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Introduction

Spoken language is the main acoustic communication system of humans. One of the most
fascinating aspects of spoken language is that although its biological bases are shared across
humans, characteristics of speech such as stress patterns or speech sounds vary greatly across
different dialects or languages (Dryer & Haspelmath, 2013). Also, while humans largely share
their phylogeny with other tetrapod species, human spoken language clearly differs from other
tetrapods’ vocal communication systems (Fitch, 2005; Tallerman & Gibson, 2012). Why is that

so?

One of the reasons why speech patterns differ across dialects and languages is that dialects and
languages change over time. For example, such changes can be observed on a small scale by
listening to children who speak differently than their grandparents or on a larger scale by
comparing the speech of present-day English speakers to the speech of their ancestors in the
Middle Ages (Fig. 1; Aitchinson, 2001; Bybee, 2015; Chambers & Schilling, 2013; Ritt, 2004).
Spoken language in different speech communities may undergo different changes, which
creates dialects and may eventually lead to different languages (Croft, 2000; Evans & Levinson,
2009; Keller, 1994; Smith, 2006). Similar pressures may have acted over even longer timespans
during the emergence of language in the process of human evolution, and may be responsible
for differences in human language and non-human tetrapod vocalizations (Christiansen &
Kirby, 2003b; Fitch, 2010). But what exactly are the mechanisms that make languages change
the way they do and give them their present-day shapes?

Investigating these and similar questions has a long-standing tradition. When developing his
theory of evolution, already Darwin anecdotally highlighted parallels between human
languages and animal vocalizations, and pointed towards a common descent of these
communication systems (Darwin, 1871). The systematic exploration of language evolution is
often taken to have started with the Neogrammarians in the second half of the 19" century
(Osthoff & Brugmann, 1878; Paul, 1880), and continues to fascinate linguists, cognitive
scientists, and animal communication researchers up to the present day. Especially over the last
decades, a vibrant and widely recognized community of researchers (Christiansen & Kirby,
2003b; Dediu & De Boer, 2016; Fitch, 2017; Ravignani et al., 2020) has dedicated itself to the
investigation of what makes languages the way they are. Still, the factors that influence

language evolution and change are only insufficiently understood (Bybee, 2010; Christiansen



& Chater, 2016; Christiansen & Kirby, 2003a; Hauser et al., 2014). One of the biggest
unresolved questions in linguistics and language evolution is how biology and culture interact

to give languages their present-day shapes (Kirby, 2017).
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Figure 1. Linguistic change from Old English (Z£lfric — Homilies: “the child grew and was filled with
wisdom”) over Middle English (Geoffrey Chaucer — Canterbury Tales “for an innocent child will always
quickly learn”) and Modern English (Mark Twain) to Present-Day English. Illustration by Marie-
Therese Pekny.

To contribute to this picture, this thesis explores language at the interface of biological and
cultural evolution by including research on non-human animal communication systems, human
speech production and perception, and actual historical language data. By doing that, it
contributes to explaining widely discussed issues in the fields of language evolution and

change, such as:

e What are similarities and differences in the vocal production of humans and other tetrapods?

e What are similarities and differences in the production, perception and processing of cross-
linguistic and language-specific prosodic patterns?

e What can we conclude from cross-linguistic and cross-species vocal patterns about the
underlying physiological pressures and cognitive biases that influence language evolution

and change?



e What are the factors that influence how dialects and languages change over time and
therefore contribute to the emergence of different languages?

e How do synchronic learning biases change language diachronically?

These questions are closely intertwined, and their broadness and complexity make it impossible
for a single thesis to answer any one of them to the extent that they would deserve. The aim of
this thesis is therefore to cover selected aspects that contribute to answering these general

questions.

Specifically, the thesis focuses on how prosody, which is the acoustic modulation of spoken
language (including variations in pitch, duration and speech pauses), contributes to language
processing and change by investigating the role of prosody in the identification and the
transmission of linguistic structure. The remainder of this chapter will explain how prosody as
a means to signal linguistic structure helps to address the interaction of biology and culture

during language evolution and change.

Section 1 introduces biological constraints of speech production, perception and processing.
Section 2 outlines constraints that act during the cultural transmission of languages and
discusses how such production, perception and processing biases can shape linguistic change.
Section 3 discusses selected factors that influence how easily linguistic features can be acquired
and transmitted from one generation of speakers to the next. It specifically focuses on
occurrence frequency, emotions and acoustic salience. Section 4 introduces the prosodic cues
investigated in this thesis and explores their role for indicating linguistic patterns and structure.
Section 5 specifically highlights the importance of prosody for speech segmentation and
discusses why speech segmentation is relevant for recognizing linguistic structure and for
investigating linguistic change. Section 6 focuses on the specific research questions addressed
and projects conducted within this thesis. Section 7 concludes with on overview of the

methodological approaches taken in the thesis.
1. Biological constraints in language transmission
The general goal of communication is to pass on information from one individual to another.

