of this introduction will focus on proposing how
biological diversity may drive the ongoing diversification of languages.

Languages evolve and diversify over time, influenced by both neutral and adap-
tive processes (Lynch and Baker, 1993; Pawlowitsch et al., 2011; Potvin and Clegg,
2015; Bentz et al., 2018). It is known that vocal tract variation influences the acoustic
output of speech (Dediu et al., 2019). The morphology of an individual’s vocal tract
is shaped by a combination of evolutionary processes — such as natural selection and
genetic drift — as well as environmental, cultural, and social influences, including
lifestyle (Christiansen and Kirby, 2003b; Puts et al., 2006; Lieberman, 2007; Ghazan-
far and Rendall, 2008; Fitch, 2010; Hurford, 2011; Vorperian et al., 2011; Blasi et al.,
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2019; Dediu et al., 2022; Ladoukakis et al., 2022; Nishimura et al., 2022). These fac-
tors also leave distinct acoustic traces in the voice, reflecting characteristics including
speakers’ age, gender, sex, and body size (Simpson, 2009; Pisanski et al., 2014; Rojas
etal., 2020). Additionally, these influences shape unique speaker-specific voice qual-
ities (Laver, 1980; Kreiman and Sidtis, 2011), making each individual’s voice distinct
(Cavalcanti et al., 2021). Vocal tract influences may even affect language change di-
rectly, in that it inflects biases on the usage of speech sounds due to articulatory
constraints (Moisik and Dediu, 2017; Blasi et al., 2019), or in that it directly affects
sound change (Dediu and Moisik, 2019).

Yet despite the significance of such individual-level variation, its potential im-
pact on language evolution has been largely absent in studies of linguistic diversity.
Even though there are notable parallels between biological and linguistic evolution
(Pagel, 2017; Ladoukakis et al., 2022), most studies in language diversity overlook
the role of individual and community-level variation in language change (Fox, 1995;
Campbell and Poser, 2008; Campbell, 2013). Diachronic linguistics usually relies
on discrete language features, like the phonemic inventories of languages or lexical
cognates, to reconstruct the origins of language and language family phylogenies
(Atkinson and Gray, 2005; Atkinson, 2011; Creanza et al., 2015; Barbieri et al., 2022).
Additionally, phonetic studies often treat acoustic differences between individuals,
influenced by their vastly variable vocal tracts, as so-called “noise” in the speech sig-
nal instead of an evolutionary signal (Lobanov, 1971; Disner, 1980; Burridge, 2023).
However, from an evolutionary perspective, this variation may eventually represent
the substrate for between-language diversification (Moran et al., 2024).
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FIGURE 1.9: Acoustic variation within- and between groups. Representation of F1-F2
in Bark scale of a cross-linguistic sample (11 languages) from the VoxCommunis corpus
(Ahn and Chodroff, 2022). The blue density ellipses show the 90% acoustic variation
per vowel for the pooled data (pooled across the 11 languages), the red ellipses show
the between-language 90% density ellipses. Comparing the patterns of within- vs.
between-group variation can be used to gain insights into acoustic diversification of
languages, such as disentangling the roles of neutral processes (e.g., drift) and adaptive
pressures (e.g., cultural effects or ecological factors) in shaping language-specific
phonetic features.

Given this lacuna, understanding and studying intra- and inter-group variation
is crucial for studying evolutionary dynamics (Darwin, 1859; Lande, 1980; Lande
and Arnold, 1983; Lande, 1991; Ackermann and Cheverud, 2004; Ponce de Leén et
al.,, 2018), as it is suggested to impact sound change and divergence across groups
and languages (Ohala, 1989; Mesoudi et al., 2006; MacKenzie, 2019; Anthonissen,
2021; Yu, 2021). Evolutionary theory asserts that diversification between groups
feeds on variation within groups, making it crucial to understand trait variation
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for explaining change (Lande, 1979). Thus, comparing variation within and across
groups (speech communities, i.e., languages) may provide important insights into
how languages diversify acoustically (Lande, 1980; Ackermann and Cheverud, 2004;
Lande, 1991).

However, how does one go about studying diversification processes based on
articulatory and acoustic variation? Firstly, by using morpho-phonetics, it can be in-
ferred how overall vocal tract and articulatory variability impacts and conditions
the acoustic variability within a group (see Chapter 2; Moran et al., 2024). Secondly,
we can explore how the acoustic variation within groups conditions the acoustic di-
versification between groups by comparing acoustic variation within and between
groups (compare blue vs. red density ellipses in Fig. 1.9). How articulatory and
acoustic data may be utilized in detail to infer acoustic diversification of languages
and of vocalization in other species such as birds is elaborated in Chapters 2, 4 and
5.

1.8 Dissertation overview

After introducing the fascinating but complex world of articulation, acoustics, and
morpho-phonetics, this final Section provides an overview of this dissertation. The
subsequent chapters present specific pieces of work that contribute to this disserta-
tion and are grounded in the concepts and methods introduced so far. Figure 1.10 vi-
sually summarizes the structure of this work and an overall conclusion is presented
in Chapter 6.

Chapter 2 serves as the foundational work of this dissertation. It explores the
analysis of articulatory and acoustic data using geometric morphometrics alongside
acoustic analysis techniques. It introduces the concept of morpho-phonetics to exam-
ine the relationship between articulatory shape space and acoustic space. Addition-
ally, it investigates how the significant inter-speaker variation in articulation and
acoustics, as well as the transformation process between articulation and acoustics,
influences the ongoing acoustic diversification of spoken language by incorporating
methods from evolutionary population biology (Moran et al., 2024). This chapter
has been deposited as a preprint on bioRxiv.

Chapter 3 applies the methods established in Chapter 2 to test morpho-phonetic ef-
fects in coarticulation, which refers to the overlapping of speech sounds during flu-
ent speech. This Chapter offers a fresh perspective on how coarticulation affects the
articulation and acoustics of speech sounds as well as the acoustic diversity within
languages.

Chapters 4 and 5 investigate acoustic diversity in human speech communities
and in songbird populations (chaffinches), focusing on how geographic proximity
and isolation (i.e., isolation by distance) shape patterns of acoustic diversification.
These analyses apply methods from evolutionary population biology to both lin-
guistic and avian data. Additionally, Chapter 5 compares different strata of linguis-
tic structure, examining how acoustic diversification aligns — or diverges — from pat-
terns of lexical diversification. This comparison sheds light on the extent to which
acoustic divergence can reveal deeper historical relationships between languages
and language families. Finally, Chapter 6 situates these findings within a broader
interdisciplinary context, drawing together insights from linguistics and biology
to outline implications for future research on the evolution and diversification of
speech and language.
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Interindividual vocal tract diversity influences the
phonetic diversification of spoken languages

2.1 Context

The following publication with the title Interindividual vocal tract diversity influences
the phonetic diversification of spoken languages is currently in preparation for submis-
sion to a scientific journal. The preprint to this publication is available here. This
study was conducted by the author in collaboration with Steven Moran (shared first
authorship), Marcia Ponce de Leén and Christoph Zollikofer (both co-supervising
authors).

2.2 Abstract

Vocal tracts, like other physical traits, exhibit extensive interindividual variation.
However, little is known about how this variation translates into phonetic diversity
between speakers, and ultimately, across languages. We demonstrate that differ-
ent vocal tract shapes and associated articulatory strategies leave consistent acoustic
signatures, which show congruent patterns of phonetic variation both within and
across speech communities. Recalling a central tenet of evolutionary biology — that
within-group variation feeds processes of between-group diversification — our find-
ings suggest that the sounds of language evolve according to a neutral-like evolu-
tionary process. Our “neutral-like evolution model” serves as a null hypothesis for
disentangling the biological versus cultural mechanisms at play in phonetic diversi-
fication, where deviations from the neutral expectation indicate culturally mediated
processes of language change at work.

2.3 Introduction

Textbook depictions imply a standard human vocal tract morphology (Lieberman
and Blumstein, 1988; Zsiga, 2013; Ladefoged and Johnson, 2014). However, there
is extensive interindividual variation in terms of the size and shape of the hard and
soft tissues involved in speech production (Johnson et al., 1993; Lammert et al., 2011;
Lammert et al., 2013; Wrench and Beck, 2021). Both “nature” (natural selection, ge-
netic drift) (Puts et al., 2006; Lieberman, 2007; Ghazanfar and Rendall, 2008; Vorpe-
rian et al., 2011; Ladoukakis et al., 2022; Nishimura et al., 2022) and “nurture” (en-
vironment, culture, lifestyle) (Christiansen and Kirby, 2003b; Fitch, 2010; Hurford,
2011; Blasi et al., 2019) shape an individual’s vocal tract morphology and imbue their
voice with acoustic markers (age, gender, sex, size) (Pisanski et al., 2014; Rojas et al.,
2020) and speaker-specific voice qualities (Laver, 1980; Kreiman and Sidtis, 2011),
making them sound unique (Cavalcanti et al., 2021).
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Despite considerable interindividual variation, however, speakers within a
speech community reach acoustically similar targets, which they perceive as the
same contrastive speech sounds, i.e., phonemes. While speaker communities thus
tend to conserve phonetic (as well as other linguistic) properties, it is well known
that language properties are constantly changing through time (Brochhagen et al.,
2023; Greenhill, 2023), and a key question to answer is how biology, environment,
and culture together bring about these changes.

Here we focus on the biological side of the question, asking specifically how vo-
cal tract variation within a speaker community influences phonetic variation, and
how phonetic variation within speaker communities gives rise to variation between
communities, and eventually between languages. To the best of our knowledge,
these interlinked questions have not yet been addressed comprehensively and em-
pirically. While many studies treat acoustic differences between individuals as noise
in the speech signal (Lobanov, 1971; Disner, 1980; Burridge, 2023), we are specifi-
cally interested in the patterns of variation produced by those differences. Previous
studies have focused on population-level differences in vocal tract shape (Blasi et al.,
2019; Dediu et al., 2019; Cavalcanti et al., 2021), on specific areas of the vocal tract
(Lammert et al., 2013; Dediu et al., 2019), differences related to sex, age and size
(Fitch and Giedd, 1999; Simpson, 2009; Rojas et al., 2020), have used modeling and
simulation-based approaches (De Boer and Tecumseh Fitch, 2010; Lammert et al.,
2011; Dediu et al., 2019; Gaines et al., 2021; Serrurier and Neuschaefer-Rube, 2023),
or are preliminary (Fuchs et al., 2008; Zollikofer et al., 2011; Gully, 2021; Johnson,
2023).

In this study, we quantify the origins and propagation of interindividual varia-
tion across the successive levels of speech production; from variation in vocal tract
shape and articulatory gestures to variation in the associated phonetic output within
a speaker community, and from community-level to language-level phonetic varia-
tion. We use the five cardinal vowels (i, e, a, 0, u) as a test case, because they are
well characterized in terms of articulation and acoustics, and are shared by a wide
variety of typologically diverse languages.

To quantify articulatory-acoustic relationships, we propose a new approach,
morpho-phonetics, that combines geometric morphometric analysis (Bookstein, 2018)
of the shape of the vocal tract in real-time Magnetic Resonance Imaging (rtMRI) (Lim
et al., 2021) with spectral analysis of the concurrent audio signal during speech ar-
ticulation (Fig. 2.1, Supplementary Fig. 2.51). We examined the morpho-phonetic
covariation of the cardinal vowels as pronounced by 32 speakers (16 women and 16
men) of American English from different ethnic and linguistic backgrounds. Vow-
els were extracted from the carrier words (‘beat’, ‘bait’, “pot’, ‘boat’, ‘boot’) from the
USC 75-Speaker Speech MRI Database (Lim et al., 2021).

For each vowel spoken by each individual, the articulatory vocal tract shape and
its corresponding phonetic output were sampled at synchronous time stamps. Phys-
ically, vowel-specific articulation is achieved by coordinated jaw, lip, tongue and
velum movements, whose interplay determines the shape of the vocal tract and
its acoustic output. Here, vocal tract shape is quantified with a set of anatomical
landmarks (N=95) (Fig. 2.1A, Supplementary Fig. 2.52, Supplementary Table 2.51)
placed on each rtMRI frame, and shape variation is analyzed and visualized with
methods of geometric morphometrics (Fig. 2.1, A, D, E). Articulation results in an
acoustic signal (Fig. 2.1, A, B, C), which is quantified here with vocal tract resonance
frequencies, i.e., formants F1-F4, and the fundamental frequency, FO.

Geometric-morphometric analysis of the vocal tract as well as formant analysis
yield multidimensional data sets. We use principal components analysis (PCA) as a
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dimension reduction technique to explore the data structures and to characterize the
principal patterns of variation in the data. Covariation between articulatory gestures
and phonetic output (i.e., morpho-phonetic covariation) is examined with partial
least-squares analysis (PLS). We focus on those patterns of variation that are shared
by all individuals, independent of sex, age, and vocal tract size. The workflow and
the main results of these analyses are visualized in Fig. 2.1; details are provided in
Materials and Methods.
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FIGURE 2.1: Morpho-phonetic co-analysis of vowel production. A: Anatomical
landmarks (blue dots) are placed on midsagittal MRI images of the vocal tract recorded
during speech production. At each corresponding timestamp, acoustic analysis
(formant frequency extraction) is undertaken on denoised audio recordings. B-C:
Resulting acoustic phonetic variation in formant space rendered as interindividual
variation of vowels (B) and vowel polygons (C). Centroids of individual acoustic vowel
polygons (black dots; C) serve as proxies of acoustic timbre. D-E: Corresponding
variation in articulatory shape space (given by principal components PC1 and PC3)
rendered as interindividual variation of vowels (D; inset graphs represent mean shape
of vocal tract for each vowel) and vowel polygons (E). Centroids of individual
articulatory vowel polygons (black dots) serve as proxies of the resting-state vocal tract
morphologies. In D and B, note the reduction of within-vowel variation relative to
between-vowel variation in phonetic space compared to articulatory shape space,
which reflects articulatory adaptation to target vowels. F-G: Morpho-phonetic
covariation. F: Linear regressions of phonetic vs. articulatory distances between vowels
(individual regressions with average R? = 0.35; pooled regression with R? = 0.27 (red
line)). G: Partial least-squares (PLS) analysis of the individuals” phonetic vs. articulatory
vowel polygon data, reflecting residual morpho-phonetic covariation not compensated
by articulatory adaptation. Details in main text and Materials and Methods.
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2.4 Results

2.4.1 Articulatory and acoustic vowel spaces are similar

Figure 2.1B shows the acoustic variation given by the first two formants (F1 and
F2) in Bark scale (Traunmidiller, 1990). The five vowels are represented by separated
data clusters and their centroids form together the well-known acoustic vowel poly-
gon. Figure 2.1D shows the associated articulatory variation along principal com-
ponents PC1 and PC3 of shape space (58.1% of total variation). PC2 accounts for
interindividual differences unrelated to vowel articulation (13.3% of total variation;
see Supplementary Fig. 2.53 A). The articulatory shape space shows partially over-
lapping vowel data clusters, but notably the centroids of the clusters also form a
vowel polygon, which has a similar geometric arrangement as the acoustic vowel
polygon. The articulatory and acoustic vowel polygons therefore have correspond-
ing shapes. To quantify the correspondence between articulatory and acoustic vowel
polygons, we study how an individual’s articulatory discrimination between vow-
els translates into acoustic discrimination. To do so, we compute for each individual
all ten between-vowel distances in both articulatory and acoustic spaces. Figure 2.1F
shows that articulatory distances correlate with acoustic distances (average of indi-
vidual speaker correlations: R? = 0.35; pooled data: R? = 0.22).

2.4.2 Articulatory gestures are adapted to speaker-specific vocal tract mor-
phology

The moderate correlation between articulatory and acoustic contrasts (Fig. 2.1 F) re-
flects the fact that the individuals in our sample have widely different vocal tract
morphologies, and they use a remarkably wide range of articulatory gestures to
produce any given target vowel (see Supplementary Figs. 2.54-2.58). Therefore, we
investigate how individual vocal tract morphology influences speakers’ articulatory
gestures, and how these gestures translate into acoustics. A comparison of Figures
2.1B and 2.1D shows that there is substantially more articulatory than acoustic vari-
ation around corresponding vowel centroids. To quantify this effect, we evaluate the
ratio of within-vowel to between-vowel variance (variance ratio; VR). We find that
VR is consistently larger in articulatory space (VRarticulatory = 0.548) than in acoustic
space (VRformant = 0.065; see also Supplementary Table 2.52). Thus, a wide range
of individual articulatory gestures results in a more narrow range of acoustic varia-
tion, supporting earlier evidence that individuals adapt their articulatory gestures to
produce similar sounding vowels (Lindblom and Sundberg, 1971; Ladefoged et al.,
1972). To further explore the inner workings of articulatory adaptation, we examine
how an individual’s palate shape influences the shape of their tongue during vowel
production (Fig. 2.2). To do so, we calculate the mean shape of each individual’s
palate and tongue, averaged over all vowels. PLS analysis shows a significant in-
fluence of palate shape on tongue shape (Fig. 2.2A, see Methods). Interindividual
differences in palate shape therefore translate into systematic differences in artic-
ulatory tongue shape. Specifically, individuals with short, rounded hard palates
produce more rounded tongue gestures than individuals with elongated and shal-
low palates (Fig. 2.2B). Fig. 2.2C indicates that articulatory adaptation of the tongue
tends to maintain a standard cross-sectional air tube profile in the anterior region of
the oral cavity, but less so in the posterior region. Overall, differences in vocal tract
morphology are only in part acoustically compensated through articulatory adapta-
tion.
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FIGURE 2.2: Articulatory adaptation of the tongue to individual palate shape. A:
Covariation between tongue and palate shapes is computed with partial least squares
analysis (PLS). The first pair of PLS components (PLS1) comprises 67.5% of the total
covariation. B: Articulatory adaptation is visualized for the opposite ends of the
morphological variation in A (average morphologies of the three individuals
comprised in red and blue circles, respectively); black arrows indicate the border
between the hard and soft palate. Note that in a short/rounded palate (red) the dorsum
of the tongue assumes a more rounded shape. C: Air tube cross-sectional profiles
derived from the morphologies in B (red /blue lines and bands represent group-specific
averages and ranges). LM # indicates landmark position along tongue dorsum; d
denotes tongue-palate distance shown in the inset graph.
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2.4.3 Individual vocal tract morphology results in acoustic differences be-
tween speakers

Next we ask how the residual, uncompensated acoustic differences between individ-
uals are related to the underlying differences in their vocal tract morphologies. To do
so, we investigate the covariation between individual vowel polygon geometries in
articulatory and formant space (Fig. 2.1G). A lack of covariation would indicate that
the acoustic properties of the target vowels are independent of their individual ar-
ticulatory properties, thus fully compensated for individual vocal tract differences.
However, PLS analysis shows significant covariation (Fig. 2.3A, see Methods), con-
firming that articulatory adaptation is only partial (Fig. 2.2B, C), such that individ-
ual differences in the vocal tract (Fig. 2.3A) lead to systematic acoustic differences
between speakers (Fig. 2.3B). This effect is visualized by the real-life morphologi-
cal and acoustic properties of individuals at opposing ends of the data scatter in
Figures 2.3B and 2.3C: those with rounded /short versus shallow/elongated palates.
Specifically, differences in palate shape result in different timbre of the voice (as in-
dicated by shifts in the position of the vowel polygon in acoustic space), different
acoustic range (change in the size of the polygon), and different acoustic contrasts
between vowels (change in the shape of the vowel polygon; Fig. 2.3, B-C). In sum,
our analyses show that interindividual variation in vocal tract morphology gener-
ates correlated variation in vowel acoustics.

5e-4- Py . 4 i u

PLS1: acoustic data
®
o9,
@
F1 (Bark)
o o
®
O

© 0e+0 ‘
e .‘0," o
.“ a a
| ’ 393'. ®e
BN *
-5e-4- R?= 0.52 (p = 0.0071)

p CR =0.57 (p = 0.004) 9 T T T T T T T
T T T T T T T
0.4 -03 -02 -01 0 01 02 03 04 o111 F21(2Ba,k)11 o9 8
PLS1: articulatory data

a ) u
FIGURE 2.3: Patterns of uncompensated morpho-phonetic covariation. A: PLS
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contrasting articulatory morphologies (C) and corresponding acoustics (B). B:
Corresponding acoustic vowel polygons in F1-F2 formant space (Bark scale). C:

Articulatory vowel polygons and associated articulatory differences between
individuals with rounded/short and shallow/elongate palates.
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2.4.4 Vocal tract variation influences within- and between-language pho-
netic diversity

Figure 2.3 has shown for our morpho-phonetic sample of English speakers (MP-E)
that vocal tract variation systematically conditions vowel variation. Yet the more
general question remains: how does vocal tract variation and the ensuing acous-
tic variation between speakers ultimately influence phonetic diversification across
languages? Given the current lack of cross-linguistic morpho-phonetic data, we ad-
dress this question by combining the MP-E data with the multilingual speech data
in the VoxCommunis Corpus (VC-C) (Ahn and Chodroff, 2022). We analyze pho-
netic variation of the cardinal vowels in ten typologically diverse languages of the
VC-C sample (Basque, Bulgarian, Hindi, Italian, Portuguese, Romanian, Russian,
Tamil, Turkish, Vietnamese) and compare it with the corresponding variation in the
MP-E sample. First, we pool the data of the 10 VC-C languages to evaluate within-
language variation in the sample (see Methods). Figure 2.4 shows that the pattern
of within-language variation in the VC-C sample (grey ellipses) is similar to that
in the MP-E sample (dashed grey ellipses) (multivariate comparison of variances:
p=0.64; see Methods). Since the MP-E phonetic variation is conditioned by vocal
tract variation (Fig. 2.3A), we infer that there exists a common mode of phonetic
variation within languages that ultimately reflects a common mode of vocal tract
variation. Second, we use the centroids from the 10 languages to evaluate the pat-
tern of between-language variation in the VC-C sample (Fig. 2.4, red ellipses). To-
gether, these analyses show that variation between languages is similar to variation
within languages (red and grey ellipses in Fig. 2.4, respectively) (multivariate com-
parison of variances: p=0.36), suggesting that similar processes govern the phonetic
diversification within and between languages.

2.5 Discussion

Many studies have taken a top-down approach to investigate language diversifica-
tion, using methods of phylogenetic inference to reconstruct language family trees
(Gray and Jordan, 2000; Holden, 2002; Gray and Atkinson, 2003). As a comple-
ment, we take a bottom-up approach to track how individual vocal tract variation
in a speaker group serves as a source of articulatory and phonetic variation, and
how phonetic variation within groups serves as a source of phonetic diversification
between groups.

At the individual level, we found that articulatory gestures and corresponding
acoustics have similar vowel polygon representations in morphometric and phonetic
spaces, respectively. While articulatory vowel polygons have not yet been reported,
broadly similar vowel polygon representations have been found in neuromotor and
neurosensory analyses (Chang et al., 2010; Scharinger et al., 2011; Bouchard et al.,
2013a; Mesgarani et al., 2014; Bouchard et al., 2016; Cheung et al., 2016; Chartier
et al., 2018; Preisig et al., 2022; Oganian et al., 2022). Further studies are needed
to elucidate the complete sequence of vowel representations, from neuromotor pat-
tern generation to articulatory movements, acoustic output and speech perception
(Leonard et al., 2023; Khanna et al., 2024).

We have also shown that the morphology of an individual’s vocal tract leaves a
consistent signature on their articulatory gestures and the associated phonetic out-
put. Previous studies have shown that speech sounds convey information about
the physical, psychological, and social characteristics of the speaker (Ladefoged and
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FIGURE 2.4: Patterns of within-language and between-language variation in
cross-linguistic speech acoustics data. A: Acoustic variation of the cardinal vowels in
F1-F2 formant space. 90% density ellipses show variation for the morpho-phonetic
English speaker data (MP-E) (dark grey dashed lines), the pooled within-language data
from the VoxCommunis Corpus (VC-C) (light grey solid lines) and the
between-language VC-C data (red). Note the similarity in direction of variation across
the different groups, which indicates a common mode of variation across the different
data subsets. B: PCA of vowel polygon variation (90% density ellipses with major axes;
colors as in A). Grey dots represent individuals (light grey: VC-C, dark grey: MP-E); red
dots represent VC-C language means. The line connecting the yellow and blue stars
marks phonetic variation due to vocal tract variation (MP-E data from Fig. 2.3A).

Broadbent, 1957; Kreiman and Sidtis, 2011). This morpho-phonetic signature stud-
ied here is statistically independent of sex and vocal tract size (see Methods) and
represents a pattern of inter-speaker variability common to all speaker groups stud-
ied here (Fig. 2.4). Precisely because of its ubiquity, inter-speaker phonetic vari-
ability is typically regarded as “noise” that hampers categorization tasks (Johnson
and Sjerps, 2021) (e.g., automatic speech recognition) as well as phyletic reconstruc-
tion (Bouchard-Coté et al., 2013). We argue that this so-called noise is an important
source of phonetic variation between speaker communities, recalling a central tenet
of evolutionary biology: within-group variation feeds processes of between-group
diversification. Specifically, populations diversifying under a neutral (random) evo-
lutionary process are expected to exhibit similar patterns of within- and between-
population variation (Lande, 1980; Ackermann and Cheverud, 2004). In our case,
variation in vowel phonetics within (Vppo.w) and between (Vphop) languages are in-
deed proportional to each other (Fig. 2.4A and Supplementary Fig. 2.59; see Mate-
rials and Methods). Furthermore, we showed that within-group phonetic variation
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is proportional to vocal tract variation (Fig. 2.3). Together, our results support the
hypothesis that the morpho-phonetic covariation revealed in Fig. 2.3 is a universal
biological constraint that not only shapes the phonetic diversity within speaker com-
munities, but also governs a process of neutral-like phonetic diversification between
languages (Fig. 2.4).

The neutral-like vowel evolution (NVE) model that we propose here is meant
to serve as a null hypothesis that helps to disentangle the biological versus cultural
mechanisms governing the evolution of spoken languages (Bentz et al., 2018). While
there is consensus that phonetic and phonological change within and diversification
among languages is largely driven by socio-cultural factors (Labov, 2001), empiri-
cal evidence has led to the hypothesis that changes in vocal tract morphology (be
it through genetic, environmental and/or cultural factors) can change the phono-
logical repertoires of languages (Haudricourt, 1961; Dediu and Ladd, 2007; Everett
et al., 2015; Blasi et al., 2019). Model considerations propose that small vocal tract
differences between speaker groups result in small phonetic differences (so-called
“weak biases”), which tend to become amplified through transgenerational learning
(Dediu et al., 2019). Weak-bias amplification (WBA) models typically assume that all
individuals of a speaker group have the same vocal tract morphology (Dediu et al.,
2019). However, our empirical data do not support this assumption (Figs. 2.1, 2.3
and Supplementary Figs. 2.54-2.S8). Thus, WBA models cannot explain intergroup
phonetic diversification under conditions of high intragroup variability.

The NVE model starts with the observation that vocal tract and phonetic
variation is already present within every population and even exceeds between-
population variation (Fig. 2.4). Moreover, the NVE model neither requires nor ex-
cludes vocal tract and/or environmental change as a condition of phonetic diversi-
fication between languages. Within the envelope of morpho-phonetic covariation,
language communities are free to travel through phonetic vowel space (Fig. 2.4) in a
random-like neutral manner, while deviations from neutrality are indicative of non-
random phonetic changes induced by environmental and/or cultural factors.

It is often assumed that the biological “language evolution” was completed with
the acquisition of the language faculty, and that all subsequent “language change”
is due to socio-cultural processes (Labov, 2001). This view has recently been chal-
lenged on both methodological and empirical grounds, indicating that biological
processes still influence the course of spoken language evolution (Levinson and
Dediu, 2013; Blasi et al., 2019; Dediu et al., 2019). The present study adds to this
evidence by showing that a key mechanism of biological evolution — within-group
variation generating between-group diversity —is still at work in the phonetic diver-
sification of languages.
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2.6 Materials & Methods

Morpho-phonetic data of English speakers (MP-E). We used a subset of the USC
75-Speaker Speech MRI Database (Lim et al., 2021), which consists of video and
concurrent audio recordings from Real-Time Magnetic Resonance Imaging (rtMRI)
of the upper vocal tract from an open-source database of linguistically motivated
speech tasks. The rtMRI data were acquired at 83.28 frames per second at an image
matrix size of 84x84 pixels. Synchronous audio recordings were obtained in the
scanner using fiber-optic microphones and then were subsequently denoised and
are available in .wav format.

We extracted carrier words (‘beat’, ‘bait’, “‘pot’, ‘boat’, ‘boot’) to analyze American
English vowels (i, e, a, 0, u) as produced (each twice) by N=32 speakers (16 females
and 16 males; aged 18-59y) from different ethnic and linguistic backgrounds. For
each speaker, MRI frames were extracted from the rtMRI videos (see Supplemen-
tary Fig. 2.51). Depending on the length of the vowel, around 10 consecutive images
(corresponding to 0.12 seconds) were extracted. In total, 3210 rtMRI images were
used for the morphometric analyses (32 speakers, ~100 images each across two rep-
etitions of five vowels). The audio data were synchronized with the extracted image
positions for acoustic phonetic analysis of the vowels. Thus, each extracted set of
images and synchronous timestamps in the audio recordings together represent a
vowel visually and acoustically.

Geometric morphometric analysis of vocal tract shape. The rtMRI images were
resampled at 164x164 pixels for geometric morphometric (GM) analysis (Dryden
and Mardia, 2016; Bookstein, 2018). The shape of the upper vocal tract was quanti-
fied with K=95 two-dimensional landmarks, denoting both stationary skeletal and
soft tissue structures (philtrum, anterior nasal spine, upper incisor tip, hard palate,
inferior end of the nasopharynx, anterior borders of intervertebral disks between
vertebrae C2 to C5) and moving skeletal and soft-tissue structures (lips, chin, supra-
mentale, tongue, soft palate, uvula, epiglottis). The landmarks consisted of anatom-
ical reference points (Ks=21) and semilandmarks (points along curves between ref-
erence points; K.=74). See Supplementary Fig. 2.52 and Supplementary Table 2.51.

Landmark positions were digitized semi-automatically on each of the 3210 rtMRI
images using the R software packages StereoMorph, Morpho and geomorph (Olsen and
Westneat, 2015; Schlager, 2017; Adams et al., 2022; R Core Team, 2024). Generalized
Procrustes Analysis (GPA) (Dryden and Mardia, 2016) was carried out to scale in-
dividual landmark configurations to unit centroid size and to minimize differences
due to rotation and translation of the individual configurations. GPA was performed
only with those hard-tissue landmarks that remain stationary during articulation
(see Supplementary Fig. 2.52 and Supplementary Table 2.51). For each vowel of
each speaker, a mean configuration was calculated. The morphometric data ma-
trix used for all further analyses thus consisted of 5N=160 rows (representing the 5
vowels per N=32 individuals) and 2K=190 columns (representing the 2D Procrustes
shape coordinates of the K=95 landmarks per configuration). Principal Components
Analysis (PCA) was then performed on the Procrustes shape coordinates to create a
low-dimensional representation of shape space. One major advantage of GM analy-
sis is that each articulatory shape of the vocal tract (per individual and per vowel) is
represented by one multidimensional point in shape space. Conversely, each point
in shape space can be re-transformed into its corresponding vocal tract shape in 2D
physical space. This property facilitates the identification and visualization of major
patterns of shape variation in the sample (see Figs. 1-3).
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Acoustic data extraction. Vocal tract resonance frequencies (formants F1-F4) and
the fundamental frequency (FO) were extracted from the audio recordings of the
rtMRI videos at synchronous timestamps with the image frames. Vowel mea-
surements were taken through visual inspection of the spectrograms using Praat
(Boersma, 2001). This procedure is common practice given the unreliability of au-
tomatic formant trackers (Harrison, 2013), particularly in noisy environments (e.g.,
MRI scanner noise is present in higher frequency ranges).

An average length of 0.12-0.15 seconds of audio (corresponding to 10-12 video
frames) was analyzed for each vowel. Vowel mid-points in utterances were used to
reduce possible formant transition effects due to coarticulation. For the diphthongs
‘bait” and ‘boat’, we extracted the formants of the first vowel (e, 0) at its midpoint.
Definitive vowel identification was cross-validated with the articulatory patterns in
the rtMRI image frames at concurrent time stamps. Mean fundamental frequency
(FO) was measured for every speaker and every vowel similarly to formant extrac-
tion. The formant measurements from the two rounds of recordings were then used
to calculate a mean formant value averaged over both recordings for each vowel and
each speaker.

Lastly, given the noise emitted by the MRI scanner, the acoustics of the speech
recordings may contain features of the Lombard effect (Lombard, 1911; Lane and
Tranel, 1971). However, since the articulatory and acoustic data are recorded simul-
taneously, it is reasonable to assume that both data sets are similarly biased, such
that morpho-phonetic covariation remains unbiased. Nevertheless, future studies
may benefit by improving the sound quality of intra-MRI audio recordings towards
more natural settings.

Morpho-phonetic co-analysis. Data preparation. Sex and vocal tract size are known
to be important factors influencing the speech signal (Simpson, 2009; Garcia et al.,
2017; Munson and Babel, 2019; Serrurier and Neuschaefer-Rube, 2023). Indeed, pre-
liminary analyses of our morpho-phonetic data showed significant effects of sex and
vocal tract size on vocal tract shape and acoustic output. In this study, we focus on
those patterns of interindividual articulatory and acoustic variation that are inde-
pendent of sex and vocal tract size and are thus common to all individuals in the
sample. To remove the effects of sex and size from the data, we proceeded as fol-
lows. The vocal tract shape data (PCs 1-10) as well as the acoustic data (formants F1-
F4 and fundamental frequency FO) were regressed against centroid size of the vocal
tract and sex. The respective technique (multivariate multiple regression) is analo-
gous to a multivariate analysis of covariance (MANCOVA) and was performed with
the R packages geomorph and RRPP (Collyer and Adams, 2018; Adams et al., 2022).
All subsequent analyses were then performed on the residuals of the regression data.

Correlations between articulatory and phonetic distances. Correlations between ar-
ticulatory and phonetic distances (Fig. 1F) were evaluated by regressing, for each
individual, the N=10 Euclidean distances between the five vowels in acoustic space
versus articulatory space. To compute the distances in acoustic space, we used for-
mant wavelengths rather than frequencies. This is based on the consideration that
the vocal tract acts as a resonating body, such that articulatory changes to its di-
mensions tend to elicit proportional changes of formant wavelengths rather than
frequencies.

Covariance between articulatory and acoustic data. Both in multidimensional articu-
latory and acoustic space, individual vowel polygons can be characterized by three
properties: a) location in space, as given by the coordinates of the polygon centroid
(i.e., the average position of all vowels), b) polygon size, quantified as its centroid
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size (the square root of the sum of the vowels’ squared distances from the centroid);
and c) polygon shape (the vowel coordinates relative to the centroid location). These
geometric properties serve as proxies for the following real-life morphological and
acoustic properties: in morphological terms, polygon location is a proxy of the rest-
ing state morphology of the vocal tract (the average of all vowel articulations), poly-
gon size corresponds to the articulatory range, and polygon shape characterizes the
articulatory contrasts between vowels. In acoustic terms, polygon location corre-
sponds to the timbre of the voice, size to the acoustic range, and shape to the acoustic
contrasts between vowels.

Partial Least-Squares (PLS) analysis was used to study the covariation between
the articulatory and acoustic vowel polygon data, and to explore and visualize
how individual vocal tract shape influences the acoustic output. PLS permits
the exploration of the covariation between two blocks of multidimensional data.
Here, the multidimensional data are N x 2P matrices of articulatory landmark data
(N=number of speakers, 2P=the 2D coordinates of P landmarks), N x 5Z matrices of
articulatory data (N=number of speakers, 5Z=number of vowels x number of shape
PCs) or N x 5Q matrices of acoustic data (N=number of speakers, 5Q=number of
vowels x number of formants). We used PLS to evaluate the covariation between
palate shape (P,=31) and tongue shape (P;=50) (Fig. 2), and between the vowel
polygons in articulatory space (5Z2=50) and in acoustic space (5Q=10) (Fig. 3). Sim-
ilar to PCA, PLS is a dimension reduction technique. It uses singular value decom-
position of the covariance matrix of two data blocks (i.e., data matrices) to extract
pairs of orthogonal components (termed here PLS component pairs) that capture
the largest, second-largest, etc., proportions of the total covariance in the sample.
Due to the high dimensionality of the data, significance levels for PLS covariance
(pp1s) were estimated empirically with the permutation procedures (1000 iterations)
implemented in the R package geomorph (Adams et al., 2022). We also evaluated the
covariance ratio (CR) (Adams, 2016), which is a dimension-independent measure
of the degree of association between two sets of multivariate data. The CR quan-
tifies the covariance between two multidimensional data blocks as a fraction of the
covariance within each block.

Data visualization and rendering. To visualize the correlated articulatory-acoustic
(morpho-phonetic) variation, we proceeded as follows. For Figure 2, we evaluated
the average tongue and palate shape of the three most extreme individuals at op-
posite ends of the data scatter (Fig. 2A). To generate the vocal tract profiles (Fig.
2C) of the two extremes, we calculated the distances between 21 tongue landmarks
(tongue tip to tongue back) and the palate outline. Distances were measured per-
pendicular to the central axis of the air tube using Image]J (Schneider et al., 2012). A
similar approach was used for Figure 3, where the average vocal tract and formant
configurations of each three individuals at the opposite ends of the data scatter were
calculated (Fig. 3A), and visualized in Figs. 3A-C.

Cross-linguistic phonetic data (VC-C). In order to compare the patterns of group-
level morpho-phonetic variation in the MP-E sample with patterns of language-level
variation, we used the VoxCommunis corpus (Ahn and Chodroff, 2022) (VC-C), a
large-scale cross-linguistic data set, which builds on a massively-multilingual col-
lection of transcribed speech from the publicly available Mozilla Common Voice
Corpus (Ardila et al., 2020). The VC-C dataset includes acoustic-phonetic measure-
ments (F1-F4) of 36 different languages. From these, we selected the languages that
included the five cardinal vowels (i, e, a, 0, u) that we used in our morpho-phonetic
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analyses of the MP-E data. We excluded data with obvious errors or too few speak-
ers. We analyzed data points only from speakers who produced the full set of vowels
(i, e,a,0,u), in order to get the full vowel polygon of each speaker. This led to a sam-
ple of 19,335 data points (vowel utterances), comprised of 3867 individuals from 10
different languages (Basque, Bulgarian, Hindi, Italian, Portuguese, Romanian, Rus-
sian, Tamil, Turkish, Vietnamese). To directly compare the VC-C data with our MP-E
data, we adjusted the data for differences in formant extraction methods by super-
imposing vowel centroids. Furthermore, we ran similar data adjustment procedures
as for the MP-E in order to obtain sex-adjusted between-language data (pooled for
sex, N=19,335). Variation in the sex-pooled phonetic data was then decomposed
into variation within languages (Vho.w), i-€., shared by all languages and variation
between languages (Vphob): Vphow Was evaluated by pooling the data for language
(N=19,335), while V.1, was evaluated from the mean data per language.