However, this process of information transmission from the brain of the speaker to the brain of

the listener is limited. To pass information on, speakers first need to encode their thoughts into



speech, this speech signal needs to be transmitted acoustically and listeners need to decode the
speech signal to extract the informational content (Keller, 1994; Tamariz & Kirby, 2016). This
process of encoding, acoustic transmission and decoding of spoken language is constrained by

several factors.

First, there are constraints on articulation and auditory perception. The anatomy and physiology
of the vocal tract and vocal organs make it impossible for speakers to produce sounds that are,
for example, infinitely loud, long, high or low pitched. Similarly, the anatomy and physiology
of the hearing organs limit which aspects of acoustic signals listeners can perceive (MacLarnon
& Hewitt, 1999; Moon & Lindblom, 2003; Seikel, Drumright, & Hudock, 2021). Secondly,
there are constraints on the cognitive processing, learning and memorization of speech signals.
For example, speakers and listeners cannot process and memorize infinitely long words or
infinitely complex sentences (Baddeley, Gathercole, & Papagno, 1998; Isbilen & Christiansen,
2018; Kurland, 2011; Mishra, 2015).

The above-mentioned constraints are shaped by biological evolution and impose limits on the
realization and transmission of spoken language. However, within these biological limits, there
is considerable room for variation in the speech signal (Smith et al., 2017). For example, spoken
language has many different sounds, and the voice can be acoustically modulated in many
different ways (Dryer & Haspelmath, 2013; Hirst & Di Cristo, 1998). Still, although many
modulations of the speech signal are biologically possible, some of these speech patterns occur
very frequently, whereas others occur only rarely or not at all. For example, across dialects and
languages, speakers lengthen syllables (Seifart et al., 2021; Tyler & Cutler, 2009) and decline
their pitch at the end of declarative utterances (Hirst & Di Cristo, 1998; Langus, Marchetto,
Bion, & Nespor, 2012; Vaissic¢re, 1983), whereas stopping an utterance abruptly is far less
common (Berkovits, 1994; Edwards, Beckman, & Fletcher, 1991; Friberg & Sundberg, 1999).
This variation can be explained by differences in how easily and efficiently particular speech
patterns can be produced, acquired, and transmitted (Croft, 2000; Keller, 1994; Smith et al.,
2017). This production, acquisition, and transmission efficiency is the basis for the cultural
evolution of languages, which in turn is one of the most important driving factors of language
change and the emergence of different languages. The following section explores in more detail

what role ease of acquisition and transmission play in the cultural evolution of languages.



2. Cultural transmission of languages as a driving factor of language change

Language stability and language change are driven by the ease of acquisition of speech patterns
during the cultural transmission of language from one generation of speakers to the next (Kirby,
Cornish, & Smith, 2008; Kirby, Griffiths, & Smith, 2014; Reali & Griffiths, 2009; Tamariz &
Kirby, 2016; Tomasello, Kruger, & Ratner, 1993). Individuals learn their speaking behavior by
exposure to the speaking behavior of other individuals in their environment, who themselves
learned their speaking behavior in the same way (iterated learning; Kirby, Griffiths, & Smith,
2014; Smith, Kirby, & Brighton, 2003). Over many generations of speakers, small biases in
production, processing or perception may amplify and lead to linguistic stability or long-term

linguistic change.

Speakers may — either completely or partially accidentally (e.g. due to limited experience,
mispronunciations or as short-term reactions to interrupting noise in the environment) —
produce novel linguistic variants. Also, listeners may accidentally perceive linguistic items
erroneously and reproduce them inaccurately in their own speech production, which creates
novel variants (Foulkes & Vihman, 2015; Lass, 1997; Ritt, 2004). If these novel variants are
less easily acquired than existing variants, they will not spread, and the existing variants will
stabilize. However, by chance, in a particular communicative situation or environment, the
novel and accidentally produced linguistic variants may be more easily acquired than their
progenitor variants, for example because they are particularly salient, memorable, aesthetic
(e.g. Kirby et al., 2008; also see section 3 and references therein for more detailed explanations)
or socially desirable or prestigious (Labov, 1963, 2001; Lev-Ari & Peperkamp, 2014; Roberts
& Fedzechkina, 2018). In this case, learners may adopt and continue to preferentially use these
novel linguistic features, while at the same time neglecting old competing variants. This leads
to higher occurrence frequencies of the novel patterns and makes the novel patterns more
prominent and reliable inputs for future speaker generations (Croft, 2006; Lass, 2003;
Zehentner, 2019). Via this mechanism, which is similar to natural selection and driven by the
competition of linguistic variants in an energetically constrained environment, novel linguistic
patterns can emerge and spread (Keller, 1994; Lass, 2003; Mesoudi, 2007, 2011; Rosenbach,

2008), which can eventually lead to novel dialects and languages.

An important issue in the investigation of the cultural evolution of languages is the question

which factors determine if novel linguistic variants are easily recognizable, acquirable, and



memorable so that they can spread and stabilize successfully. This will be discussed in the next

section.

3. Factors that make spoken language easily acquirable and transmissible

In general, speech patterns can be acquired and transmitted easily when they have a salient,
characteristic, and unambiguous structure. Language learners and users need to identify
linguistic structures in the signals they are exposed to, associate these structures with their
meanings and re-produce these structures in their own speech. The more reliable and
unambiguous these structures are, the more effective language learning and use will be (Kirby
et al., 2008; Tamariz & Kirby, 2016). There are several factors that make speech patterns
reliable and useful cues to structure, help learners to identify these patterns in the speech signal
and therefore make language more easily acquirable and transmissible. A subset of these
factors, namely those that are most relevant for this thesis, will be discussed in more detail in

this section.

First, the occurrence frequency of linguistic structures is an important determiner of how
characteristic they are and how easily they can be recognized, acquired and processed (Bybee,
2007; Divjak, 2019). In general, linguistic patterns that are more frequent and thus more
probable to occur in the linguistic environment that language learners and users are exposed to,
are identified more easily (Frost, Monaghan, & Christiansen, 2019; Kelley & Tucker, 2017),
acquired and memorized more easily (Diessel, 2007; Kuperman, Stadthagen-Gonzalez, &
Brysbaert, 2012; Storkel, 2001), and produced more accurately (Goldrick & Larson, 2008) than
less frequent and less probable forms. This is closely linked to the concept of priming, which
describes the facilitated processing of utterances with similar linguistic patterns and which leads
to the tendency of speakers to subconsciously repeat linguistic features that they have
encountered before (Pickering & Branigan, 1999). Processing frequent and predictable
linguistic patterns is therefore assumed to be easier than processing rare and unpredictable
linguistic patterns, and occurrence frequencies may for this reason also affect linguistic change

(Diessel, 2007; Hall, Hume, Jaeger, & Wedel, 2018; Haselow, 2018; Jager & Rosenbach, 2008).

Secondly, the salience and in turn the processing fluency of linguistic features may be
influenced by the affect and emotions that the linguistic features evoke (Esposito, 2020; Forster,

2020; Forster, Leder, & Ansorge, 2013; Liidtke, 2015; Reber, Schwarz, & Winkielman, 2004).



Emotions are mostly associated with the semantic content of utterances (Foolen, 2015; Sereno,
Scott, Yao, Thaden, & O’Donnell, 2015; Warriner, Kuperman, & Brysbaert, 2013), but can also
be evoked by speech prosody, such as prosody conveying happiness, sadness or fear (Filippi et
al., 2016; Petrone, Carbone, & Champagne-Lavau, 2016; Quam & Swingley, 2012). Linguistic
features that cause negative arousal or are highly pleasant may be more striking and may
therefore be processed and acquired more easily than linguistic features with average arousal
or valence values (Ferré, 2003; Larsen, Mercer, Balota, & Strube, 2008; Warriner et al., 2013).
For example, in lexical decision tasks, participants usually respond faster to positive and
negative words than to neutral words (Kousta, Vinson, & Vigliocco, 2009; Scott, O’Donnell,
& Sereno, 2012; but also see the discussion in Kuperman, Estes, Brysbaert, & Warriner, 2014).
Also, highly pleasant words are acquired earlier by first language learners than less pleasant
ones (Warriner et al., 2013). Therefore, affective and emotional values of linguistic features
may influence the ease of language processing and can in turn also have an effect on linguistic

change (Brown, 2017).

Finally, certain linguistic patterns can be more easily perceived and processed than others
because of their intrinsic acoustic salience (Boswijk & Coler, 2020; Dziubalska-Kotaczyk,
2019; Racz, 2013; Zarcone, van Schijndel, Vogels, & Demberg, 2016). For example, pauses
may be more effective in structuring spoken language than other prosodic cues because silence
is more easily recognizable than variations in pitch or duration. Also, producing pauses is easy
compared to the articulation of vocal elements varying in their duration, pitch and vocal quality
(Fletcher, 2010). Although it is hard to make generalizations about which specific linguistic
features are most salient and easiest producible, it is likely that such differences in the inherent

salience of linguistic features can influence linguistic change.

All of these factors help language learners and users to recognize linguistic structures and
identify links between these structures and associated meanings. But which acoustic features
indicate linguistic structure in the speech signal in the first place? One prominent means for
signaling linguistic structure is prosody, which will be explored in the following section.