Comparing patterns of variation. Graphical comparison. We compared the princi-
pal patterns of phonetic variation in the MP-E sample and in the VC-C sample (both
within-languages and between-languages) by projecting all data into formant space
(Fig. 4A; variation per vowel) as well as into a common PC space (Fig. 4B; variation
of the vowel polygon). To construct the graph of Fig. 4B, the vowel polygon data
were expressed as data vectors of length 5Q (5 vowels, Q=2 formants). PCA was
performed on the 10x10 data matrix of the mean vowel polygons of the 10 languages,
such that PC1 of Fig. 4B expresses the principal direction of between-language vari-
ation of the vowel polygon. The principal directions of within-language variation
in the VC-C and MP-E samples were projected into the same PC space. Finally, the
principal direction of morpho-phonetic covariation in the MP-E sample (acoustic
PLS1 in Fig. 3A) was also projected into the PC space.

Statistical comparison of variance-covariance structure. The near-collinearity of the
principal variation vectors in Fig. 4B indicates proportionality of the variance-
covariance matrices underlying these distributions. Statistical tests on proportional-
ity were performed with eigenanalysis (Bookstein and Mitteroecker, 2014), as imple-
mented in the R package vcvcomp (Le Maitre and Mitteroecker, 2019) (see Vocal tract
variation influences within- and between-language phonetic diversity in main text).

Test for neutral vowel evolution. In analogy to the standard model of neutral phe-
notypic evolution, we expect that, under neutral conditions of language change, the
pattern of vowel polygon variation between languages is proportional to the vari-
ation within languages, Vphonb ~ Vphonw (Lande, 1980). This proposition can be
tested as follows (Ackermann and Cheverud, 2004): the VCV (variance-covariance)
matrices characterizing between-language and within-language variation are each
orthogonalized, yielding statistically independent variance components along the
eigenvectors. Then the between-group variance components are regressed against
the within-group components. Proportionality between the two VCV matrices is in-
dicated by linearity (i.e., slope = 1 in a double-logarithmic plot; Supplementary Fig.
2.59).
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2.7 Supplementary Information

This supplementary Information includes supplementary Figures S1-59 and supple-
mentary Tables S1-52.

/o/

FIGURE 2.51: Example of rtMRI image frames during vowel production.

R Abbr. / Description
P / Philtrum
AUL / Anteriormost point of upper lip
IUL / Inferiormost point on upper lip
ANS / Anterior nasal spine
MP / Mental protuberance
ALL / Anteriormost point on lower lip
ILL / Inferiormost point on lower lip
SM / Supramentale
TB / Anterior base of tongue

10 TT/Tongue tip

11 TR/ Tongue root

12 ET/Epiglottis tip

13 ID3/ Intervertebral disc C5/C4

14 ID2/ Intervertebral disc C4/C3

15 ID1/ Intervertebral disc C3/C2

16 IEN/ Inferior end of nasopharynx

17 FT/Tips of upper incisors

18 BPA/ Border hard-soft palate

19 VT /Velumtip

20 VUB/ Velum upper bend

21 ER/ Epiglottis root

C1 TB-TT/Tongue base to tip (12)

C2 TT-TR/ Tongue tip to root (35)

C3 FT-BPA/ Outline of the hard palate (15)

C4 BPA-VT / Outline of the soft palate (12)

©CONOURWN =z

FIGURE 2.52: Schematic representation of landmarks placed on 2D midsagittal
images of the vocal tract. A: Anatomical landmarks (reference points) are in red and
semilandmarks in blue. B: Landmark definitions. See Extended Data Table 2.51 for
detailed descriptions of the location of the landmarks.
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FIGURE 2.53: Articulatory shape variation associated with the PCs of shape space. A:
Shape variation along PCs 1 and 2. B: Shape variation along PCs 1 and 3. C: Shape

variation along PCs 1 and 4. D: Visualization of vocal tract shape variation along PCs

1-4 at the two ends of the respective data scatter.
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FIGURE 2.54: Physical shape variation in the full sample of speakers producing the
vowel [i].
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FIGURE 2.S8: Physical shape variation in the full sample of speakers producing the
vowel [u].
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FIGURE 2.59: Regression of between-population (between-language) variances on
within-population variances. A: Regression of between-language variance on
within-population variance by means of PCs 1-10 of vowel polygon form in F1-F2
formant space. The slope does not deviate significantly from linearity (p=0.497) The
within-population variances were computed on the MP-E data and the VC-C data. B:
Separate regression for each VC-C language (each color corresponds to a different
language) and the MP-E (black dashed line).
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TABLE 2.51: Orofacial landmarks (LM) used in this study.

ID Code Description K Type Tissue
1 P Philtrum 1 F H
2 AUL Anteriormost point on upperlip 1 F S
3 IUL Inferiormost point on upperlip 1 F S
4 ANS Anterior nasal spine 1 F H
5 MP Mental protuberance 1 F H
6 ALL Anteriormost point on lower lip 1 F S
7 ILL Inferiormost point on lowerlip 1 F S
8 SM Supramentale 1 F H
9 TB Anterior base of tongue 1 F S
10 TT Tongue tip 1 F S
11 TR Tongue root 1 F S
12 ET Epiglottis tip 1 F S
13 ID3 Intervertebral disc C5/C4 1 F H
14 ID2 Intervertebral disc C4/C3 1 F H
15 ID1 Intervertebral disc C3/C2 1 F H
16 IEN Inferior end of nasopharynx 1 F H
17 FT Tips of upper incisors 1 F H
18 BPA Border hard-soft palate 1 F S/H
19 VT Velum tip 1 F S
20 VUB Velum upper bend 1 F S
21 ER Epiglottis root 1 F S
Curvel TB-TT  Tongue base to tip 12 C S
Curve2 TT-TR  Tongue tip to root 35 C S
Curve3 FT-BPA Outline of the hard palate 15 C H
Curve2 BPA-VT Outline of the soft palate 12 C S

Landmark identifiers (ID) as in Extended Data Fig. 2.52. K: Nr. of semilandmarks
per curve; Type: fixed landmark (F), curve semilandmark (C); Tissue: soft (S), hard

(H).

TABLE 2.S2: Variance ratios of within-vowel variance vs. between-vowel variance.

Vowel VRAtticulatory y/RFormant
0.546 0.064
0.501 0.040
0.495 0.053
0.585 0.087
0.611 0.079

c o = o

Mean 0.548 0.065
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Coarticulation preserves relative articulatory and
acoustic contrasts between successive phonemes

3.1 Context

The following manuscript with the title Coarticulation preserves relative articulatory and
acoustic contrasts between successive phonemes is currently in preparation for submis-
sion to a scientific journal. This study was conducted by the author in collaboration
with Steven Moran, Daniel Friedrichs, Marcia Ponce de Le6én and Christoph Zol-
likofer.

3.2 Abstract

Using geometric morphometrics and synchronized acoustic analysis of real-time
MRI data, we examined how coarticulation influences articulation and acoustics in
vowel-consonant-vowel (VCV) sequences. In addition to introducing a methodol-
ogy for the integrated analysis of articulatory and acoustic data, our findings con-
firm that consonants and vowels shift in articulatory and acoustic space, but pre-
serve their relative locations, highlighting the fundamental role of contrast mainte-
nance in continuous speech. These results underscore that speech production em-
phasizes relational rather than absolute phone positions. The methodology and in-
sights presented here offer a fresh perspective on the complex mechanisms under-
pinning (co)articulation.

3.3 Introduction

Coarticulation, the overlapping of articulatory movements of adjacent speech
sounds, is a ubiquitous feature of fluent speech. It causes phonemes to be realized
with context-dependent variability: articulatory gestures for one sound are influ-
enced by neighboring sounds, often making those sounds more similar to each other.
While coarticulation contributes to the smoothness and efficiency of speech, it also
poses a risk to phonemic contrast. However, loss of contrast in everyday speech
is rare, implying that speakers employ mechanisms to prevent coarticulation from
erasing important differences between phonological categories (Tilsen, 2013). This
raises the question of how speakers balance the natural tendency for articulatory
overlap with the necessity of maintaining clear, distinguishable sound units for lis-
tener comprehension.

Coarticulation has been extensively studied from the perspectives of neuromo-
tor control, articulatory biomechanics, and acoustic output (Munhall et al., 2000;
Viswanathan et al., 2010; Lindblom and MacNeilage, 2011; Gick et al., 2013). Various
models seek to explain why and how phonemes influence each other during speech
production and perception. For example, Lindblom (Lindblom, 1963) and Ohman
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(Ohman, 1966; Ohman, 1967) proposed a principal difference between the station-
ary, isolated expression of “pure” phonemes, and their dynamic expression as part
of a phoneme sequence. Lindblom’s centralization model attributes reduced vowel
space in stationary vowels to “target undershoot”, implying that dynamically spo-
ken vowels do not always attain their stationary target locations in formant space,
and/or their target shapes in terms of articulatory morphology (Lindblom, 1963).
In comparison, Ohman’s coarticulation model proposes that phonemes shift artic-
ulatorily and phonetically toward their neighbors (Ohman, 1967). Thus, although
coarticulation can enhance fluidity, it also needs to be constrained so that important
contrasts are not neutralized (Tilsen, 2013).

In practical terms, coarticulation is often measured by changes in the dynamic
properties of a phoneme as a function of its phonetic context (Ohman, 1966; Ohman,
1967). Here, we quantify coarticulation by tracking shape changes in vocal tract
morphology and analyzing the acoustic signal at synchronous time stamps. Artic-
ulatory gestures are captured via real-time Magnetic Resonance Imaging (rtMRI)
data from speakers producing vowel-consonant-vowel (VCV) triplets (Sorensen et
al., 2017). The shape of the upper vocal tract is quantified using geometric mor-
phometrics (GM; Bookstein, 2018) with a set of N = 172 anatomical landmarks (Fig.
3.1a). We analyze speaker acoustics by measuring Mel-Frequency Cepstral Coeffi-
cients (MFCCs) and formants (F1 & F2; see Fig. 3.1b,c). To the best of our knowledge,
the full set of GM tools combined with acoustic measures has not yet been applied
to investigate coarticulation in production and perception (cf., Zollikofer et al., 2011;
Gully, 2021; Moran et al., 2024). GM allows for a detailed representation of coar-
ticulatory variation in both multivariate shape space and the physical vocal tract
space. Importantly, this model-free, “morpho-phonetic” approach does not presup-
pose idealized phonetic targets, but rather uses the average acoustic output as its
frame of reference.

Given these methods, our broader aim is to explore how speakers manage coar-
ticulation without obliterating phonemic distinctions. By integrating GM-based ar-
ticulatory analyses with acoustic parameter tracking, we examine whether — and to
what extent — phonemes influence each other in continuous speech, and how speak-
ers maintain sufficient contrast so that each phoneme remains perceptually salient.

3.4 Materials and Methods

3.4.1 Data

The data used in this study come from the publicly available USC Speech and Vocal
Tract Morphology MRI Database (Sorensen et al., 2017). Four native American English
speakers (two women and two men) produced the vowel-consonant-vowel (VCV)
sequences [iCi, aCa, uCu]. Each VCV sequence consists of a middle consonant (C),
represented by the consonants [p, t, k, s, 1], and the surrounding initial (vq) and fi-
nal (vo) vowel, represented by the three cardinal vowels [i, a, u]. These sequences
allow us to investigate effects of both anticipatory and perseverative coarticulation.
The midsagittal rtMRI data were recorded at a rate of 23.18 frames per second (fps;
43.13 ms interval), and at a matrix size of 60x60 pixels. Simultaneously, time-aligned
and denoised audio data were acquired with the rtMRI frames within the MRI scan-
ner. Details on the collection of the audio recordings are available in Sorensen et al.
(2017). In total, N = 891 data points, i.e., rtMRI frames and corresponding acoustic
time stamps were collected.
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3.4.2 Geometric morphometric analysis

The shape of the upper vocal tract was quantified throughout the VCV-sequences by
placing N = 172 landmarks on the rtMRI frames. The landmarks consist of K¢ = 20
two-dimensional fixed as well as K. = 152 semi-landmarks along curves (denoting
both stationary skeletal structures and moving soft-tissue structures) on the rtMRI
images (Fig. 3.1a). Landmark positions were digitized semi-automatically using the
R programming language and the StereoMorph library (Olsen and Westneat, 2015; R
Core Team, 2024). The resulting morphological data set consists of N = 891 land-
mark configurations, each of which is represented by the xy-coordinates of the N =
172 2D-landmarks.
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FIGURE 3.1: Co-analysis of articulatory and acoustic variation in VCV sequences. (a)
Articulatory gestures are quantified by locating N=172 anatomical landmarks on each
rtMRI frame of an utterance (example: five frames of the sequence utu). The
corresponding acoustic output is quantified by extracting MFCCs and formants. (b) —
(c): Geometric-morphometric analysis of articulatory variation. Principal components 1
and 2 capture variation in vowel gestures (b). Density ellipses (90%) correspond to each
vowel subspace. The vowel means (squares) form the articulatory vowel triangle. The
inset graphs represent shape renderings of each mean-vowel gesture. The gray points
represent coarticulated consonants. PCs 3 and 4 capture variation in consonant gestures
(c). Density ellipses (90%) correspond to each consonant subspace. The gray points
represent coarticulated vowels. The inset graphs represent shape renderings of each
mean-consonant gesture. (d) — (e): Acoustic variation in MFCC PCA space (d) and in
Bark scaled formant space (e). Colored points each correspond to a vowel and the
coarticulated consonants (gray points). Squares indicate mean vowel acoustics and
together form the acoustic vowel triangle. Density ellipses (90%) correspond to each
vowel subspace.

Geometric morphometric (GM) analysis was carried out on the landmark con-
figurations according to standard procedures using Generalized Procrustes Analy-
sis (GPA), principal components analysis (PCA) of the multivariate GPA data, and
visualization of patterns of shape variation in both PCA and physical spaces (Dry-
den and Mardia, 2016; Bookstein, 2018; see Figs. 3.1b—c). All geometric morphome-
tric procedures were computed using the R library geomorph (Adams et al., 2022).
GM permits the simultaneous representation of morphological data in real physi-
cal space (the actual articulatory gestures) and in multivariate shape space (defined
by shape PCs). These spaces are best suited for the visual representation and the
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statistical analysis of the data, respectively. Accordingly, the specific landmark con-
tiguration of the articulatory gesture at any given point in time corresponds to a
specific location in multidimensional shape space. Reciprocally, any point in shape
space can be retransformed into the specific configuration of the articulatory sys-
tem (Figs. 3.1c—e). Note that for the visualization of the articulatory gestures in real
physical space, we chose only a selection of landmarks that represent the vocal tract
airway contours during articulation (Figs. 3.1-3.3).

3.4.3 Acoustic analysis

The acoustic analyses focused on two sets of acoustic parameters: Mel-Frequency
Cepstral Coefficients (MFCCs; Davis and Mermelstein, 1980) and vowel formants.
While formant tracking is appropriate to capture vowel resonances, consonantal
acoustics often involve complex or noise-like spectra that do not lend themselves
to clear formant measurement. Thus, we used MFCCs to capture broader spec-
tral information across both consonants and vowels in a unified space. We mea-
sured the first two formant frequencies (F1 & F2) in Praat (version 6.4.23; Boersma,
2001), adjusting analysis parameters for adult male vs. female voices to account for
typical sex-based differences in vocal tract length. Analysis settings followed typi-
cal formant-tracking approaches. We then converted the resulting F1-F2 values to
Bark scale (Traunmiiller, 1990) for plotting and interpreting the acoustic—perceptual
vowel space (Fig. 3.1c). From the same acoustic frames, we computed 12 MFCCs
(excluding the zeroth coefficient) in Praat, using 15ms windows with a 43.13ms
frame shift, followed by standard liftering and mean normalization. We performed
Principal Components Analysis (PCA) on these 12 MFCC vectors, retaining the first
two principal components (MFCC-PCs) for low-dimensional visualization of acous-
tic-perceptual variation of vowels and consonants (Fig. 3.1b). Both feature sets
(formant frequencies and MFCCs) were measured at the same timestamps as the
rtMRI frames (i.e., each 43.13ms), ensuring that each rtMRI frame has temporally
aligned acoustic observations for subsequent morpho-phonetic co-analysis (see Sec-
tion 3.4.2). Ultimately, by combining acoustic analysis (Section 3.4.3) with GM anal-
ysis (Section 3.4.2), i.e., using a “morpho-phonetic” approach, we establish a quanti-
tative multivariate correspondence between articulatory gestures and their acoustic
outcomes (Figs. 3.1b, d—e), which permits us to test various hypotheses regarding
coarticulatory effects in both domains.

3.4.4 Statistical analysis

Because sex and vocal tract size systematically affect both articulation and acous-
tics (Simpson, 2009; Garcia et al., 2017, Munson and Babel, 2019; Serrurier and
Neuschaefer-Rube, 2023), we analyzed all coarticulatory effects by controlling for
these factors. Technically, this was achieved by regressing the multivariate articula-
tory and acoustic data on sex and vocal tract size, and computing all further analyses
on the residuals of the regression data (see Figs. 3.1b—e).

We analyzed coarticulatory interactions between neighboring phones in both ar-
ticulatory (shape) and acoustic (formant) space, focusing on two primary directions
of influence: the effect of consonants on vowels, and the effect of vowels on conso-
nants (Figs. 3.2 & 3.3). These interactions were examined both visually and statisti-
cally. To visualize coarticulatory effects, we plotted articulatory and acoustic varia-
tion in the respective multivariate spaces (Figs. 3.2 & 3.3). To statistically assess these



3.5. Results 45

effects, we applied multiple multivariate regressions using the R packages geomorph
and RRPP (Collyer and Adams, 2018; Adams et al., 2022).

We tested coarticulatory effects on multivariate vowel data as a function of three
factors: phoneme, consonant context, and vowel position (Table 3.1). The phoneme factor
captures the overall differences between the three vowels [i, u, a] (Fig. 3.1b, d—e).
The vowel position factor refers to the effect of the initial (v1) vs. final (v;) vowel in the
VCV sequence (Fig. 3.2a—c), while the consonant context factor reflects the influence
of the intervocalic consonant on the adjacent vowels (see Fig. 3.2d-g).

Similarly, we assessed coarticulatory effects on consonant production using two
predictors: phoneme, representing differences among the consonants [p, t, k, s, 1] (Fig.
3.1c), and vowel context, which captures the influence of the surrounding vowels on
the consonant within each VCV sequence (Table 3.2; Fig. 3.3).

Moreover, morphological and acoustic differences between adjacent segments
were quantified using Euclidean distance in multivariate space. In shape space, this
reflects the amount of articulatory change; in MFCC space, this reflects the amount
of acoustic change. By comparing these distances, we assessed how gestural coar-
ticulation translates into acoustic effects. Specifically, we measured articulatory and
acoustic distances between consecutive segments in all VCV sequences (Fig. 3.4a).
We also examined how vowel-consonant distances relate to coarticulatory magni-
tude, defined as the distance between a phoneme in context and its mean position
(Fig. 3.4b). This allowed us to test whether coarticulatory effects depend on segmen-
tal proximity.

3.5 Results

3.5.1 Articulatory and acoustic variation

Figures 3.1b—c show the articulatory variation of vowels and consonants in shape
space, based on the first few shape PCs. Each point in the shape space plot cor-
responds to a specific landmark configuration. PC1 and PC2 capture the principal
shape differences between vowels, while higher-order PCs (PC3 & PC4) more specif-
ically distinguish between consonants (see Fig. 3.1c). Figures 3.1d—e illustrate the
corresponding acoustic variation of vowels and consonants in all VCV-sequences in
multivariate MFCC space and in formant space. The mean vowel positions form the
classic acoustic vowel-triangle. Notably, multivariate MFCC and formant spaces are
remarkably similar to the articulatory space. While vowels occupy relatively distinct
regions in articulatory and acoustic space, consonants show considerable overlap in
their multivariate distributions in both articulatory and acoustic spaces.