4. Prosody as a means to structure language

The term prosody is used to subsume all suprasegmental voice modulatory parameters of

spoken language such as variations in duration, fundamental frequency (‘pitch’) or intensity.
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Also, prosody includes speech pauses. These voice modulatory cues contribute to the
production and perception of stress, speech rhythm, tempo and intonation patterns (Fletcher,
2010; Gussenhoven & Chen, 2020). Historically, the term prosody has excluded voice
modulation on the phoneme level. However, when dealing with phenomena such as word stress
or rhythm, it is often impossible to only focus on suprasegmental features without regarding
segmental features such as inherent vowel length. Thus, henceforth, prosody will be
conceptualized broadly as “the abstract hierarchical phonological structure(s) of an utterance,

and prominence relations within that structure” (Fletcher, 2010, p. 523).

Prosodic modulations create patterns in the speech signal, which are often indications of
underlying meaning-associated structures such as morphological, syntactic or semantic
structures (Fletcher, 2010; Shattuck-Hufnagel & Turk, 1996). Some prosodic structures occur
across languages, whereas others are language-specific. For example, the cross-linguistically
consistent lengthening of elements at the end of phrases (Seifart et al., 2021; Tyler & Cutler,
2009) and a pitch decrease at the end of declarative sentences can serve as boundary signals for
listeners (Hirst & Di Cristo, 1998; Langus et al., 2012; Vaissi¢re, 1983). On the other hand,
language-specific prosodic patterns such as word-stress patterns can help to identify and
process words (Dryer & Haspelmath, 2013; Ordin, Polyanskaya, Laka, & Nespor, 2017;
Slowiaczek, 1990; Tyler & Cutler, 2009). Also, non-human tetrapods are able to modulate the
prosodic features of their vocalizations, which indicates structure in their signals (Filippi,
Hoeschele, Spierings, & Bowling, 2019; Garcia & Favaro, 2017; Kershenbaum et al., 2016).
The interaction of cross-linguistically consistent and language-specific prosodic cues for
signaling linguistic structure, and the occurrence of similar cues in non-human tetrapod
vocalizations make prosody a very interesting target for investigating the interaction of biology

and culture in language evolution and change.

Prosodic cues are not only linked to cognitive abilities such as pattern recognition and memory
skills, but also to physiological properties of the vocal apparatus. Variations of pitch are
produced by the vibration of the vocal folds, and variations of duration and intensity by the
duration and force of exhalation of air from the lungs (Fitch, 2010; Pisanski, Cartei,
McGettigan, Raine, & Reby, 2016; Taylor & Reby, 2010). Pauses are influenced by the
speakers’ breathing range (Fletcher, 2010; MacLarnon & Hewitt, 1999). Because prosody is
closely linked to physiology and cognition, prosodic features may be subject to biological and

cultural evolutionary pressures. Biological evolution may lead to changes in the vocal apparatus

1



that may enable speakers to produce novel prosodic modulations, whereas cultural biases may
favor the use of particular prosodic modulations over others. Thus, both biological and cultural
pressures can lead to changing prosodic patterns over time (Brown, 2017; Gussenhoven &
Chen, 2020; Lahiri, Riad, & Jacobs, 1999; Smith, 2011; Tallerman & Gibson, 2012). Also,
since prosodic cues have many different acoustic correlates and production mechanisms (Dogil
& Williams, 1999; Gordon & Roettger, 2017; Gussenhoven & Chen, 2020), different cues may
all have distinctive and separable effects on speech processing, may develop differently over
time, and are therefore worth being investigated separately. Because prosody is at the interface
of physiology and cognition, the investigation of prosodic cues is well-suited to shed light on

the role of biology and culture in language evolution and change.

The next section will explore how exactly prosodic cues can help language learners and users
to recognize, memorize and encode linguistic structure and how this can influence the

transmission of spoken language during cultural evolution.

5. The role of prosody in speech segmentation

One crucial problem in language processing and in perceiving linguistic structure is to
efficiently segment continuous speech into words. This problem, which is commonly known as
the speech segmentation problem, is a challenge that is most acute for infant first language
learners but is equally faced by second language learners and adults listening to a foreign
language (Cutler, 1990; Endress & Hauser, 2010; Erickson & Thiessen, 2015; Johnson &
Jusczyk, 2001). Listeners need to identify boundaries between words, phrases or sentences to
be able to extract their semantic content (Singh, Reznick, & Xuehua, 2012; Yurovsky, Yu, &
Smith, 2012).