Articulation Formants MFCCs
Factor R? Z p-value R? Z  p-value R? Z  p-value
Phoneme [i, a, u] 0.70174 8.0612 0.001 | 0.87705 16.52 0.001 | 0.67129 9.07  0.001
Consonant context [p, t, k,s,1] 0.06031  13.69 0.001 | 0.00244 3.54 0.001 | 0.01544 7.02  0.001
Vowel position [vy, V2] 0.00167 2.73 0.001 | 0.00265 4.48 0.001 | 0.00532 5.16 0.001
Residuals 0.23629 - - 0.11786 - - 0.30795 - -

TABLE 3.1: Variance explained (R?), effect sizes (Z), and significance (p-values) for the
effects of different factors on single vowel locations in articulatory space, formant
space, and MFCC space using multiple multivariate regression. The p-values represent
empirically computed p-values over 1000 random models.
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FIGURE 3.2: Coarticulatory effects on vowels. (a) — (c) Average articulatory and
acoustic shifts of initial [iy, uy, a1] vs. final [ip, uy, ap] vowels. Overall vowel shifts are
indicated with black arrows, and the change in the mean vowel triangle in articulatory
shape space (a), formant (b) and MFCC-PC (c) vowel space (initial solid gray, final
dashed gray). Mean locations of consonants are shown in articulatory shape space and
MFCC-PC acoustic space in black. (d) — (f) Effect of coarticulation on mean articulatory
(d), formant (e) and MFCC-PC (f) vowel triangles in different consonant contexts. Black
consonants refer to the mean consonant locations. (g) Renderings of average vowel
gestures in different consonant contexts.

3.5.2 Coarticulatory effects on vowels and consonants

Coarticulation in VCV sequences leads to relative shifts of the production of the ini-
tial and final vowels, and the overall vowel triangle in both articulatory and acoustic
spaces. Figures 3.2a—c show that the shifts between initial and final vowels are mod-
erate on average, although the differences are statistically significant (Table 3.1). Fig-
ures 3.2d-f show that the vowel triangle is pulled toward each consonant’s region
for the distinct consonant contexts, and vowels coarticulated with alveolars [t, s, 1]
exhibit a slightly reduced acoustic range. This pulling effect leads to slightly altered
articulatory vowel gestures for each consonant context (Fig. 3.2g). Overall, plosives
[p, k] tend to produce smaller shifts in vowels than alveolars [t, s, 1]. These results in-
dicate that consonant context influences both within- and between-vowel variation.

Adjacent vowels significantly affect consonant articulation and acoustics (Fig. 3.3
& Table 3.2). Figures 3.3a-b show that the location of each consonant varies widely
across vowel contexts in articulatory shape space, indicating that consonant gestures
are “pulled” toward the vowel’s articulatory configuration. A similar effect is ob-
served in acoustic space (Fig. 3.3c—d). This observation suggests that consonants are
only weakly constrained by their intended articulatory target, i.e., the consonant’s
typical position in the absence of strong coarticulatory influence. An examination of
the actual articulatory gestures (Fig. 3.3e) confirms that tongue posture is strongly
influenced by the adjacent vowel, while the essential articulatory constriction for
each consonant remains stable (e.g., alveolar contact in [t, s]).



3.5. Results 47
0.4 -0.3
aCa (e)
0.3quu mean k
024 iCi -0.2 /\
0.1 A 0.1 . T M
g o 2 2%
04 0 e ‘/‘7( kplts kk, k,
0.24 01 </
' P t
0.34
0.4 T T T T T T T u(au) 0.2 T T T T T (ub)
0.5 0.3 0.1 -0.1 -0.3 -0.5 0.2 0.1 0 -0.1 -0.2 0.3 0.4
PC1 PC3
150 150
1004 100 pI pupn ti tu ta
g-SU' g-SO I (3
s o s o
S S
€ 5 € 5
100 100 11l S S S
I 'u’a i “uva
150 (C) .(d)

250 200 150 100

50

0

PC1 (MFCC)

-50 -100 -150

150 T T T T T
250 200 150 100 50 0
PC1 (MFCC)

T
-50 -100 -150

FIGURE 3.3: Coarticulatory effects on consonants. (a) — (b) Coarticulatory effects for
consonants in articulatory shape space. The consonant polygon (k-p-l-s-t) shows
vowel-associated articulatory shifts (colored according to vowel-context). The black
polygon indicates the mean locations of the consonants. Mean vowels are colored
accordingly. The density ellipses in (b) show the overall variation of consonants in
PC3-PC4 articulatory shape space around the mean consonant, whereas the mean
vowel-associated consonant for each vowel context is indicated (consonant triangles).

(c) — (d) Coarticulatory effects for consonants in acoustic space. The consonant polygons
in (c) show the vowel-associated consonant subspaces. The consonant triangles in (d)
show the respective vowel-associated acoustic pull of consonants (colored accordingly).
(e) Coarticulatory effects on consonants in physical shape space. The shape renderings
correspond to subgraphs (a) — (b) and visualize the mean consonants associated with
each vowel context. The top left panel shows the average consonant gestures.

Articulation MFCCs
Factor R? Z  p-value R? Z  p-value
Phoneme [p, t, k,s,1]  0.27427 8.01 0.001 0.28748 9.08 0.001
Vowel context [i,a,u] 0.42057 7.67  0.001 0.31743 6.19  0.001
Residuals 0.30516 - - 0.39510 - -

TABLE 3.2: Variance explained (R?), effect sizes (Z), and significance (p-values) for the
effects of different factors on single consonant locations in articulatory space and MFCC
space using multiple multivariate regression. The p-values represent empirically
computed p-values over 1000 random models.
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3.5.3 The effect of articulatory distance on coarticulation

Acoustic trajectory length — measured as the summed distance between consecutive
phonemes in a VCV sequence — correlates significantly with articulatory trajectory
length (Fig. 3.4a), suggesting that gestural coarticulation translates into the acoustic
domain. We also examined whether the articulatory distance between vowels and
consonants of a given VCV sequence predicts coarticulatory magnitude, defined as
the vowel’s shift from its mean position in a given consonant context. Results show
a positive correlation: larger vowel-consonant distances lead to greater vowel shifts
in both articulatory and acoustic space (Fig. 3.4b). In contrast, consonant coartic-
ulatory magnitude does not depend on vowel-consonant distance (p > 0.5). This
likely reflects the tighter biomechanical and aerodynamic constraints on consonants
— especially plosives and fricatives — which must maintain precise constrictions to
preserve their identity.
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FIGURE 3.4: Correlation of articulatory-acoustic distances. (a) Log-log plot showing
the relationship between articulatory and acoustic trajectory lengths (the cumulative
distances traveled from V to C to V, in articulatory and acoustic spaces, respectively).
The positive correlation suggests that larger articulatory changes correspond to greater
acoustic differences. (b) Log-log plot showing the relationship between coarticulatory
magnitude and articulatory vowel-consonant (V-C) distance. The magnitude of vowel
coarticulation (i.e., how much vowels are influenced by adjacent consonants) correlates
with the articulatory V-C distance. The blue fit line represents articulatory
coarticulatory magnitude, while the red fit line represents acoustic coarticulatory
magnitude.

3.6 Discussion

We present a methodology for the co-analysis of the complex articulatory mechanics
of coarticulation and their acoustic realizations. Our analyses show that geomet-
ric morphometrics (GM) coupled with multivariate acoustic analysis is well suited
to study the intricate coarticulatory relationships between speech sounds. Notably,
we apply MFCCs as a complementary and more comprehensive spectral measure
compared to traditional formants, enabling analysis of both vowel and consonant
acoustics. Our results corroborate early findings by Lindblom’s (Lindblom, 1963)
target-undershoot model and Ohman’s (Ohman, 1967) prediction of articulatory and
phonetic shift of phonemes towards their neighbors. However, rather than simply
confirming these observations, our study also highlights how Lindblom’s and Oh-
man’s ideas converge into a broader hypothesis of network-like interdependencies
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of phones. Specifically, Lindblom’s emphasis on reduced vowel targets during con-
tinuous speech, and Ohman’s focus on coarticulatory “pull” between phonemes,
each illuminate different facets of a unified dynamic in which all phones (vowels
and consonants alike) adjust their relative positions while preserving contrast. The
extent to which consonants “move” around in articulatory and acoustic space has
not yet been empirically studied because consonants are harder to analyze in ar-
ticulatory and acoustic spaces (Figueroa and Kim, 2021). Our study offers a first
step in this direction by modeling consonant distributions as geometric shapes in
articulatory and MFCC spaces. We find that consonants form a coherent polygon
(e.g., p—t-k—s-1), which — like the vowel triangle (i-a—u) — shows a geometric corre-
spondence between shape space and acoustic space. To the best of our knowledge,
consonant polygons have not previously been characterized in this way, and their
apparent geometric consistency across spaces offers a previously unexplored char-
acterization of consonant organization.

Our findings suggest that while coarticulation leads to a distortion of the vowel
triangle (i-a-u) and to the distortion and transposition of the consonant polygon (p-t-
k-s-1), the relative locations of vowels and consonants in respect to each other remain
fairly constant — irrespective of their absolute locations in shape space and acoustic
space. According to their articulatory context, it appears that these phone constel-
lations (the VCV triplets studied here) are transposed in shape space and adjusted
relative to each other. In functional terms, this implies that articulatory relation-
ships (or contrasts) between phones in shape space, rather than absolute articulatory
phoneme positions, are of prime importance during speaking. In continuous speech
production, the articulatory and acoustic contrasts between phonemes are therefore
more important than their absolute morphological and acoustic positions in their
respective spaces. According to this view, contrasts would provide “sufficient dis-
criminability”, as proposed by Lindblom (1990a). Thus, the hypothesis of relative
articulatory invariance proposed here is in agreement with the general observation
that acoustic perception — like any other form of sensory perception — is based on
relative rather than absolute signal properties (cf., McMurray, 2022).

Our analyses also reveal that vowel articulation and acoustics in general are
more constrained as compared to the articulation of consonants. Although the vowel
triangle is subject to extensive alterations, leading to consonant-context dependent
within- and between vowel variation, the positions of the cardinal vowels in articu-
latory and acoustic space are fairly constant — whereas consonant subspaces appear
to be rather free to drift around in articulatory and acoustic space, without affect-
ing their quality in conveying their targeted phonetic information. Nonetheless, our
results suggest that coarticulatory effects are a driver of acoustic diversity within
speaker communities, which could in turn condition the diversification of languages
(Ohala, 1989; Moran et al., 2024). The methodology and results presented here may
therefore shed light on the processes of sound change and language change in light
of coarticulation effects.

Although numerous case studies document coarticulation in specific contexts,
overarching theories that integrate the wide range of observations remain limited
(e.g., Saltzman and Munhall, 1989; Lindblom, 1990a; Browman and Goldstein, 1992).
Our morpho-phonetic framework contributes to broader theoretical developments
by treating phone sequences as trajectories in articulatory and acoustic spaces, mod-
eled with geometric morphometrics and quantitative acoustic measures. This ap-
proach moves beyond the concept of isolated phonemes, providing a dynamical ac-
count of how shape and position of phones shift due to coarticulation. By uniting
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articulatory goals (e.g., forming specific constrictions) with higher-level coordina-
tion principles, our method builds on gestural and task-dynamic insights to capture
both local coarticulatory effects and broader trade-offs between articulatory ease and
phonetic clarity, thus echoing Lindblom’s emphasis on balance between clarity and
economy in speech production and perception (Lindblom, 1990a).
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Similar processes shape the acoustic diversification
of birdsong and spoken language

4.1 Context

The following manuscript with the title Similar processes shape the acoustic diversifi-
cation of birdsong and spoken language is currently in preparation for submission to
a scientific journal. This study was conducted by the author in collaboration with
Steven Moran, Marcia Ponce de Le6n and Christoph Zollikofer.

4.2 Abstract

Birdsong and spoken language share uncanny similarities in their structure, devel-
opment, vocal production, function, and cultural transmission (Doupe and Kuhl,
1999; Salwiczek and Wickler, 2004; Bolhuis et al., 2010; Bolles, 2011; Hyland Bruno
etal., 2021; Zhang et al., 2023; Longtine et al., 2024; Adam et al., 2025). Both birdsong
and language have discrete hierarchical properties, whose variation across groups is
well studied (Gray and Atkinson, 2003; Potvin and Clegg, 2015; James et al., 2021).
However, their acoustics show continuous variation within and between groups
(Clopper et al., 2005; Rivera et al., 2023), and the factors driving this variation are less
well understood. This raises the question of whether the observed patterns of vari-
ation primarily reflect discrete categorical differences or whether they emerge from
more continuous, gradual evolutionary processes (Parravicini and Pievani, 2018).
Here we analyze acoustic variation in chaffinch birdsong and human vowel sys-
tems across populations in Eurasia. By combining multivariate spectral analyses
with methods from evolutionary population biology, we find consistent patterns of
acoustic variation within and between populations. Our results suggest that neutral-
like evolutionary processes and isolation by distance underlie acoustic diversifica-
tion in both birdsong and spoken language, and contribute to the broader debate on
whether language and birdsong evolution is best understood as a series of discrete
shifts or as a continuous, gradual process influenced by population-level factors.

4.3 Introduction

Spoken language is comprised of consonants, vowels, and tones, which form the
basic building blocks of syllables, words and phrases. Birdsong is also syntactically
structured, composed of syllables, phrases, and motifs that are arranged — as in dif-
ferent languages — into distinctive patterns. These distinctive patterns reflect “dialec-
tal” differences between populations and across geographical distances, which both
speakers and songbirds recognize (Podos and Warren, 2007; Koile et al., 2022); bird-
song at the species and subspecies levels (I'ina et al., 2021) and speakers in terms of
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regional accents that eventually become mutually unintelligible languages (Purnell
etal., 1999).

The discrete categories and hierarchical properties of language and birdsong
lend themselves well to phylogenetic analysis, resulting in “phyletic trees” of lan-
guage history and birdsong evolution (Gray and Atkinson, 2003; James et al., 2021).
However, due to the continuous nature of vocalization, the diversifying patterns of
acoustic variation — within and between populations in both systems — cannot be
readily studied using standard phylogenetic methods relying on discrete trait data.
Thus, the processes generating acoustic diversity of languages and birdsong remain
largely unknown. This lacuna is striking because vocal learning is a rare trait among
non-human species, and studying parallels in the acoustic diversification of these
complex systems may provide a broad view on how acoustic communication sys-
tems evolve.

Languages and birdsong are both culturally transmitted systems that diversify
over time. To better understand this diversification, we apply concepts from evo-
lutionary population biology to the cultural evolution of language and birdsong.
In particular, we draw on models originally developed for the evolution of ge-
netic traits to explore how cultural traits may change under neutral versus selective
pressures. Evolutionary change — whether biological or cultural - relies on within-
population variation as the raw material for population-level divergence (Lande,
1979). Under neutral processes such as genetic drift, we expect a proportional re-
lationship between within- and between-population variation (Lande, 1980; Acker-
mann and Cheverud, 2004), and we often observe that differences accumulate with
geographic distance, a pattern known as isolation by distance — a hallmark of neutral
drift in spatially structured populations (Lande, 1991; Slatkin and Excoffier, 2012).
When this proportionality breaks down, it suggests that additional factors such as
adaptation to local environments or social structures may be influencing the trajec-
tory of evolution. This framework allows us to test whether the diversification of cul-
tural traits like language and birdsong can be explained by neutral processes alone,
or whether adaptive pressures also play a role (Lynch and Baker, 1993; Pawlowitsch
et al., 2011; Potvin and Clegg, 2015; Bentz et al., 2018).

This approach has recently been applied to spoken language, where acoustic fea-
tures are transmitted culturally rather than genetically (Moran et al., 2024). Simi-
larly, birdsong — also learned and culturally transmitted (Riebel et al., 2015) — can be
analyzed through this lens. If birdsong evolves in a neutral-like way, we should ex-
pect the same proportionality between within-population and between-population
variation in acoustic features (var,, and var, respectively), as well as isolation by dis-
tance. Deviations from this expectation would therefore suggest non-neutral pro-
cesses, such as environmental adaptation or cultural processes.

In this study, we test this hypothesis in both humans and birds. We focus on a
single language family and a single bird species complex, drawn from broadly over-
lapping geographic regions. This allows for a direct comparison of neutral versus
adaptive patterns in learned acoustic systems.

44 Results

Chaffinches are widespread passerine birds that form a species-subspecies complex
within the Fringilla genus. Their songs are ideal for comparison with spoken lan-
guages because they are culturally transmitted, show extensive geographic varia-
tion, and have been widely studied in terms of diversity, acquisition, and evolution
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(Slater et al., 1984; Lachlan, 2000; Lachlan and Servedio, 2004; Lachlan, 2008; Lachlan
et al., 2013; Riebel et al., 2015). Speech likewise exhibits population-level differenti-
ation, with culturally transmitted sound systems that evolve over time.

We analyzed individual songs recorded from eight chaffinch populations and
individual speech sounds from 15 speech communities, sampled across similar geo-
graphic areas (Fig. 4.1A; see SI Table 4.51 for sample structure). For chaffinches, we
used the Fourier-transformed spectrum as acoustic markers (Fig. 4.1B). For spoken
language, we analyzed formant data from the three cardinal vowels (i, a, u) (Fig.
4.1C) in Indo-European languages. We included Basque speakers as a non Indo-
European language in this analysis because of widespread bilingualism, allowing
us to examine potential cross-language influences.

Chaffinch populations
@ F. maderensis @ F. c. solomkoi @ F spodiogenys

QO F. moreletti @ F c. transcaspia @) F. canariensis
@ F c. coelebs @ F c. gengleri

Languages
A Basque Apbutch  Atalian A Romanian A\ Ukrainian
A Belarusian AFrench A Polish A Russian A Sorbian

T -
if Y (((((((
. F2 (Bark) ‘

0
PC1 (36.6 %) PC1 (45.5 %)

FIGURE 4.1: Patterns of acoustic variation within and between populations of
chaffinches and speakers. A: Geographic distribution of acoustic samples of
chaffinches and spoken languages B: For each individual birdsong sample, we
calculated the average frequency spectrum of the time-domain acoustic signal, which
captures the average power distribution across acoustic frequencies for each song
(example spectrogram and frequency spectrum of Fringilla coelebs song). C: For each
individual speech sample, we calculated the vowel configuration (i, a, u) in F1-F2
formant space. D-E: Principal component analysis (PCA) is used to visualize major
patterns of variation within and between populations in the song spectra (D) and in the
vowel configurations (E). Within-group variation is represented by 70% density ellipses
drawn around group means.
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We used PCA to visualize and explore the principal patterns of variation in the
multivariate acoustic spaces of birdsong and vowels (Fig. 4.1D-E). We then ana-
lyzed intra- and interpopulation variation to assess consistency with expectations
under neutral evolution. Finally, we tested for isolation by distance effects by eval-
uating whether acoustic dissimilarity increases with geographic separation. Our
main workflow is summarized in Fig. 4.1 and described in detail in the Materials and
Methods sections.

Fig. 4.1D shows principal patterns of variation in multivariate acoustic space for
the different chaffinch populations. Each data point represents the specific acoustic
makeup of an individual song. Populations differ from each other in their loca-
tion in acoustic space, indicating different population-mean song spectra. African-
Macronesian (F. spodyogenys, F. canariensis, F. maderensis, F. moreletti) and European
populations (F. c. gengleri, F. c. coelebs, F. c. solomkoi, F. c. transcaspia) each form clus-
ters that largely reflect geographic proximity. However, there is substantial overlap
between populations, suggesting a continuum of song variation rather than strictly
discrete song categories.

Fig. 4.1E shows principal patterns of variation in multivariate acoustic space for
the different speech communities. The individual data points refer each to an in-
dividual speaker’s vowel representation of the cardinal vowels in formant space
(Fig. 4.1C). As in birdsong, there is substantial overlap in acoustic variation between
languages (Fig. 4.1E), with partially overlapping distributions reflecting shared vari-
ability alongside differences in their average vowel configurations.

In both birdsong and speech data, acoustic variation is continuous across groups,
with partial overlap in their multivariate distributions. Quantitatively, within-group
variance (varsong.w, Ui ang.w) far exceeds between-group variance (0a7song b, V4" 1ang.b)
(see SI Table 4.52), consistent with a scenario in which most acoustic diversity
emerges within populations rather than across them — a typical pattern expected
for evolutionary processes, where within-group variation feeds between-group di-
versification.