Prosody offers important cues that help language learners and language users to solve the
speech segmentation problem and to indicate linguistic structure. Prosodic cues can facilitate
speech segmentation in several different ways. On the one hand, speakers can indicate
boundaries directly, for example via pauses, durational modifications or pitch modifications at
boundaries (Cutler, Dahan, & Van Donselaar, 1997; Hawthorne & Gerken, 2014; Holzgrefe-
Lang et al., 2016; Petrone et al., 2017; Saffran, Newport, & Aslin, 1996; Wellmann, Holzgrefe,
Truckenbrodt, Wartenburger, & Hohle, 2012). These signals are assumed to be extracted by

12



listeners relatively directly and to require only a limited amount of cognitive processing

(Johnson & Jusczyk, 2001; Johnson & Seidl, 2009; Thiessen & Saffran, 2003).

On the other hand, prosodic cues can give words prototypical shapes, for example by creating
word stress or tone patterns (Dryer & Haspelmath, 2013; Gordon & Roettger, 2017). Listeners
may use their knowledge about the typical word stress patterns of the dialects and languages
they hear to infer which syllables belong together to make up a word (Ordin & Nespor, 2013;
Ordin et al., 2017; Tyler & Cutler, 2009). On a more fine-grained level, prototypical prosodic
patterns may even serve to indicate different word classes or morphological patterns (cf.
Baumann, Promer, & Ritt, 2019; Dziubalska-Kotaczyk, 2019; Post, Marslen-Wilson, Randall,
& Tyler, 2008). Using prototypical prosodic patterns as an indicator for linguistic structure is
assumed to require more cognitive effort than simply using immediate prosodic cues as
boundary indicators because it requires tracking, monitoring and memorizing the word stress
patterns of the languages that listeners are exposed to, and these patterns are often language-

specific.

Additionally, specific prosodic patterns may be particularly salient, aesthetically appealing, or
create arousal or valence, which may bias listeners towards perceiving these patterns as units
in the speech stream. Thus, overall, prosodic cues can facilitate speech segmentation and

language acquisition in many different ways.

6. Overview of the thesis chapters and specific research questions addressed

Since prosody facilitates speech segmentation and signals linguistic structure, it also influences
how easily particular speech patterns are acquired and transmitted, and in turn how languages
change diachronically. To explore these relationships in more detail, the core question of this
thesis is “How does prosody contribute to signaling linguistic structure, and in turn to language
processing and change?”. Addressing this question sheds light on how physiological constraints
of articulating, processing and perceiving particular prosodic patterns interact with factors that
are important in the cultural transmission of languages, such as occurrence frequencies,

aesthetic appeal or salience.

Constraints on the production, perception and processing of prosodic patterns can be tested

experimentally and against historical language data and can be put in perspective in comparison

13



to non-human tetrapod vocalizations. This thesis combines these approaches in five different

projects.

The first project (Chapter 1), accepted for publication in Philosophical Transactions of the
Royal Society B, compares prosodic cues to structure across languages and species in a review
article. If specific prosodic patterns occur cross-linguistically and across species, this suggests
that physiological or basic cognitive processing constraints may be responsible for these
patterns. These constraints may be evolutionarily old and may be shared across dialects,
languages and species because of a common ancestry or shared environmental pressures. In
contrast, prosodic cues that differ across dialects, languages or species may be mainly
influenced by different environmental pressures and cultural evolutionary processes that
amplify small biases in different directions (Christiansen, Collins, & Edelman, 2009; Croft,
2010; Evans & Levinson, 2009; Fishbein, Fritz, Idsardi, & Wilkinson, 2019; Fitch, 2005, 2010;
Ravignani et al., 2019).

The second project (Chapter 2), published in Frontiers in Psychology (Matzinger, Ritt, &
Fitch, 2021), presents an experimental investigation of how effective different prosodic cues
such as pauses, durational cues and pitch cues are for perceiving words in a novel language,
using an artificial language learning paradigm. Participants segmented words from a continuous
stretch of speech of an artificial language, and we measured how well they perceived words
when the speech stream was prosodically modified. The project also tests if prosodic cues
realized at different positions in a word have a different influence on which words are perceived.
This gives insights on the relative importance of different prosodic cues for speech
segmentation and on whether cross-linguistically consistent or language-specific prosodic cues

are more helpful for learners to acquire a novel language.

The third project (Chapter 3), currently submitted and in review at the Journal of Language
Evolution, contributes to answering the question of whether aesthetic perception of prosodic
features may determine how well words are acquired and transmitted. This project
experimentally tests if the aesthetic value of different prosodic patterns differs and if cross-
linguistically consistent or language-specific prosodic patterns are perceived as more aesthetic.
Participants listened to a set of prosodically modified words from an artificial language and

rated these words on their aesthetic appeal. By using similar stimuli as in Chapter 2, the project

14



links the aesthetic appeal of various prosodic patterns to their effectiveness for word perception

investigated in Chapter 2.

The fourth project (Chapter 4), published in PLoS ONE (Matzinger, Ritt, & Fitch, 2020),
investigates how well highly acoustically salient cues such as speech pauses are learned and
realized when speaking a second language and at which positions within a text they are placed
to signal linguistic structure. First and second language speakers of English read a standardized
English text at three different speech rates (fast, casual and slow), and we measured the
characteristics of their speech pauses, such as pause duration, number or position in the text.
Similarities and differences in the pause patterns of first and second language speakers can
reveal whether pauses are mainly determined by language-specific cultural pressures or by
more general physiological or cognitive capacities such as breathing range, attention or

memory.

The fifth project (Chapter 5), currently submitted and in review at Cognitive Linguistics, is a
corpus study that uses one particular Middle English sound change, known as Open Syllable
Lengthening, as a model to investigate if the occurrence frequency of particular prosodic
patterns can influence how the prosodic structure of a language changes diachronically. Further,
it tests if language users are sensitive to correspondences between prosodic patterns and
linguistic structures not only on the level of words but also on more fine-grained levels such as

the morphological level.

Thus, taken together, the five projects a) investigate several different factors, i.e. acoustic
salience, aesthetic appeal and occurrence frequency, that may determine how well different
prosodic patterns are acquired and transmitted to future speaker generations, b) test if these
transmission factors act on both the production and perception of prosodic features, c) test if
these factors can account for actual diachronic changes of prosodic patterns and d) discuss
similarities and differences of prosodic patterns in human languages and non-human tetrapod
vocalizations. Overall, these projects contribute to clarifying the role of prosody during
language transmission and change, and thus address the interaction of biological and cultural

factors in language evolution and change.
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7. Methodological choice — an interdisciplinary dissertation project

This thesis pursues an interdisciplinary approach and uses a mix of methods to address its
research questions. The first project of the thesis is a literature review on voice modulatory cues
in human and non-human tetrapod vocalizations (Chapter 1). It is followed by the empirical
investigation of a) natural and artificial languages, b) synchronic and diachronic data, and c)
production and perception data: in the second project (Chapter 2), I conducted an artificial
language learning experiment on the perception of different prosodic patterns. Artificial
language learning is widely established and highly informative in the study of language
learning, language transmission and language evolution (Culbertson & Schuler, 2019; Kirby et
al., 2008; Saffran, Aslin, & Newport, 1996; Smith et al., 2017). In the third project (Chapter
3), I used methods from empirical aesthetics, which have previously mostly been used for visual
stimuli (Leder, Ring, & Dressler, 2013; Skov & Nadal, 2020), and innovatively apply them to
acoustic stimuli. This involved the collection of valence ratings of prosodic patterns in an
artificial language. In the fourth project (Chapter 4), I collected high quality speech recordings
of English native and non-native speakers, inspired by methods from phonetics and second
language research (Munro & Derwing, 1995; Piske, MacKay, & Flege, 2001; Robinson & Ellis,
2008; Styler, 2017) and analyzed the pauses that speakers made. In the fifth project (Chapter
5), 1 investigated occurrence frequency effects in diachronic corpus data (Diessel, 2007,
Honeybone & Salmons, 2015; Stefanowitsch, 2020). Using long-term historical language data
is ideal for testing if experimental findings on the production and perception of prosodic
features in present-day or artificial languages can also explain the historical development of
actual languages. This study also addresses how to gain insights on prosodic features, which

are normally spoken, from written corpus data.

Thus, in summary, I collected speech perception data, valence ratings, speech recordings and
diachronic corpus data, and the thesis combines methods from the fields of psycholinguistics,
empirical aesthetics, second language research, and diachronic corpus linguistics. Additionally,
it discusses findings from animal communication research. Theoretically, my dissertation is
based within a cognitive framework and is deeply rooted in evolutionary thinking, inspired by
biological evolution (Aldrich et al., 2008; Croft, 2002; Fitch, 2010; Pagel, 2017; Ritt, 2004;
Smith, 2006). This set of methods and theoretical frameworks addresses the role of prosody in
language evolution and change from different perspectives and therefore contributes to a more

complete picture of the role of prosody in language evolution and change.
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Abstract

Voice modulatory cues such as variations in fundamental frequency, duration and pauses are
key factors for structuring vocal signals in human speech and vocal communication in other
tetrapods. Voice modulation physiology is highly similar in humans and other tetrapods due
to shared ancestry and shared functional pressures for efficient communication. This has led
to similarly structured vocalizations across humans and other tetrapods. Nonetheless, in their
details, structural characteristics may vary across species and languages. Because data
concerning voice modulation in non-human tetrapod vocal production and especially
perception is relatively scarce compared to human vocal production and perception, this
review focuses on voice modulatory cues used for speech segmentation across human
languages, highlighting comparative data where available. Cues that are used similarly across
many languages may help indicate which cues may result from physiological or basic
cognitive constraints, and which cues may be employed more flexibly and are shaped by
cultural evolution. This suggests promising candidates for future investigation of cues to
structure in non-human tetrapod vocalizations.