Moreover, a comparison of within-population variation (var,) and between pop-
ulation variation (vary) in chaffinch populations and speech communities shows that
patterns of variation within groups and between groups do not deviate from pro-
portionality, i.e., the principal variation vectors of within-group and between-group
variation are statistically indistinguishable from each other (Figs. 4.2A-B; multivari-
ate comparison of variances: psong=0.24 and pjang=0.52; see also Table 4.1 and Mate-
rials and Methods). This finding suggests that the acoustic variation observed within
groups mirrors the acoustic variation seen between groups, both in chaffinch song
and spoken language.

To substantiate this observation, a regression analysis on logjo-transformed
within- and between-group variation in multivariate acoustic space shows a slope
near 1 for both chaffinch populations and language communities (Table 4.1 & Fig.
4.51). A slope close to 1 suggests a proportional relationship, indicating that the
range of variation observed within groups predicts the degree of variation seen be-
tween groups (Lande, 1980; Ackermann and Cheverud, 2004). This pattern implies
that the same processes generating diversity within groups also contribute to differ-
ences between groups, supporting a neutral-like mode of acoustic differentiation.

Furthermore, we find evidence of isolation by distance in both the chaffinch
acoustic data and language acoustic data (Fig. 4.2C-D), where acoustic distance be-
tween populations increases gradually with their geographic distance. Acoustic dif-
ferentiation between chaffinch populations is also stronger when comparing island
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FIGURE 4.2: Neutral evolution and isolation by distance. A-B: Multivariate acoustic
variation is partitioned into pooled within-population variation (dashed black ellipses)
and between-population variation (solid black ellipses) for chaffinch song spectra (A)
and speaker vowel spaces (B). The lines spanning each pair of ellipses represent the
principal axes of variation: within-population (dashed line) and between-population
(solid line). Statistical tests indicate that these axes do not significantly deviate from
proportionality, consistent with expectations under neutral evolution (see p-values in
panels A, B, and Table 4.1). Gray ellipses represent the centered 90% density ellipses for
individual chaffinch and speaker populations. C-D: Isolation by distance patterns
among chaffinch populations (C) and speaker populations (D). Acoustic distances are
Euclidean distances between group means in multivariate acoustic space (see Figs.
4.1D, E). In the chaffinch data (C), pairwise comparisons are color-coded: island—island
(orange triangles), island—continent (purple squares), and continent-continent (blue
dots), with separate linear fits shown for each. The correlation coefficients (r) refer to
the linear fits across all comparisons (associated p-value in brackets).

vs. continental populations and island vs. island populations, consistent with expec-
tations under neutral processes. Since islands tend to be more geographically and
ecologically isolated, such patterns are frequently observed in systems where lim-
ited gene flow or cultural exchange reinforces divergence (Newton, 2003; Bromham
etal., 2024).

4.5 Discussion

In many areas of linguistic research, including dialectology, sociolinguistics, and au-
tomatic speech recognition, variation between speaker groups is often the primary
research focus. Hence, variation within groups is frequently treated as noise, as it
tends to obscure differences between groups (Labov, 1966; Lobanov, 1971; Adank
et al., 2004; Giuliani et al., 2006; Burridge, 2023).

In contrast, the approach taken here treats within-group acoustic-phonetic varia-
tion as data rather than noise, and as a potential source of between-group variation.
Our results suggest that both birdsong and spoken language undergo neutral-like
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Chaffinch population p Slope Language p Slope

F. spodiogenys 0.09 1.24(0.46) | Basque 0.07 0.83(0.47)
F. canariensis 0.17 1.91(0.33) | Belarusian  0.09 0.90 (0.55)
F. c. coelebs 0.21 1.76 (0.04) | Bulgarian  0.77 0.84 (0.40)
F. c. gengleri 0.17 1.12(0.77) | Dutch 0.50 1.34(0.58)
F. maderensis 0.02 1.37(0.43) | French 0.66 1.91(0.23)
F. moreletti 0.14 1.51(0.19) | German 0.79 1.18 (0.71)
F. c. solomkoi 0.02 1.19(0.69) | Italian 0.73 0.93 (0.83)
F. c. transcaspia 0.18 1.17(0.59) | Polish 0.94 1.09 (0.85)

Portuguese 0.40 1.87(0.12)
Romanian ~ 0.08 0.93 (0.84)
Russian 0.70 0.98 (0.93)
Sorbian 0.34 0.66 (0.38)
Spanish 0.56 1.39(0.51)
Swedish 0.70 1.35(0.20)
Ukrainian 092 1.15(0.77)

TABLE 4.1: Comparison of variance-covariance patterns between intra- and
inter-group data for chaffinch populations and language data. P represents the
p-value from the eigenanalysis test, i.e., a multivariate comparison of variances

(Le Maitre and Mitteroecker, 2019). The slopes are the empirically derived values from
regressions of between-population variation on within-population variation, with
values in parentheses indicating p-values for tests of deviation from a slope of 1 (see
Materials and Methods; Testing evolutionary hypotheses for details and SI Fig. 4.51).

processes of acoustic diversification, where variation between populations largely
arises from the internal diversity within each group and in which random processes,
rather than selective pressures, drive the divergence in acoustic traits across popu-
lations. These findings contribute to the broader debate on whether language and
birdsong evolution is best understood as a series of discrete shifts or as a continu-
ous, gradual process influenced by population-level factors (Parravicini and Pievani,
2018). By showing that within-group variation conditions between-group diver-
gence, our results suggest that the evolution of sounds and songs is shaped by cu-
mulative, stochastic processes rather than abrupt categorical changes.

Thus, we suggest that neutral processes drive gradual acoustic divergence over
time in chaffinch populations and speech communities. This neutral framework,
together with isolation by distance, provides a baseline for understanding acous-
tic differentiation by enabling the evaluation of alternative hypotheses, such as the
role of stronger environmental or cultural adaptations in shaping observed patterns.
These effects are testable within our null model of neutral-like evolution, where de-
viations from the neutral model may reveal their role in shaping acoustic differences
in both spoken language and birdsong (Payne, 1978; Krause, 1987; Rothstein and
Fleischer, 1987; Krause, 1993; Nelson and Marler, 1994; Podos and Warren, 2007;
Benitez-Burraco and Moran, 2018; Benitez-Burraco and Moran, 2024).

For instance, studies show that acoustic signals adapt to ecological conditions, a
phenomenon known as the Acoustic Adaptation Hypothesis (AAH). AAH has been
empirically studied across various animal groups, especially birds (Chapuis, 1971;
Morton, 1975; Seddon, 2005; Boncoraglio and Saino, 2007), where specific spectral
and temporal adjustments of birdsong correspond with habitat typesNottebohm,
1969; Boncoraglio and Saino, 2007. In particular, birds in dense vegetation or urban
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settings adapt their songs to compensate for environmental noise and habitat den-
sity (Moseley et al., 2018; De Framond and Brumm, 2022). This observation aligns
with work showing that languages in diverse physical environments may exhibit
different phonological patterns — suggesting adaptations to external conditions. For
example, by quantifying whether languages spoken in environments with denser
vegetation and higher ambient temperatures use more sonorous sounds, given that
these factors impede the transmission of higher frequencies (Maddieson and Coupé,
2015). This recent renaissance in asking why linguistic diversity is distributed un-
evenly across the globe has been in turn due to increased open access to large lin-
guistic databases (Moran and McCloy, 2019; Hammarstrom et al., 2024), allowing
researchers to investigate which non-linguistic factors, such as genes, culture, en-
vironment, climate, population movements, and demography among others, corre-
late with patterns of phonetic and phonological diversity (Pericliev, 2004; Hay and
Bauer, 2007; Donohue and Nichols, 2011; Atkinson, 2011; Moran et al., 2012; Everett,
2013; Greenhill, 2014; Everett et al., 2015; Creanza et al., 2015, Maddieson, 2018;
Blasi et al., 2019; Urban and Moran, 2021; Maddieson and Benedict, 2023; Liang et
al., 2023).

Lastly, our research broadens our understanding of how acoustic signals evolve
and diversify in species that are vocal learners (Lynch and Baker, 1993; Lynch, 1996;
Salwiczek and Wickler, 2004; Podos and Warren, 2007; Bolhuis et al., 2010), support-
ing the view that biological, cultural and environmental factors are deeply interwo-
ven in shaping complex vocal communication systems. Notably, the Basque speak-
ers in our sample cluster closest to speakers of Spanish, Romanian, Portuguese, and
Italian in multivariate acoustic space (Fig. 4.1E), despite the distinct linguistic lin-
eage of Basque. This pattern is consistent with extensive bilingualism and potential
cross-linguistic influence on vowel production. Future research should explore these
interactions further, specifically examining the roles of contact situations as well as
genetic, morphological, and environmental constraints alongside neutral processes
across vocal learning species. This balanced approach may illuminate how random
drift, isolation by distance, and adaptation together shape the complex landscape of
vocal communication across taxa, perhaps offering a unified perspective on acoustic
diversification.

4.6 Materials and Methods

Birdsong data

The birdsong data sample consists of N=163 individual recordings from xeno-
canto.org (XC), comprising different species and subspecies within the chaffinch
complex (genus Fringilla; see Fig. 4.1A and Table 4.51). The groups are Fringilla
spodiogenys (Morocco and Tunisia), Fringilla canariensis (Canaries), Fringilla maderen-
sis (Madeira), Fringilla moreletti (Azores), Fringilla coelebs coelebs (nominate; N-EU,
Netherlands, France), Fringilla coelebs gengleri (UK), Fringilla coelebs solomkoi (Crimea)
and Fringilla coelebs transcaspia (Iran). Note that the Macaronesian populations (F. ca-
nariensis, F. maderensis, F. moreletti) have only recently been suggested to represent
separate species (Recuerda et al., 2021).

Each birdsong recording was visualized as a spectrogram (Fig. 4.1B) and subse-
quently extracted as a separate sound file in .wav format using the software Praat
(Boersma, 2001). Only song sequences with decent quality and minimal background
noise were considered. Song sequences with aberrant song were excluded, as well
as recordings with non-chaffinch song or other song/calls in the background. We
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applied noise reduction to each song sequence and used high-pass filtering in Au-
dacity to remove remaining background noise from the samples. The source record-
ings with the XC data ID, audio recordist name and direct URL to each recording is
given in Supplementary Table 4.S3.

Spoken language data

The vowel dataset is taken from the VoxCommunis corpus (Ahn and Chodroff,
2022), which contains phone-level alignments and acoustic-phonetic measurements
derived from Mozilla Common Voice Corpus (Ardila et al., 2020). We calculated the
vowel space from five cardinal vowels (i, a, u) for each individual in the sample for
15 languages (Basque, Belarusian, Bulgarian, Dutch, French, German, Italian, Pol-
ish, Portuguese, Romanian, Russian, Sorbian, Spanish, Swedish, Ukrainian; see SI
Table 4.51) for subsequent multivariate acoustic analysis (see Fig. 4.1). We included
only speakers that produced the complete set of vowels, which resulted in a sam-
ple of N=55,116 data points (vowel utterances) from N=18,372 individuals, i.e., their
individual vowel spaces.

Analysis and visualization of birdsong data

We used the R package seewave (R Core Team, 2024; J. Sueur et al., 2008) to extract
the mean spectrum along each recording in the sample (N=163), which returns the
mean relative amplitudes of the frequency distribution over the complete song via
the Fourier transform. Each individual mean spectrum was normalized by its max-
imum in order to account for amplitude differences across individual songs. For
the calculation of the mean spectra, a number of K=256 frequency bins were cho-
sen. The resulting data matrix (i.e., the mean spectra) therefore consisted of N=163
rows (representing the N=163 individual recordings) and K=256 columns (repre-
senting the K=256 frequency bins). This N x K matrix was subjected to principal
component analysis (PCA) in order to generate a low-dimensional representation of
multivariate acoustic space (Fig. 4.1D). The total variation in the multivariate acous-
tic space was then subdivided into pooled within-population variation (varsong.w)
that is common to all populations, and between-population variation (varsongb), as
shown in Fig. 4.2A. To compute varsong.w, the PCA data was pooled across all popu-
lations (N=163), whereas varsong 1, was assessed by leveraging the mean location in
multivariate acoustic space for each population (N=8).

Analysis and visualization of spoken language data

The formant data was Bark-scaled because human hearing is logarithmic in terms
of intensity (loudness) and frequency (Traunmdiller, 1990). To compare the within
and between-language variation in the sample, the vowel space data was expressed
as data vectors of length 3Q (3 vowels, Q=2 formants F1-F2). PCA was then ap-
plied to the resulting 18,372 x 6 data matrix (N=18,372 individuals x 3Q) to pro-
vide a low-dimensional representation of multivariate acoustic space (Fig. 4.1E).
The total variation in the PCA data was subdivided into within-language varia-
tion (Viangw; N=18,372), shared by all languages, and between-language variation
(Viangb, N=15), using a similar approach as for the chaffinch song data (Fig. 4.2B).
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Testing evolutionary hypotheses

We conducted a comparison of the primary patterns of acoustic variation within
the chaffinch song multivariate space and the vowel multivariate acoustic space
(Fig. 4.2), examining both within-population (varsongw and variangw) and between-
population (varsongp and variagp) variation. We overlaid the between-group and
pooled within-group multivariate acoustic spaces (see Figs. 4.2A-B). The principal
variation vectors, which represent the major axes of the density normal ellipses for
the within-group and between-group variation, exhibit nearly collinear alignment,
suggesting that the variance-covariance matrices of these distributions are nearly
proportional. We statistically confirmed this proportionality using eigenanalysis-
based tests with the R package vcocomp (Bookstein and Mitteroecker, 2014; Le Maitre
and Mitteroecker, 2019). Detailed statistics (p-values) for each population/speech
community are provided in Table 4.1.

To compare the magnitudes of within-group and between-group variance (Table
4.52), we computed the aggregated variances over all principal components in the
chaffinch multivariate acoustic space and vowel acoustic multivariate space (Figs.
41D & 4.1E). Between-group variance was computed using the population-means
in the respective multivariate acoustic space.

Following the analogy of neutral phenotypic evolution models (Lande, 1980;
Ackermann and Cheverud, 2004), we hypothesized that under neutral-like condi-
tions of birdsong and spoken language acoustic diversification, the pattern of acous-
tic variation between groups (varsong b, Virangb) should be proportional to the vari-
ation within groups (varsong.w, varlang_b) (Lande, 1980; Ackermann and Cheverud,
2004; Moran et al.,, 2024). This hypothesis was assessed by orthogonalizing the
variance-covariance matrices, characterizing each between-group and within-group
variation, identifying statistically independent variance components along their
eigenvectors. Subsequently, we evaluated the proportionality between these matri-
ces by regressing the between-group variance components against the within-group
components. Proportionality is indicated by linearity (approximating a slope of 1
in a double-logarithmic plot (Fig. 4.51). Note that we selected only the first 10 PCs
of the birdsong data for this analysis, which together comprise over 90% of the to-
tal variation, to minimize the influence of higher-order PCs that primarily reflect
noise rather than meaningful spectral information (variance proportions comprised
in PCs are shown in Fig. 4.52). Regression statistics for each population are provided
in Table 4.1.

To calculate the correlation between the acoustic distances and geographic dis-
tances between groups (chaffinch populations and speech-communities, respec-
tively; see Fig. 4.2C-D), i.e., to assess isolation by distance, we computed the Eu-
clidean distances between the group-means for each group-pair in multivariate
acoustic space (Fig. 4.1D-E). The geographic distances were approximated by calcu-
lating the geodesic distances between each group-centroid (population/language)
(Hijmans, 2024), i.e., the centroid-location of the chaffinch populations and the
centroid-location of the sampled speech-communities.
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FIGURE 4.51: Linear regression of between-group variance on within-group variance
for the chaffinch data (A) and the language data (B). The gray regression lines indicate
the linear fit for the pooled data, the dashed lines (colored) represent each an individual
population (see legends on the right). Slopes and p-values are provided in Table 4.1.
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FIGURE 4.5S2: Variance proportions (interia) comprised by the PCs of the spectral
birdsong analysis (A) and the vowel space analysis (B). Note that for birdsong (A) we
only show the first 30 PCs.
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Chaffinch population N Language N
F. spodiogenys 21 Basque 812
F. canariensis 12 Belarusian 3610
FE. c. coelebs 56 Bulgarian 35
F. c. gengleri 15 Dutch 105
F. maderensis 16 French 654
F. moreletti 8 German 538
F. c. solomkoi 16 Italian 6033
F. c. transcaspia 19 Polish 2523

Portuguese 392
Romanian 190
Russian 1463
Sorbian 18
Spanish 837
Swedish 592
Ukrainian 570
Total 163 Total 18372

TABLE 4.51: Overview of the sample structure for chaffinch populations (left) and
speech communities (right), detailing the number of individuals or speakers sampled
per group. Notably, sample size across groups does not significantly correlate with
within-population variance for either the chaffinch or language data, indicating that the
observed acoustic diversity within populations is not a function of sample size but
represents inherent variation.
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Chaffinch population  varsongw  varsongw/Varsongb Language Udlangw  U8Tlang.w/ V4 lang b
F. spodiogenys 1.36 3.33 Basque 1.94 3.13
F. canariensis 047 1.15 Belarusian 1.87 3.02
F. c. coelebs 1.20 2.95 Bulgarian 2.49 4.02
F. c. gengleri 1.67 4.10 Dutch 3.47 5.62
F. maderensis 0.89 2.19 French 4.96 8.03
F. moreletti 0.78 1.92 German 4.83 7.82
F. c. solomkoi 1.30 3.18 Italian 2.78 4.49
F. c. transcaspia 1.57 3.84 Polish 2.50 4.05
Portuguese 2.63 4.26
Romanian 2.51 4.05
Russian 2.70 4.37
Sorbian 1.34 2.16
Spanish 3.72 6.02
Swedish 1.53 2.48
Ukrainian 2.29 3.71
VATsong b 0.408 VATlang b 0.62
Population-mean 1.16 2.83 Language-mean 2.77 4.48

TABLE 4.52: Comparison of within-group (var,,) and between-group (vary,) variance in
the sampled chaffinch populations (left) and speech communities (right). For each
population, the calculated within-group variances and the ratio of within-group vs.
between-group variance is given. The second to last row (varsong b; Vrangb) shows the
between-group variance. The last row refers to the mean within-group variance and
mean variance-ratio across all groups.
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ID Recordist URL