Keywords

voice modulation, prosody, linguistic structure, cross-species comparisons, cross-linguistic
comparisons, speech segmentation

1. Introduction

Although human speech is often thought to be categorically different from non-human animal
vocal communication, many aspects of human acoustic communication are directly
comparable with that of other land vertebrates. These include both the vocal apparatus itself
and the main voice modulatory cues involved in vocal production.! In this review, we will
argue that voice modulatory cues are similar in the vocal communication of humans and other
tetrapods because of a) shared ancestry, resulting in a similar voice modulation physiology,
and b) shared functional bases, i.e. similar pressures for efficient communication, resulting in
similar cognitive processing due to domain-general mechanisms shared among species.

Voice modulatory cues that are shared and have similar functions in human and non-human
tetrapod vocalizations as well as cross-linguistically can be hypothesized to result from
anatomical, physiological and cognitive mechanisms that are evolutionarily conserved (1-3).
These include vocal tract anatomy or respiratory constraints, along with domain-general
learning constraints and/or cognitive production and perception constraints (e.g. attention and
memory; 1,4,5). In contrast, cues that are neither paralleled in other tetrapods’ vocalizations

! The terms “voice modulation” and “prosody” essentially describe the same concept, namely all kinds of vocal
dynamic modifications of acoustic parameters during production in humans and non-human tetrapods
(19,62,161). For the sake of consistency, we will use the term “voice modulation” throughout this review.
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nor cross-linguistically varied may rely on less evolutionarily conserved mechanisms and
therefore have larger potential to be shaped by cultural evolutionary processes. For example,
the learnability and transmissibility of vocal features to future generations of signalers may
not only be influenced by general mechanisms such as how easily the vocal features can be
processed, but also by the social environment (6—11). Thus, factors such as group identity,
community size or prestige may lead to different conventions of voice modulatory patterns in
different communities (12,13). In this review, we attempt to begin disentangling which voice
modulatory cues are the result of physiological constraints, of domain-general cognitive
mechanisms, and of species- or language-specific conventions and learning pressures, aiming
to contribute to the understanding of voice modulation in general evolutionary and cognitive
terms.

Because this is a very large research program, our review will cover only some specific
aspects of voice modulation. In the first section, we compare different voice modulatory cues
across human speech and tetrapod communication, including pauses, fundamental frequency
and syllable/unit duration. We discuss similarities and differences in the physiological
mechanisms underlying these cues, and then discuss how the effort of producing and
perceiving them may be linked to functional pressures in the environment. In the second part
of the review, we take a comparative approach across languages, comparing if different voice
modulatory cues used for speech segmentation are similar between or differ among various
human languages. Especially regarding the many voice modulatory cues for which animal
data remains scarce, comparisons between different human languages may provide valuable
insights as to whether the physiological and cognitive mechanisms behind those cues are
species-typical (and therefore may be evolutionarily conserved and domain-general), or more
flexible language-specific. Finally, our review will identify research gaps and suggest avenues
for further research that may help more clearly reveal the underlying physiological and
cognitive mechanisms underlying the realization of different voice modulatory cues.

Overall, our comparison between voice modulatory cues in tetrapod vocalizations and across
various human languages will show that biological evolution can constrain cultural evolution,
and that many of the structures and cues widely used in human speech rely upon basic
acoustic and cognitive mechanisms that humans share with other tetrapods.

2. Voice modulation physiology and constraints on vocal production

Humans and other tetrapods share many similarities in the physiological mechanisms used to
produce vocal signals. Multiple similarities result from shared respiratory mechanisms, which
in turn result from shared ancestry during biological evolution (14,15). Most tetrapods,
including humans, produce vocal signals in a two-stage process: first, a source generates
acoustic energy using an airflow from the lungs. This source is the larynx in most tetrapods
and the syrinx in birds, and consists of vibrating tissue that creates sound by oscillating at a
particular rate termed the fundamental frequency (f, hereafter). This source signal is then
filtered in the supralaryngeal vocal tract (upper respiratory tract) via multiple formant
frequencies that act as a series of bandpass filters, attenuating or enhancing certain frequency
ranges. The actual vocal output fuses these two components (source and filter), which are
mostly independent, meaning that £, can freely vary independent of formants and vice versa.
This process, summarized as the source-filter-theory of vocal production, is shared by humans
and most other tetrapods (16—19), with the exception of toothed whales (20) and certain
whistle vocalization (e.g., in rodents; 21). This shared physiological basis of vocal production
leads to many similarities in both the production and the acoustic output of humans and other
tetrapods. Nonetheless, while constrained by physiological production mechanisms, voice
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modulatory cues can to a certain extent be flexible, and dynamic modifications of particular
acoustic parameters can provide structure to the vocal output. Specific voice modulatory cues
and the extent to which they can vary (Tab. 1) are reviewed below. In particular, we focus
mainly on three cues that are well-investigated with regard to speech segmentation across
human languages and will therefore be most relevant for the later sections of this review:
pauses, pitch and durational cues.