XC167570 Max Allan Niklasson https:/ /xeno-canto.org /167570
XC168828 Johannes Honold https:/ /xeno-canto.org /168828
XC181893 Thijs Fijen https:/ /xeno-canto.org/181893
XC181919 Thijs Fijen https:/ /xeno-canto.org /181919
XC241962 Terje Kolaas https:/ /xeno-canto.org/241962
XC314209 Alain Malengreau https:/ /xeno-canto.org /314209
XC410113 Cherdoud Ayoub https:/ /xeno-canto.org /410113
XC709520 Pawel Malczyk https:/ /xeno-canto.org /709520
XC834601 Helmut Schaffer https:/ /xeno-canto.org /834601
XC90859  Lars Lachmann https:/ /xeno-canto.org /90859
XC367194 Yoann Blanchon https:/ /xeno-canto.org /367194
XC45368  Christoph Bock https:/ /xeno-canto.org /45368
XC460042 Alain Verneau https:/ /xeno-canto.org /460042
XC472080 Rubén Barone https:/ /xeno-canto.org/472080
XC472082 Rubén Barone https:/ /xeno-canto.org /472082
XC483980 Rubén Barone https:/ /xeno-canto.org /483980
X(C28239  Stuart Fisher https:/ /xeno-canto.org /28239
XC30118  Ruud van Beusekom https:/ /xeno-canto.org /30118
XC543792  Albert Noorlander https:/ /xeno-canto.org /543792
XC554923  Albert Noorlander https:/ /xeno-canto.org /554923
XC581763  Albert Noorlander https:/ /xeno-canto.org /581763
XC648240 Arend Wassink https:/ /xeno-canto.org /648240
XC654715  Albert Noorlander https:/ /xeno-canto.org /654715
XC710831  Albert Noorlander https:/ /xeno-canto.org /710831
XC164002 Tero Linjama https:/ /xeno-canto.org/164002
XC236816 Eetu Paljakka https:/ /xeno-canto.org /236816
XC237329 Eetu Paljakka https:/ /xeno-canto.org /237329
XC268097 Eetu Paljakka https:/ /xeno-canto.org /268097
X(C349842 Tero Linjama https:/ /xeno-canto.org /349842
XC476674 Uku Paal https:/ /xeno-canto.org /476674
XC512404 Jarek Matusiak https:/ /xeno-canto.org /512404
XC793409 Jarek Matusiak https:/ /xeno-canto.org /793409
XC385395 Cedric Mroczko https:/ /xeno-canto.org /385395
XC396978 Cedric Mroczko https:/ /xeno-canto.org/396978
XC562081 Cedric Mroczko https:/ /xeno-canto.org /562081
XC576473 Cedric Mroczko https:/ /xeno-canto.org /576473
XC579065 Cedric Mroczko https:/ /xeno-canto.org /579065
XC579315 Cedric Mroczko https:/ /xeno-canto.org/579315
XC579323  Cedric Mroczko https:/ /xeno-canto.org /579323
XC579324 Cedric Mroczko https:/ /xeno-canto.org /579324
XC647075 Cedric Mroczko https:/ /xeno-canto.org /647075
XC653390 Cedric Mroczko https:/ /xeno-canto.org /653390
XC664513  Cedric Mroczko https:/ /xeno-canto.org /664513
XC789403 Cedric Mroczko https:/ /xeno-canto.org /789403
XC792675 Cedric Mroczko https:/ /xeno-canto.org /792675
XC177715 Dave Curtis https:/ /xeno-canto.org /177715
XC177716 Dave Curtis https:/ /xeno-canto.org /177716
XC256904 Bram Piot https:/ /xeno-canto.org /256904
XC29753  Stuart Fisher https:/ /xeno-canto.org/29753
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XC29754

XC324043
XC324047
XC414237
XC894027
XC189890
XC315379
XC315381
XC316390
XC316391
XC316396
XC316400
XC316405
XC316415
XC794199
XC798745
XC805831
XC812331
XC812335
XC812338
XC109840
XC109846
XC109848
XC413410
XC418359
XC463626
XC468155
XC479851
XC243951
XC244387
XC474314
XC654803
XC727546
XC727693
XC731101
XC731331
XC734900
XC743453
XC743607
XC745685
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https:/ /xeno-canto.org /727546
https:/ /xeno-canto.org /727693
https:/ /xeno-canto.org /731101
https:/ /xeno-canto.org /731331
https:/ /xeno-canto.org/734900
https:/ /xeno-canto.org /743453
https:/ /xeno-canto.org /743607
https:/ /xeno-canto.org /745685

TABLE 4.53:
study.

File ID, recordist and the URL of the chaffinch song recordings used in this
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Gradual acoustic divergence of languages suggests
acoustic data retains deep linguistic signals

5.1 Context

The following manuscript with the title Evidence for gradual acoustic divergence sug-
gests phonetic data retains deep linguistic signals is currently in preparation for submis-
sion to a scientific journal. This study was conducted by the author in collaboration
with Steven Moran, Marcia Ponce de Le6n and Christoph Zollikofer.

5.2 Abstract

Linguistic diversity emerges from an interplay of biological, cultural, and environ-
mental factors (Blasi et al., 2019; Dediu et al., 2019; Gisladottir et al., 2023; Liang
et al., 2023), which shape the phonological repertoires, lexicons, and grammars of
the world’s languages as they evolve across space and time (Nichols, 1992). While
traditional approaches in diachronic linguistics operate on discrete units, such as
phonemes or lexical cognates (Atkinson and Gray, 2005; Greenhill et al., 2017; Bar-
bieri et al., 2022), here we study synchronic acoustic variation in spoken languages,
namely vowel systems. We analyze speech data from 18,372 individuals across 15
Eurasian languages (Indo-European and Basque) and apply methods from popula-
tion biology to quantify within- and between-language acoustic diversity. Our find-
ings reveal an isolation by distance (IBD) pattern in acoustic variation, indicating
a process of gradual divergence shaped by drift-like dynamics. In contrast, lexical
divergence does not consistently follow an isolation by distance pattern, perhaps
due to the faster pace and stochastic nature of lexical turnover, which can obscure
signals of shared history over time (Gray, 2005; Greenhill et al., 2017). Further-
more, similarity-based clustering of population-level vowel acoustics broadly re-
covers known genealogical relationships between language groups, implying that
gradual acoustic divergence may track deep-time evolutionary relationships be-
tween languages and language groups. These results suggest that acoustic features
of languages may preserve historical signals over greater time depths than lexical
data, which is constrained by the time limitations of the comparative method (8-10k
years) due to the compounding effects of sound change (Gray, 2005).

5.3 Introduction

Studies in diachronic linguistics typically use as input discrete properties of lan-
guages, such as phonemes or lexical cognates, to reconstruct the vocabulary and
culture of ancient languages, or to identify the genealogical relatedness between
languages to reconstruct language family phylogenies (Atkinson and Gray, 2005;
Barbieri et al., 2022). Some studies have analyzed count-based measures, such as
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“phonemic diversity”, to assess global patterns of linguistic and genetic variation or
serial founder effects and human dispersal out of Africa (Atkinson, 2011; Creanza
et al., 2015). However, both approaches have limitations beyond the well known
time-depth barrier of the historical comparative method (8-10k years), including;:
biases in phonemic analyses (Cysouw et al., 2012; Anderson et al., 2023); discrep-
ancies in expert and computer-assisted cognate judgments (Rama et al., 2018); and
contact-induced language change, which notoriously obscures population dynamics
resulting in, for example, considerable mismatches between genetic and linguistic
histories (Hunley et al., 2008; Pakendorf, 2014; Barbieri et al., 2022).

Although there are striking parallels between linguistic and biological evolution
(Pagel, 2017; Ladoukakis et al., 2022), comparative linguistic approaches ignore the
role of variation between individuals and speech communities in shaping language
change (Fox, 1995; Campbell and Poser, 2008; Campbell, 2013). However, studying
inter- and intra-group variation is essential for understanding evolutionary dynam-
ics (Lande, 1980; Lande and Arnold, 1983; Lande, 1991; Ackermann and Cheverud,
2004; Ponce de Leon et al., 2018), because evolutionary processes feed on the varia-
tion within groups for between-group divergence (Ohala, 1989; Mesoudi et al., 2006;
MacKenzie, 2019; Anthonissen, 2021; Yu, 2021). Recent research suggests that ana-
lyzing acoustic phonetic variation within and between speech communities provides
new insights into spoken language diversification (Moran et al., 2024).

Here, we analyze vowel acoustics from N=18,372 speakers from 15 Eurasian
languages (Indo-European and Basque; see Fig. 5.1A), using data from the Mozilla
Common Voice corpus and extracted via the VoxCommunis pipeline (Ardila et
al., 2020; Ahn and Chodroff, 2022). We focus on the three cardinal vowels (i, a,
u) because they are nearly universal in the world’s languages, which provides a
baseline for cross-linguistic comparison, and they encode both speaker-specific and
language-specific phonetic variation. For each speaker, vowel formant values (F1 &
F2) are measured in the perceptual Bark scale and are used to construct individual
acoustic profiles (Fig. 5.1B) (Traunmiiller, 1990). These three-vowel acoustic pro-
files are then studied via principal component analysis (PCA) to identify the major
patterns of variation across speakers and speaker groups in a low dimensional mul-
tivariate acoustic space, which allows us to compute population-level means and
acoustic distances between languages (Figs. 5.1C-D; details in Materials and Meth-
ods).

This dataset allows us to test whether cross-linguistic patterns of acoustic vari-
ation reflect gradual diversification and spatial diffusion, as predicted by models
of neutral evolution. Specifically, we examine whether acoustic similarity between
languages results from neutral, drift-like processes, i.e., non-directional, cumulative
changes over time akin to genetic drift in biology (Lande, 1991; Slatkin and Excoffier,
2012). A key expectation of such processes is isolation by distance (IBD): the prin-
ciple that trait similarity decreases with geographic distance, as small, undirected
changes accumulate and spread locally over generations. We test this by evaluat-
ing whether acoustic distance increases with geographic distance across a diverse
sample of Indo-European languages, along with the Basque isolate. Basque serves
as a useful test case because, while lexically unrelated to Indo-European languages
(Trask, 2013), it has long been in contact with Spanish through widespread bilin-
gualism — providing insight into how contact may locally shape acoustic similarity.
Finally, we compare acoustic and lexical distances across the same languages to ex-
plore whether different components of language retain distinct traces of population
history and linguistic evolution.
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FIGURE 5.1: Population-level analysis of acoustic data. A: Sampled language
communities and their location. B: The i-a-u vowel utterances (N=55,116) are shown in
F1-F2 Bark scaled space. Diamonds indicate mean vowel positions, forming a vowel
triangle. For each individual (N=18,372), we constructed a vowel triangle for principal
component analysis (PCA; see C). C: PCA of individual vowel triangles, displayed with
principal components PC1 and PC2. Each point in acoustic space represents an
individual vowel space, while each colored triangle represents a language community
centroid, i.e., the average vowel triangle per population. The 90% density ellipses
indicate the major directions of variation within groups (pooled across languages;
dashed black) and between groups (solid black). D: Acoustic variation of
language-means (compare Fig. 5.1C), colored according to their genus within the

Indo-European languages.

5.3.1 Acoustic variation reflects gradual diversification and isolation by
distance

To understand how vowel acoustics diversify across languages, we first visualized
the full dataset in multivariate acoustic space. The first two principal components
(PCs 1 and 2) of multivariate acoustic space, which together explain 67.7% of the to-
tal variation, reveal a continuous, non-clustered distribution across speech commu-
nities (Fig. 5.1C). Rather than forming discrete groupings, acoustic variation across
languages is gradual, suggesting gradual divergence. Notably, variation within
speaker groups exceeds differences between them (Fig. 5.1C, Table 5.1). The within-
group variation exhibits an approximately isotropic distribution, indicating that it
is spread relatively evenly across dimensions of the acoustic space. Moreover, the
within-group variation is proportional to the observed between-group differences.
This relationship is visually apparent in the comparison of pooled within-group and
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Language N  Varyja,g Variance ratio

Basque 812 1.936693 3.132511
Belarusian 3610 1.873275 3.029937
Bulgarian 35 2.485738 4.020568
Dutch 105 3.472188 5.616104
French 654 4.965523 8.031505
German 538  4.83309 7.817302
Italian 6033 2.776998 4.491667
Polish 2523 2.503635 4.049515
Portuguese 392 2.634632 4.261397
Romanian 190 2.505825 4.053057
Russian 1463 2.703054 4.372066
Sorbian 18 1.335299 2.159786
Spanish 837  3.72067 6.018013
Swedish 592 1.530333 2.475244
Ukrainian 570  2.293467 3.709577

TABLE 5.1: Sample sizes and variance metrics for acoustic data. The table presents the
sample sizes for acoustic data (N4 ) across the studied speaker communities. Vary jang
represents the aggregated within-group variance of the acoustic data. The variance
ratio (within-group variance relative to between-group variance) is provided for each
language in the sample. Between-group variance was computed based on the mean
values for each language. Notably, in all cases, within-group variance exceeds
between-group variance, and there is no significant correlation between sample size
and the magnitude of within-population acoustic variation (see Materials & Methods).

between-group ellipses shown in Fig. 5.1C. Such a pattern is consistent with theoret-
ical expectations under a neutral model of phenotypic evolution, where diversifica-
tion is primarily driven by stochastic, drift-like processes (Lande, 1980; Ackermann
and Cheverud, 2004; Moran et al., 2024).

Language means in acoustic space broadly group by genus within the Indo-
European family (Fig. 5.1D), though some languages (e.g., French, German, Sorbian)
show shifts toward geographic neighbors. Furthermore, geographically close popu-
lations tend to be more acoustically similar (Figs. 5.1C-D), consistent with an isola-
tion by distance signature. We find that acoustic variation consistently reflects isola-
tion by distance: geographically closer languages tend to have more similar vowel
acoustics (Fig. 5.2A). In contrast, lexical similarity shows this pattern only within
closely related language genera, i.e., the isolation by distance signature disappears
across deeper phylogenetic and time scales (Fig. 5.2B).

5.3.2 Acoustic similarity reflects genealogical relationships and language
contact

To assess to what extent acoustic and lexical similarities reflect genealogical related-
ness, we computed neighbor-nets based on between-language distances (Fig. 5.3).
Note that, unlike traditional tree-based methods, the NeighborNet algorithm repre-
sents linguistic relationships as a network, allowing for the visualization of conflict-
ing or non-hierarchical signals (Bryant and Moulton, 2004; List et al., 2014). This is
particularly important for capturing continuous variation in acoustic features, which
may not conform to a strictly tree-like pattern and could reflect contact, conver-
gence, or gradual divergence processes. Figures 5.3A & B illustrate the neighbor-
nets derived from population-level vowel acoustics (VoxCommunis data; Ahn and
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FIGURE 5.2: Isolation by distance in acoustic and lexical data. A: Acoustic distance
(Da) between language communities vs. geographic distance (Dg). B: Correlation
between geographic distance (Dg) and lexical distances (Dy). The data is grouped for
between-genus and within-genus comparisons for the different genera (Slavic,
Romance, Germanic, Isolate) of the Indo-European languages studied here.

Chodroff, 2022) and lexical distances (ASJP database via Levenshtein distance; Wich-
mann et al., 2022), respectively.

Together, the two neighbor-nets reflect distinct structural signals in the data: lex-
ical distances primarily capture genealogical clustering, while acoustic distances re-
veal both genealogical grouping and influence from geographic proximity and con-
tact. The acoustic neighbor-net broadly clusters languages by genus, with Romance,
Slavic, and Germanic languages generally grouping together. Some deviations from
known genealogical relationships reflect known cases of language contact (compare
Fig. 5.1D). For instance, Basque, although a language isolate, clusters acoustically
close with Spanish due to regional convergence through bilingualism and contact.
Similarly, Sorbian and Polish, both Slavic languages, show acoustic proximity to
Germanic varieties due to intense contact and bilingualism.

In contrast, the lexical neighbor-net (Fig. 5.3B) more rigidly reflects genealogi-
cal relationships. Languages cluster cleanly within their respective Indo-European
genera, and Basque is a clear outlier, showing no lexical similarity to Indo-European
languages. Notably, Romance and Slavic subgroups form tightly supported clusters
(e.g., Polish-Sorbian, Italian-Romanian), while Germanic languages cluster sepa-
rately.

5.3.3 Does acoustic variation retain deep historic signals?

The neighbor-net comparisons revealed that while lexical data closely mirror ge-
nealogical lineages, acoustic data reflect a more complex interplay of inheritance and
interaction. This raises a broader question: beyond contact and recent history, can
acoustic variation preserve deep historical signals of language divergence? Given
that isolation by distance (IBD) effects for lexical distances are only observed in lan-
guage genera of the Indo-European family, but not across more divergent language
genera, this disparity suggests that while geographic proximity contributes to lexi-
cal similarity among closely related languages, it becomes less predictive at broader
phylogenetic scales, such as between language families (Starostin, 2000; Gray and
Atkinson, 2003; Gray, 2005; Heggarty et al., 2023). The turnover and replacement
of lexical items over time erase historical continuity (Renfrew et al., 2000), limiting
the depth at which lexical data can reveal linguistic and population history (Blythe,
2015; Greenhill et al., 2017). These patterns are consistent with models of language
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FIGURE 5.3: Comparison of acoustic and lexical neighbor-nets. A: Neighbor-net based
on neighbor-joining of acoustic distances between speech communities (see Fig. 5.1C).
Languages are colored according to their genus (Slavic, Romance, Germanic, Isolate) in
the Indo-European language family. Note that Basque is a language isolate. B:
Neighbor-net based on neighbor-joining with lexical distances (Levenshtein distance)
from the ASJP data base (Wichmann et al., 2022).

change that emphasize punctuated bursts of evolution, suggesting that lexical sys-
tems may undergo rapid shifts during population splits, migrations, or other major
demographic events (Atkinson et al., 2008).

In contrast, vowel space acoustic variation shows a consistent isolation by dis-
tance (IBD) pattern across the full language sample, indicating a gradual, drift-like
trajectory of change over time and space — consistent with neutral evolution models
(Moran et al., 2024). Just as IBD has been used in population genetics to reconstruct
population structure and infer human migratory history (Cavalli-Sforza et al., 1994;
Relethford, 2004; Novembre et al., 2008), we propose that IBD in vowel acoustics
can offer a powerful tool for investigating deep-time questions in historical linguis-
tics. The IBD pattern persists even where contact-induced convergence is evident
(Figs. 5.1D and 5.3A). Moreover, clustering based on vowel acoustics broadly re-
flects known genealogical relationships (Fig. 5.3), suggesting that vowel systems can
retain historical signals. Overall, these findings offer a complementary perspective
to punctuated models of lexical change (Atkinson et al., 2008), supporting the view
that different components of language evolve in distinct modes and tempos (Par-
ravicini and Pievani, 2018).

Similar to how acoustic signals have been used to recover phylogenetic signals in
other vocal learners such as birds (Mason et al., 2017; Arato and Fitch, 2021; Rivera
et al., 2023), our analyses suggest that human acoustic variation also retains his-
torical information that transcends recent cultural change. As such, acoustic data
may prove especially valuable in reconstructing broad-scale between-language and
between-language family relationships and in testing long-range linguistic history
hypotheses. In particular, acoustic vowel system divergence — analyzed at the level
of individual speakers and speech communities — could be leveraged to explore
large-scale hypotheses such as the Out-of-Africa dispersal of modern humans and
subsequent global patterns of linguistic diversification (Atkinson, 2011).

Overall, our results highlight the distinct evolutionary dynamics of lexical vs
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phonetic systems. While lexical structure closely tracks relatively recent genealogi-
cal relationships and language contact, acoustic features reveal a more gradual pro-
cess of divergence, shaped by neutral-like dynamics (Moran et al., 2024), geographic
diffusion and contact situations. This divergence in evolutionary dynamics rein-
forces the importance of multi-component analyses in language evolution research
(Parravicini and Pievani, 2018), which underscores the need to integrate phonetic,
lexical, and genetic data in comparative studies of language evolution (Barbieri et
al., 2022). Future research should expand these approaches to additional language
families and regions to assess the universality of these dynamics and refine our un-
derstanding of deep-time linguistic change.

5.4 Materials and Methods

Data

We obtained acoustic-phonetic data via the pipeline available from the in the Vox-
Communis Corpus (Ahn and Chodroff, 2022), an extension of Mozilla Common
Voice (Ardila et al., 2020). We selected N=14 Indo-European languages and Basque
as a language isolate (Basque, Belarusian, Bulgarian, Dutch, French, German, Ital-
ian, Polish, Portuguese, Romanian, Russian, Sorbian, Spanish, Swedish, Ukrainian)
based on the availability of a sufficient number of speakers. We included Basque in
our analysis despite it being a non-Indo-European language because it provides a
valuable outlier for understanding patterns of linguistic variation (see main text).

The selected languages include the three cardinal vowels (i, a, u) necessary to
construct vowel triangles using the formants F1-F2. Only speakers who produced
the complete set of these vowels were included, resulting in N=55,116 vowel utter-
ances from N=18,372 individuals. Further details on the acoustic data samples, in-
cluding sample sizes per population, can be found in Table 5.1. Sample sizes varied
substantially across languages, primarily reflecting differences in data availability
within the Common Voice corpus (Ardila et al., 2020). To ensure that this varia-
tion did not bias our results, we tested whether within-group acoustic variation was
correlated with sample size per language. Specifically, we regressed the log10 of
within-group acoustic variance against the log10 of sample size. No positive trend
was observed (R? = 0.03, p = 0.5), suggesting that our sampling captures inherent
population-level variation rather than artifacts of uneven representation. This sup-
ports the reliability of our dataset for cross-linguistic comparisons of vowel system
structure. The lexical distance data is from the ASJP database and was used to assess
the lexical distance between the sampled languages (Wichmann et al., 2022).

Statistical analysis

All statistical analyses were conducted in R (R Core Team, 2024). Formant data
were converted to the Bark scale to align with human auditory perception (Traun-
miiller, 1990) (see Fig. 5.1B). We did not apply speaker normalization techniques
which typically remove most interindividual variation (Adank et al., 2004), as re-
cent work suggests that such procedures may obscure meaningful inter-speaker and
inter-population variation (Josserand et al., 2024; Moran et al., 2024). Retaining this
inherent variation is essential for capturing the full range of acoustic diversity within
and between populations, which in turn is necessary for investigating the dynamics
of evolutionary processes.
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Each speaker’s vowel system was represented as a vector of length 6 (3 vow-
els x 2 formants: F1, F2). Principal component analysis (PCA) was applied to the
resulting 18,372 x 6 matrix (individuals x acoustic dimensions), yielding a low-
dimensional representation of the vowel space (Fig. 5.1C). To compare within- and
between-population acoustic variation, we computed the variance over the first six
PCs for both individual-level data (within-population: Varjang) and population
means (between-population: Vary ang), and report their ratio (Vary jang/ Varp lang) in
Table 5.1.

Acoustic distances between populations were calculated as Euclidean distances
between population means in the PCA space (PCs 1-6). Lexical distances were com-
puted analogously, using average Levenshtein distances from the ASJP database
(Wichmann et al., 2010). Geographic distances between speech communities were
derived from coordinates provided by the GeLaTo database (Barbieri et al., 2022),
and represent geodesic distances computed with the R library geosphere (Hijmans,
2024). All distance data were logl0-transformed and vectorized to assess relation-
ships among acoustic, lexical, and geographic distances via linear regression (see
Fig. 5.2). Log10 transformation is necessary here to account for the skewed distribu-
tion of pairwise distances and to linearize relationships, which is standard in studies
investigating isolation by distance (Slatkin, 1993).

To assess structural similarity between acoustic and lexical data, we constructed
neighbor-nets from the respective acoustic and lexical distance data using the R
package Phangorn (Schliep, 2011) (Fig. 5.3). Unlike traditional tree-based methods,
the Neighbor-Net algorithm represents linguistic relationships as a network, allowing
for the visualization of conflicting or non-hierarchical signals. We apply Neighbor-
Net to both acoustic and lexical data to enable a consistent comparison across do-
mains, while accommodating the possibility that acoustic diversification may not
follow a strictly tree-like pattern (Bryant and Moulton, 2004; List et al., 2014).
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Conclusions

At the outset of this dissertation, a central question was posed: how does inter-
speaker variation in the morphology of the speech organs, in articulatory realiza-
tions, and in the resulting acoustic output contribute to the diversification of lan-
guages, and ultimately to the vast linguistic diversity observed across the globe?
Throughout the various chapters, different approaches were undertaken to explore
this question. As is often the case in science, the answers uncovered here address
parts of the original question, but more importantly, they open up new avenues for
inquiry, generating fresh hypotheses and prospects for future research. Thus, the
study of morpho-phonetics and the methods applied in this dissertation are far from
exhausted; indeed, this work may only mark the beginning.

This dissertation has demonstrated in detail how the extensive interindividual
variation in the morphology of the speech organs shapes and conditions the acoustic
variation of vowels within speaker groups, leaving systematic acoustic signatures.
Furthermore, it has been shown that vocal-tract-conditioned acoustic variation con-
tributes to the diversification of vowel acoustics across languages (Chapter 2).

Additionally, the morpho-phonetic investigation of coarticulation in vowel-
consonant-vowel (VCV) sequences reveals that while consonants and vowels shift
their locations in multivariate articulatory and acoustic spaces under coarticulatory
influences, they maintain their relative contrasts — emphasizing that speech pro-
duction prioritizes relational rather than absolute articulatory and acoustic targets.
Thus, this work provides additional insights into the dynamics of coarticulation and
the emergence of articulatory and acoustic variation in natural speech (Chapter 3).

Building on these observations, Chapters 4 and 5 examined how spoken lan-
guages and birdsong diversify acoustically, revealing striking parallels between the
acoustic diversification of language and birdsong, and equally striking differences in
how the acoustics and lexicons of languages diversify. Taken together, these analy-
ses suggest that neutral-like evolutionary processes play a major role in the acoustic
diversification across species of vocal learners. Moreover, a consistent pattern of
isolation by distance across speaker and songbird populations indicates that acous-
tic data may hold promise for reconstructing the origins and migration histories of
languages and populations.

The following sections will expand on the aspects outlined above, situate them
within the broader scientific context, and draw inferences for future research direc-
tions in this field.

6.1 The dawn of geometric morphometrics in speech science

To the best of my knowledge, this dissertation represents the first application of the
full methodological toolbox of geometric morphometrics (GM) to the speech sci-
ences. Previous work was either preliminary in nature (Zollikofer et al., 2011; Gully,
2021), or did not leverage the full anatomical scope of the vocal tract (Popat et al.,
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2013), nor fully integrate the Procrustes paradigm (Mooshammer and Geng, 2008;
Geng and Mooshammer, 2009). However, the research possibilities in applying GM
to the speech sciences are vast.

6.1.1 A new perspective on the vowel polygon

This dissertation is the first work to provide a comprehensive representation of the
articulatory vowel space, i.e., the vowel polygon, using geometric morphometrics,
based on real-time MRI articulatory data recorded during speech. Previous prelim-
inary articulatory mappings of vowel spaces were achieved using EMA (Electro-
magnetic Articulography) data or with modeling approaches (Weirich and Simp-
son, 2014; Xu et al., 2021). The advantage of representing the articulatory vowel
space using landmark-based geometric morphometrics lies in its ability to capture
both a low-dimensional shape space (via PCA) and the corresponding physical mor-
phologies simultaneously (see Fig. 6.1). Additionally, GM allows for a holistic mul-
tivariate representation of the vowel space, enabling the analysis of all articulators
involved in speech production at once (Xu et al., 2021). Given the long-standing dis-
cussions surrounding the mapping between articulation and acoustics (Blumstein
and Stevens, 1979; Browman and Goldstein, 1992; Galantucci et al., 2006; Neiberg
et al., 2008; Noiray et al., 2014; Perkell and Klatt, 2014), the establishment of an artic-
ulatory vowel space grounded on standard multivariate statistics can offer valuable
insights into how vocal tract morphology shapes speakers” articulatory strategies
(Fuchs et al., 2008), and, consequently, their acoustic output. In Chapters 2 and 3,
it was demonstrated that the articulatory vowel space closely parallels the acoustic
vowel space (Moran et al., 2024) and correlates with acoustic spaces capturing for-
mant representations of vowels as well as the spectral envelope of speech sounds
(see Chapter 3). As neuroimaging and speech perception research has identified
articulatory and acoustic spatial representations in the brain (Chang et al., 2010;
Scharinger et al., 2011; Bouchard et al., 2013a; Mesgarani et al., 2014; Bouchard et
al., 2016; Cheung et al., 2016; Chartier et al., 2018; Preisig et al., 2022; Oganian et
al., 2022), this work suggests that future studies should pursue integrated analyses
of articulation, acoustics, and perception to achieve a more comprehensive under-
standing of the entire speech production-perception loop (Cheung et al., 2016).

The establishment of a detailed articulatory representation of the vowel space
further offers new opportunities to explore the evolution of vowel systems, that is,
the composition of speech sounds found in the world’s languages today. The distri-
bution of speech sounds in today’s languages, including vowel inventories, is by no
means random, as proposed by various hypotheses and theories on the emergence of
vowel systems (Lindblom, 1990a; Lindblom, 1990b; Lindblom, 1990c; Schwartz et al.,
1997; De Boer, 2000; De Boer, 2001; Vaux and Samuels, 2015; Zhang and Gong, 2022).
One prominent line of thought explains the evolution of vowel systems through
principles of self-organization. According to this view, vowel systems emerge un-
der functional constraints on articulation and acoustics, and through learning pro-
cesses that optimize efficiency. Computer simulations have demonstrated that such
conditions can lead to the self-organized formation of vowel systems approaching
“optimal” configurations (De Boer, 2000; De Boer, 2001).

Other approaches emphasize the role of perceptual constraints in shaping vowel
systems. In these accounts, vowel systems evolve to maximize vowel dispersion — en-
suring that vowels are sufficiently separated in perceptual space to maintain distinct
contrasts — and focalization — favoring vowels with closely spaced formants, which
facilitates easier perception (Liljencrants and Lindblom, 1972; Schwartz et al., 1997;
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Lindblom, 1990a). This also ties to other work, that highlights constraints related
to the learnability of vowel systems: systems that are easier to acquire — for exam-
ple, those with more widely dispersed sounds in perceptual space — are predicted
to become more prevalent across languages over time compared to harder-to-learn
systems (Vaux and Samuels, 2015).

Finally, several theories also recognize the role of biological processes, particu-
larly the anatomy of the vocal tract, in shaping vowel systems (Lindblom, 1990a;
Lindblom, 1990c). Although self-organization models incorporate some aspects of
articulatory constraints (De Boer, 2000; De Boer, 2001), direct empirical evidence for
the specific influence of vocal tract morphology on the evolution of vowel systems
remains limited or underexplored (Lindblom, 1990c) — especially in light of the vast
vocal tract variability between speakers identified in this work. Therefore, a robust
and informative representation of the articulatory vowel space, as developed in this
work, may contribute significantly to addressing this gap in our understanding.

6.1.2 The morphospace of vowel production

One approach to studying the longstanding and venerable notion of the possible
speech sound — that is, the total sound-producing potential of humans from an articu-
latory perspective (Catford, 1977; Lindblom, 1990c), is through the investigation of
morphospaces (Budd, 2021). Building on the foundational work of Raup’s famous
morphospace of coiled shells (Raup, 1966), the analysis of articulatory data with
geometric morphometrics (GM) allows for the exploration of the morphospace of
vowel production (Fig. 6.1), and could thus offer insights into the range of possible
speech sounds shaped by vocal tract morphology. David Raup originally mapped
the shapes of shelled invertebrates within a low-dimensional configuration space de-
fined by their mathematical parameters, exploring whether their evolutionary forms
are limitless, or constrained to a specific set of shapes (Raup, 1966; Budd, 2021). A
morphospace can thus be understood as a type of configuration space, where entities
— here, vowels defined by their articulatory configurations — are positioned accord-
ing to selected morphological features. In this study, these features are captured
as the statistically independent principal components of shape (or “shape compo-
nents”), which in turn relate to the movement of the articulators to produce vowel
sounds. Thus, morphospaces provide a framework for systematically mapping the
shapes of individual objects (such as vowels) based on their deviation from an aver-
age or consensus shape — which is precisely what GM and PCA of shape variables
quantify (Bookstein, 2018). This approach allows for rigorous, quantitative com-
parisons of object positions within the morphospace. Two key metrics commonly
analyzed are occupancy, which refers to the portion of the morphospace occupied by
specific groups, and disparity, which measures the degree of morphological differ-
entiation between groups or taxa. Together, these metrics enable inferences about
evolutionary constraints in developing systems (Budd, 2021). In the final part of this
dissertation — to illustrate this principle — a morphospace of vowel production was
constructed using articulatory data from Chapter 2, visualized in a low-dimensional
(3D) shape space (Fig. 6.1).

Here, some findings on the exploration of the “morphospace of vowel produc-
tion” are presented. Figure 6.1 shows that both articulatory and acoustic multi-
variate spaces may be visualized as low-dimensional (here: 3D) feature spaces (Fig.
6.1A-B), and their close resemblance indicates that these spaces correspond to each
other, as was shown in Chapters 2 and 3. Shape changes along the three dimen-
sions of the articulatory shape space correspond to articulatory changes in the vocal
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FIGURE 6.1: The morphospace of vowel production. A: The articulatory vowel
polygon represented in 3D shape space by the first three shape components (SC1-5C3),
with the 3D cube rotated to best match the conventional IPA vowel chart design
(International Phonetic Association, 1999). B: The acoustic vowel polygon based on the
first three formants (F1-F3) plotted in the Bark scale (Traunmuiiller, 1990). C:
Articulatory shape changes associated with SC1-SC3, shown at the extreme ends of
variation. D: Morphospace of speaker-normalized vowel articulation, where vowel
symbols indicate the mean articulatory position for each cardinal vowel with 50%
normal contour ellipsoids representing interindividual variation for each vowel (N=32
speakers). Colored boxes show the actual mean articulatory shapes of the cardinal
vowels. Purple boxes indicate inferred vowel shapes (marked with “?)” based on their
expected positions within the IPA vowel polygon, projected via shape interpolation
within the cardinal vowel morphospace. Grey boxes show interpolated articulatory
shapes located outside the typical IPA vowel area; notably, some shapes within dashed
boxes resemble articulations of certain consonant groups, such as palatal, velar, bilabial
and pharyngeal configurations. The 3D visualizations in this figure were created using
JMP Pro 18.0.2
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tract, such as the antero-posterior position of the tongue, height of the tongue as
well as lip opening and closing (Fig. 6.1A & C). The articulatory configuration in
3D space resembles the classic IPA vowel chart (Fig. 6.1A), which was originally
designed to bear an approximate relation to the tongue position during vowel artic-
ulation (International Phonetic Association, 1999). The data presented here reveal
that the original assumptions were not far off: the relationships proposed by the IPA
chart closely align with those observed in articulatory data. However, the approach
taken here captures these relationships quantitatively and more comprehensively,
going beyond tongue position to include other articulatory structures such as the
soft palate and the lips.

The exploration of the morphospace of vowel production suggests that the or-
ganization of the vowel space is substantially influenced by vocal tract morphology
and its constraints. First, interindividual variation in vowel production appears to
be structured largely orthogonal to between-vowel variation (Fig. 6.1D), meaning
that more vowels can “fit” into the morphospace because the space between vow-
els is not densely occupied by inter-speaker variation. This non-correlation may
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arise from two, not mutually exclusive, mechanisms: (1) vowel systems may have
evolved along dimensions that are orthogonal to the principal axes of interindivid-
ual vocal tract variation, thus maximizing phonemic discriminability; and (2) indi-
viduals may acquire or adjust their vowel productions to minimize the influence of
anatomical variation on vowel identity. Second, since the distances traveled between
vowel categories in morphospace are proportional to articulatory distances (i.e., the
extent of articulatory change required between vowels), the morphospace of vowel
productions suggests a limitation on how many distinct vowels can fit between two
given vowels — not only for perceptual distinctiveness (cf., Liljencrants and Lind-
blom, 1972; Lindblom, 1990a; Schwartz et al., 1997; Vaux and Samuels, 2015), but
also for articulatory feasibility and simplicity (Lindblom, 1990c). This observation
indicates that articulatory distances in morphospace may be proportional to percep-
tual distances, implying a feedback mechanism between articulation and perception
to ensure sufficient contrast between speech sounds (Lindblom, 1990c; Browman and
Goldstein, 1992; Galantucci et al., 2006).

Moreover, the morphospace of vowel production highlights obvious articulatory
vocal tract constraints: certain areas of the morphospace remain unoccupied, and
interpolated shapes in these regions (visualized through GM methods; Bookstein,
2018) often correspond to articulatorily implausible configurations (Fig. 6.1). These
configurations either produce constrictions characteristic of consonantal articulation
(e.g., a tightly closed pharyngeal constriction or complete tongue-palate contact), or
result in spatially constrained, non-viable shapes — such as an extremely retracted
tongue root — rendering them articulatorily implausible (see gray boxes in Fig. 6.1).
Readers are encouraged to attempt the articulatory gesture depicted at the bottom
right of Fig. 6.1D (below the vowel rendering of [a]), to experience this limitation
firsthand. Interestingly, some of these “impossible” vowel shapes resemble known
consonantal articulations (see gray dashed boxes in Fig. 6.1), suggesting that regions
unoccupied by vowels in articulatory space may correspond to areas populated by
consonants — a hypothesis warranting further investigation. In contrast, interpo-
lated vowel shapes that lie within or along the boundaries of the typical vowel mor-
phospace resemble plausible vowel configurations (see purple boxes in Fig. 6.1).

Overall, these findings suggest that the structure of the articulatory vowel space
— and, consequently, the acoustic vowel space — is shaped not only by perceptual
constraints but also significantly by morphological ones. While theories of self-
organization in vowel systems have illuminated how structure may emerge from
transmission and perceptual optimization (De Boer, 2000; De Boer, 2001), the present
findings suggest that such processes are significantly constrained by the anatomical
and biomechanical structure of the vocal tract. The vowel morphospace is not evenly
accessible, and certain regions are articulatorily implausible, challenging the as-
sumption of a uniformly navigable space often used in self-organization models. Fu-
ture models should incorporate such morphological constraints to more accurately
reflect the realities of speech production. This work therefore proposes that articu-
latory morphospaces should be explored more comprehensively, extending beyond
vowels to include consonants, to better understand the full extent of possible speech
sounds. Such an approach could yield new insights into the emergence of vowel sys-
tems, tying back to Raup’s original ideas about morphospace (Raup, 1966). Just as
coiled shell forms are constrained by occupancy (organisms can only occupy viable
regions) and disparity (variation between forms/shapes), the vowel morphospace
appears similarly shaped by the need for vowels to be both articulatorily possible
(occupancy) and sufficiently distinct for their perception (disparity).
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6.1.3 The impact of coarticulation on speech and language

In Chapter 3, it was demonstrated that coarticulation significantly affects both the
articulation and acoustics of vowels and consonants. The main findings from that
chapter are that both vowels and consonants rely on contrasts between speech
sounds for their production, acoustic maintenance and perception i.e., the relative
positioning of sounds to each other in articulatory and acoustic space plays a crucial
role. This resonates with theories of vowel dispersion, which propose that vowel
systems are organized to maximize perceptual distinctiveness between categories
(Liljencrants and Lindblom, 1972; Lindblom, 1990a; Schwartz et al., 1997; Vaux and
Samuels, 2015). In this context, coarticulation can be seen as a shaping force that
both constrains and reinforces dispersion patterns by influencing how reliably con-
trastive distances can be maintained across varying phonetic environments. Addi-
tionally, the investigations into coarticulation reveal that vowels tend to be more
stable (or constrained) compared to consonants. This stability may stem from the
fundamental difference in how consonants and vowels are produced. Consonants
require a constriction produced within the vocal tract (for example, producing the
sound [k] clearly demonstrates this), whereas vowels involve the shaping of the vo-
cal tract by the articulators (like the tongue) to produce specific vocal tract contours
(as discussed in Chapter 1.5; Fant, 1960). Therefore, consonants are less prone to
acoustic alterations that have their origin in regions of the vocal tract that do not
affect their constriction (Chapter 3).

These findings connect to the morphospace paradigm outlined in Section 6.1.2.
Since coarticulation leads to context-dependent shifts in vowel production, and
given the perceptual and articulatory constraints discussed in Section 6.1.2, vow-
els may only shift within certain bounds due to coarticulation. These shifts must
ensure that vowels still occupy a feasible position in the morphospace, and more
importantly, remain perceptually distinct as the intended target sound (Lindblom,
1990c). If vowels shift too far from their target, this poses the risk that they are
being perceived as a different speech sound altogether. However, the research in
Chapter 3 also demonstrated that speech sounds compensate for coarticulatory ef-
fects (Tilsen, 2013), mainly through their relative positioning in both articulatory and
acoustic spaces. The relative positioning of sounds is crucial for both production
and perception, but this compensation effect likely operates within certain bound-
aries, as shown in Fig. 6.1D. Beyond these boundaries, a coarticulation-induced shift
may lead to misinterpretation or reinterpretation of the target sound. Such instances
could serve as catalysts for sound change (Beddor, 2009), as coarticulation intro-
duces synchronic variation into the speech stream, potentially acting as a precursor
to sound change (Ohala, 1989).

Furthermore, coarticulation may facilitate (or has facilitated) to “fill in the gaps”
within the morphospace of possible speech sounds, suggesting a connection be-
tween coarticulation and phonology, i.e., the sound systems of languages (Ohala,
1993). Since coarticulation causes shifts in both vowels and consonants, vowel-
consonant coarticulation may have governed the exploration of the vowel space,
potentially leading to the development of new vowel categories within the mor-
phospace based on the specific consonantal inventory of a language. In summary,
these observations suggest that the consonant set in a language not only constrains
the set of vowels that may be produced but may have also enabled the exploration
of new vowels within the morphospace — within perceptually salient boundaries.
This raises an interesting question: how does the consonant system of a language
influence its vowel system, and vice versa? Do current sound systems of languages
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retain a historical signal reflecting the constraints vowels and consonants impose on
each other? This ties back to older questions which asked whether there are univer-
sal constraints in sound sequences in the worlds languages (Kawasaki and Ohala,
1980; Janson, 1986). Given the stability of vowel systems, which can only shift so
much due to coarticulation while maintaining contrast (see Chapter 3), it is possible
that vowels influence consonantal configurations. If certain coarticulatory patterns
compromise contrast, some sounds may become unfeasible. In contrast, the conso-
nant system may constrain vowel qualities, as certain vowels may be less likely in
specific consonant contexts. This suggests the potential of a systematic relationship
between vowel and consonant systems, where the presence of certain consonants
might predict vowel patterns, and vice versa (e.g., phonotactic constraints). There
is some research that supports these claims, particularly in certain sound sequences
(Kawasaki and Ohala, 1980; Janson, 1986; Rousset, 2003; Doucette et al., 2024). Given
the ongoing debate and lack of consensus on these questions (Maddieson and Pre-
coda, 1992), future research — especially employing geometric morphometrics (GM)
and morphospace analysis — could provide further insights into these interactions.

Overall, these findings thus raise the possibility that coarticulation plays an im-
portant role not only in speech production but also in the evolution of phonologi-
cal systems (Ohala, 1993; MacNeilage and Davis, 2000). This relationship between
coarticulation and vowel space organization may be investigated using an evo-devo
framework (Miiller, 2007), particularly through developmental studies in children
(Vihman, 2014). Since coarticulatory patterns are prominent in early speech and
gradually stabilize as the vocal tract and neural control matures (Namasivayam et
al.,, 2020), the emergence of vowel categories in ontogeny may reflect how articula-
tory biases — including constraints from coarticulation — shape phonological inven-
tories.

6.1.4 Reconstructing speech capacity using GM

Addressing the complex interactions outlined in the previous sections also ties into
broader questions about the origins and evolution of language itself. The origin of
language and the emergence of the capacity for speech are widely debated topics
(Hauser et al., 2002), particularly regarding the question of when these abilities first
arose (Hauser et al., 2014). Since spoken language does not fossilize — unlike writing,
which dates back to roughly 5,000 years before present (Schmandt-Besserat, 2014) —
its reconstruction is inherently challenging. Additionally, the comparative method
in historical linguistics —based on systematic comparison of language cognates to re-
construct their genealogical relationships and vocabulary — has an generally agreed-
upon time depth of around 8,000 to 10,000 years ago (Nichols, 1992; Gray, 2005).
Over the past 40 years, discussions have centered on whether Neanderthals pos-
sessed a vocal tract comparable to that of modern humans, whether their speech
capabilities were similar to ours, and how large their vowel spaces might have been
(Lieberman et al., 1972; Lieberman and Crelin, 1972; Boé et al., 2002; Dediu and
Levinson, 2013; Janssen et al., 2019). Genetic evidence has particularly focused on
the gene FOXP2, a transcription factor involved in the neural circuits underlying
language. Its accelerated evolution in modern humans around 260,000 years ago —
resulting in a variant that differs from that of the Neanderthals — initially fueled the
hypothesis of enhanced language capabilities in modern humans compared to other
hominins (Konopka et al., 2009; Maricic et al., 2013). However, more recent evidence
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suggests that Neanderthals may have had auditory and speech capacities, and pos-
sibly even language abilities, similar to those of modern humans (Johansson, 2015;
Conde-Valverde et al., 2021).

Consequently, estimates for the origin of speech and language are widely diverg-
ing. The discontinuity theory posits a rapid emergence of language around 50,000
to 100,000 years ago (Lieberman, 2007; Bolhuis et al., 2014; Berwick and Chomsky;,
2016). In contrast, more recent studies suggest that the roots of language may trace
back to the common ancestor of modern humans, Neanderthals, and Denisovans,
approximately 500,000 years ago (Dediu and Levinson, 2013; Dediu and Levinson,
2018). Meanwhile, the continuity theory argues for a gradual evolution of language
over millions of years (Pinker and Bloom, 1990; Ulbaek, 1998; Lieberman, 2015;
Barham and Everett, 2021). However, the concrete origin and timing of speech and
language remain largely enigmatic (Bolhuis et al., 2014), as existing estimates are
uncertain and reconstruction methods rely on diverse, and often conflicting, lines of
evidence without a clear consensus. A major complicating factor is that speech and
language depend not only on the anatomy of the vocal tract but also on sufficient
neural capacities (Fitch et al., 2016). Thus, even if the vocal tracts of fossils appear
anatomically compatible with speech production, the cognitive prerequisites must
also be taken into account (Dubreuil and Henshilwood, 2013; Ponce de Leon et al.,
2021).

One promising avenue for reconstructing the vocal capabilities of ancient hu-
mans (such as Neanderthals or Homo erectus) lies in the reconstruction of their vocal
tracts. Fossilized skeletal structures such as jaws and hard palates can, in princi-
ple, be used to infer associated soft tissue structures, and even the vocal capaci-
ties through computational modeling and simulation (Dediu et al., 2021). Geomet-
ric morphometrics (GM) and related advanced methods offer tools to reconstruct
soft tissue based on skeletal data (Lautenschlager, 2016; Landi and O’Higgins, 2019;
Dediu et al., 2021), potentially providing valuable new insights into this challenging
area. Furthermore, sophisticated morpho-phonetic analyses based on GM could also
offer critical perspectives on long-standing assumptions regarding the uniqueness
of the modern human vocal tract compared to that of monkeys and apes — and how
this vocal tract anatomy relates to its function in producing complex speech sounds
(Lieberman et al., 1972; Fitch, 2000; Fitch and Reby, 2001; Fitch et al., 2016; Janssen
etal., 2019).

While the analysis of vocal tract imaging data presented here offers some insights
into this direction, it remains limited by its focus on two-dimensional representa-
tions, specifically within the midsagittal plane of MRI images. A more holistic ap-
proach to studying articulation and vocal tract morphology using GM — particularly
for reconstructing ancient vocal tracts — should incorporate three-dimensional data.
Fortunately, several methods for extracting and visualizing 3D vocal tract structures
already exist, and a growing number of 3D data resources are available (Narayanan
et al,, 2014; Fu et al., 2017; Lim et al., 2019; Birkholz et al., 2020; Isaieva et al., 2023;
Erattakulangara et al., 2025). Thus, future research should aim to extend morpho-
phonetic methods into three dimensions, enabling a more holistic understanding of
speech production mechanisms and advancing the potential for reconstructing the
vocal tracts of ancient humans.

In summary, it is proposed here that future research into the origins of speech
capacity should leverage advanced methods of geometric morphometrics alongside
concepts discussed throughout this work, such as the morphospace of vowel pro-
duction (see Section 6.1.2). Such an integrated approach could offer valuable insights
into how ancient humans may have produced speech. However, and crucially, since
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there is still no unified understanding regarding how vocal tract dimensions and ar-
ticulation exactly map onto the acoustics of speech (although this dissertation has
provided some insights into this gap), it is essential that future research continues to
address this issue. Reconstructions of vocal capacities must be grounded in stable
models and well-supported assumptions about the relationship between articula-
tion, acoustics, and perception.

6.2 Studying variation is key in language evolution research

Having explored how geometric morphometrics and morphospaces could illumi-
nate the evolution of speech production, it was also shown in Chapters 2, 4 and
5 how variation in contemporary languages — arising in part from both anatomi-
cal and articulatory differences — contributes to ongoing language diversification.
This perspective emphasizes the importance of inter- and intra-speaker variation as
a substrate for linguistic evolution. In this work, various processes that introduce
variation into the speech signal have been discussed, specifically those related to the
articulation of speech sounds, which subsequently affect the acoustic domain. The
key sources of variation identified in this study are interindividual vocal tract dif-
ferences and articulatory strategies, as well as coarticulation between vowels and
consonants.

This variation can be interpreted through different perspectives. It may be
viewed as noise within the speech signal, blurring linguistic distinctions between
individual speakers or speaker groups, as is the common view in various language
research disciplines that normalize these differences across speakers (Labov, 1966;
Lobanov, 1971; Adank et al., 2004; Giuliani et al., 2006; Burridge, 2023). Alterna-
tively, it can be seen as valuable information, i.e., meaningful variation in the acous-
tic signals between speakers that may drive diversification processes (Moran et al.,
2024). Evolutionary theory posits that for new traits (such as acoustic traits or speech
sounds) to emerge, there must be heritable variation (here: heritability through cul-
tural transmission) upon which adaptive or non-adaptive evolutionary processes
can act (Lewontin, 1970). In other words, interindividual variation is crucial for un-
derstanding evolutionary processes (Lande, 1980; Lande and Arnold, 1983; Lande,
1991; Ackermann and Cheverud, 2004) — a principle that has been suggested to sim-
ilarly affect the diversification of language (Ohala, 1989). However, this idea has re-
ceived limited attention, as historical linguistics — which is particularly rooted in the
comparative method —has dominated the field of language diversification (Atkinson
and Gray, 2005; Campbell and Poser, 2008; Campbell, 2013), providing significant
insights into language diversification and the (widely debated) origin of language
(Gray and Jordan, 2000; Gray and Atkinson, 2003; Atkinson et al., 2008; Atkinson,
2011; Greenhill et al., 2017; Heggarty et al., 2023). The comparative method ana-
lyzes the discrete and hierarchical properties of languages, such as sound invento-
ries or lexical cognates (words inherited from a common historical origin), to infer
the diversification and genealogical relationships between languages (Atkinson and
Gray, 2005; Campbell, 2013; Greenhill et al., 2017; Barbieri et al., 2022). However, as
previously mentioned, the comparative method is limited by a temporal constraint
(approximately 8,000-10,000 years before the present), due to the compounding ef-
fects of lexical turnover, which can dilute the historical signal, particularly in lexical
comparisons (Gray, 2005).
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Furthermore, an important distinction must be made. While comparative meth-
ods, including phylogenetic studies, reveal the historical (evolutionary) relation-
ships between languages or species, these methods offer limited potential for un-
covering the evolutionary processes at the level of individuals and populations that
led to such divergence (Mooers and Heard, 1997; Uyeda et al., 2018). As originally
stated by Charles Darwin (Darwin, 1859), to disentangle the concrete evolutionary
processes driving diversification, one must examine variation across individuals and
groups. While the comparative method will continue to provide valuable insights
into language diversification — as has recently been demonstrated with the integra-
tion of genetic data in combination with phylogenetic reconstruction of languages
(Pakendorf, 2014; Barbieri et al., 2022) — I argue for the further diversification of
methods (such as evolutionary population biology) and the integration of additional
lines of evidence in the study of language evolution, particularly focusing on acous-
tic variation. Chapters 2, 4 and 5 have provided detailed explanations on how lan-
guage diversification can be studied through acoustic data.

6.2.1 The morpho-phonetic model of acoustic trait evolution

In summary, the approach described in Chapters 2, 4 and 5 is here unified under
the morpho-phonetic model of acoustic trait evolution. Note that acoustic traits are gen-
eralized here, but may refer to the acoustic measurements of vowels, the full vowel
polygon (as shown in Chapters 2, 4, 5), or any other form of acoustic measurement.
This model builds on the classical population biology framework, which asserts that
the variation in a population’s phenotype (Vp) is proportional to the sum of genetic
variance (Vi) and environmental variance (Vg) (Falconer, 1996):

Vp ~ Vg + Vi (6.1)

In other words, the observed phenotypic variation in a group can be explained by
the combination of its genetic and environmental variance. For the purposes of mod-
eling acoustic trait evolution, we adapt this model by assuming that phonotypic vari-
ation (Vppon; variation in acoustic traits) is proportional to the additive effects of
variation in the phenotype (Vp; variation in the vocal tract) and environmental vari-
ance (Vg):

Vphon ~ Vp + VE (6.2)

Thus, we repurpose the vocal tract (VT) as the “phenotype” and the acoustic traits
under study as the “phonotype” in analogy to the original model. This adapted
model can therefore be rewritten as:

Vphon ~ Wt + VE (6.3)

The representation of vocal tract variation (Vyr) as an analogue of genetic variance
(Vi) is supported by the fact that vocal tract morphology exhibits heritable variation,
with a portion of this variation being explained by genetic differences (Dediu et al.,
2022). Chapter 2 demonstrated that this model can indeed be used to test hypotheses
about language diversification, as it outlined that acoustic variation is proportional
to vocal tract variation, and that inherent differences in speakers’ vocal tracts act as
a source of acoustic variation within speech communities.

One thing to keep it mind is that these proposed evolutionary models assume
linear relationships between the phenotype and genotype (or, in this case, between
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the phonotype and phenotype). It was shown in Chapter 2 that the linearity assump-
tion is reasonable. A further consideration is the environmental variance (Vg), which
may include factors such as diet, climate, social context, or cultural practices, all of
which can influence the vocal characteristics of individuals or populations (Labov,
1966; Niedzielski, 1999; Maddieson, 2018; Blasi et al., 2019; Liang et al., 2023). In
the morpho-phonetic model of acoustic trait evolution, Vg accounts for acoustic variation
not attributable to phenotypic differences. Future studies should rigorously estimate
Vg through longitudinal or experimental designs, similar to twin studies in genetics
(Bouchard et al., 2013b; Dediu et al., 2022), but applied to acoustic traits (Przybyla et
al., 1992; Nolan and Oh, 1996). This would allow for a more comprehensive model
of acoustic trait evolution, integrating both genetic and environmental influences
on phenotypic and phonotypic variation. Nevertheless, an alternative approach to
examine environmental and cultural influences on language diversification is pro-
posed below.

6.2.2 Neutral-like evolution as a null-model in acoustic diversification

The morpho-phonetic model of acoustic trait evolution established above enables testable
hypotheses regarding evolutionary processes, such as distinguishing between neu-
tral evolution and adaptive processes in acoustic trait diversification (Moran et al.,
2024). Based on this model, phonotypic and phenotypic variation can be further di-
vided into variation between (Vg) and within groups (V). As evolutionary theory
predicts, under a neutral model (e.g., similar to genetic drift), variation between
groups should be proportional to variation within groups (Lande, 1979; Lande,
1980), suggesting that differences between speech communities arise from stochastic
processes that feed on the inherent within-community variation rather than selective
pressures. In this case, the equation can be rewritten as:

Vg ~ Viy (6.4)

This neutral-like model of acoustic diversification acts as a testable null-model in
this case, i.e., a deviation from this proportionality, which can be tested using meth-
ods outlined in Chapters 2 and 4, would indicate non-random phonetic changes
influenced by environmental or cultural factors'. This model allows us to identify
instances where such factors (e.g., adaptive processes) override neutral modes of di-
versification. These models thus enable the disentangling of biological effects (e.g.,
vocal tract variation) from cultural or environmental influences on language diver-
sification. Thus, it is proposed that the morpho-phonetic model of acoustic trait evolution
and the null-model of neutral-like evolution should be applied more extensively
in the language and speech sciences, for example, to investigate phonetic variation
across human populations and to support integrative approaches in historical lin-
guistics (Barbieri et al., 2022). Furthermore, inspired by recent studies demonstrat-
ing convergent vocal representations in the forebrain motor networks of birds and

!t is usually not possible to confirm that a trait evolves entirely without selection. Neutrality pro-
vides a useful baseline model representing the combined effects of many processes that may each
be slightly non-neutral. Thus, the term “neutral-like” evolution is used here to denote evolutionary
change that appears neutral but where true neutrality cannot be definitively established. Because dis-
tinguishing neutral evolution from stabilizing selection is often impractical, “neutral-like” is a more
appropriate description.
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humans (Bolhuis et al., 2010; Pfenning et al., 2014; Yang and Long, 2025), it is sug-
gested that acoustic diversification models could be extended to other vocal learn-
ing species, such as birds (see Chapter 4), thereby providing potential insights into
shared processes of vocal diversification across species.

Additionally, Chapters 4 and 5 expanded the neutral-like model to incorporate
spatial effects, specifically isolation by distance in acoustic traits across populations
(speech communities and populations of songbirds). Isolation by distance is a char-
acteristic feature of neutral-like evolutionary processes, predicting that as popula-
tions disperse over time, genetic and phenotypic differences between the found-
ing and descendant populations will increase. Any deviation from this expected
pattern suggests the presence of non-neutral evolutionary influences (Lande, 1991;
Slatkin and Excoffier, 2012). These findings also revisit longstanding questions about
whether language evolution occurs gradually or in rapid, punctuated bursts (Atkin-
son et al., 2008). The evidence presented in this work suggests that different aspects
of language (e.g., vocabulary vs. acoustic traits) may evolve at different tempos —
that is, rates of change — and modes, meaning the patterns or mechanisms of evolu-
tion, such as gradual change versus punctuated bursts (Greenhill et al., 2017). This
perspective aligns with the mosaic approach to language evolution, which views lan-
guage as a complex system of distinct components, each evolving along different
evolutionary paths (Parravicini and Pievani, 2018). These ideas further emphasize
the need to integrate acoustic variation between individuals and speech communi-
ties into the study of language evolution.

Given that acoustic traits retain an evolutionary signal, potentially reflecting ge-
nealogical relationships between languages at the population-mean level (see Chap-
ter 5), I propose that acoustic variation across languages may serve as a historical
signal of linguistic divergence. Such acoustic data have been shown to reflect phy-
logenetic relationships in other vocal learning species, such as birds (Mason et al.,
2017; Arato and Fitch, 2021; Rivera et al., 2023). Thus, acoustic data might be espe-
cially helpful for studying linguistic history where relationships between languages
remain somewhat unclear (Endicott et al., 2003). The isolation by distance patterns
discussed here also allow for testing how acoustic variation has spread globally. As
an alternative to the highly debated Out-of-Africa hypothesis of phonemic diver-
sity (Atkinson, 2011; Bybee, 2011; Atkinson, 2012; Cysouw et al., 2012; Tuyl and
Pereltsvaig, 2012) — it is proposed here that these effects should be tested for acous-
tic variation across the world’s languages.

In conclusion, this dissertation highlights how articulatory and acoustic variation
between individuals — viewed as valuable information rather than being treated as
noise — can serve as a rich source of information for models of speech and language
evolution. By tracing how such variation emerges at the level of individual speakers
and propagates across speaker communities, this study underscores its potential role
in driving linguistic diversification. The findings gathered in this work point to the
value of incorporating fine-grained articulatory data into evolutionary linguistics,
both as empirical evidence and to inform theoretical frameworks. Moving forward,
a deeper investigation into the morphological and anatomical influences on speech
production is warranted to better understand how vocal tract structure shapes the
emergence and distribution of sound systems across the world’s languages. It is
my hope that this research contributes to, and encourages, further interdisciplinary
efforts in this direction.
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