Table 1. Voice modulatory cues in human and non-human tetrapod vocal signals, including
the physiological factors which constrain them, and the specific ways in which they vary.

Shared voice modulatory cues
in human and non-human constrained by variation
tetrapod vocal signals

number, duration,

Pauses lung capacities, respiration .
position
. subglottal pressure, length | magnitude; location of
Fundamental frequency (pitch) of vibrating tissue modulation
Duration of syllables/units lung capacities, respiration magnitude; logatlon of
modulation
. . effort with which air is magnitude; location of
Intensity/amplitude (loudness) pushed from the lungs modulation
hysiology of the vocal different sound
Voice quality: formants, Py gy o qualities (timbre) and
tract, flexibility to move
overtones and spectral envelope . speech sounds (e.g.
articulators
vowels)
shape of the vibrating tissue, masr}llr;ereo(ff\;ﬁ)gatllggaaind
Voice quality: glottal pulses effort with which air is P g
pulses (e.g. breathy
pushed from the lungs voice)

2.1 The physiology of pauses

Amongst the most distinctive voice modulatory cues are pauses in the vocal signal, which
often result from the need to breathe via alternating between exhaling and inhaling. Typically,
tetrapods vocalize during exhalation, and vocalizations pause during inhalation. However,
some non-human tetrapods vocalize during both exhalation and inhalation, and thus do not
need to pause during vocalization (e.g. donkey braying, chimpanzee pant hoots, or howler
monkey howling, during which inhaling vocalizations are shorter than exhaling vocalizations,
but similar in terms of structure and amplitude; 22). Humans are also capable of ingressive
vocalizations such as gasps and chuckles, but these usually do not replace respiratory pauses
and are less flexible in encoding meaning than egressive vocalizations (23—25). While pauses
in tetrapods result from the same physiological mechanism, i.e. respiratory pausing, and are
thus constrained by the individuals’ lung capacities, they can also vary in their specific
realizations. For example, pauses can differ in their duration, number, and their position in the
vocal stream. Because of this flexibility, tetrapods, including humans, can use pauses to
structure the vocal signal in many different ways (26). For example, birdsong is structured
into units commonly termed “syllables” that are separated by short pauses during which rapid
inhalation — “mini-breaths” — occur (27).

2.2 The physiology of duration
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The duration of phonation at the source can induce durational and rate variations in the vocal
output. These durational variations can extend over different domains of the vocal output,
such as individual sounds, individual syllables/units or larger stretches of vocalizations
(28,29). This can, for example, lead to different rhythmic patterns, to differences in
vocalization tempo, or to distinctive vowel sounds in human speech, where phonemic
distinctions between long and short durations are frequent. Duration of one syllable can also
disambiguate neighboring phonemes, as exemplified in the American English words /adder
(/ee/ longer) and latter (/e / shorter), which only differ in their vowel length (30). Human
speech sounds that differ in their vowel quality (determined by formants), such as the vowels
in the English words feet and fit, may also have distinctive lengths. Again, physiologically,
durational variations are limited by the individuals’ breathing capacities, but below that
capacious limit, duration can be varied more or less flexibly to give structure to the vocal
output of humans and most non-human tetrapods alike.

2.3 The physiology of pitch

Vocal signals are further characterized by the vibration rate of the vibrating tissue, which
determines the signals’ f;, often termed pitch in the speech literature (18). Typically, in
tetrapods, f, is influenced both by subglottal air pressure and by muscles that regulate the
length and tension of the vibrating tissues, i.e. the vocal folds in non-avian tetrapods and the
syringeal membranes in birds (31-33). By modulating these two factors, pitch can vary within
and between vocal signals. To increase pitch, individuals can either increase the subglottal air
pressure or the tension of the vibrating tissues. Both of these options require increased effort
(see section 2), and can provide diversity and structure to vocal signals. For example,
typically, on the level of syllables, an increase in pitch signals emphasis (‘stress’ in the speech
literature), whereas pitch modulation on the phrase level can function as a boundary signal
(34-37). Again, the effort required for pitch modulation, and physiology such as the
dimensions of the vibrating tissues, limit the pitch range that can be realized. However, within
that range, pitch can be employed flexibly to structure the vocal signal differently, as
evidenced by different stress patterns observed in different languages (38).

Fundamentally, tetrapods share these voice modulatory cues because of their shared vocal
production physiology, which in turn results from their shared ancestry. Nonetheless, the
specific uses and manifestations of these cues can vary considerably across species and
languages. For example, species, languages and individuals may differ in when and where
they make pauses, when and where pitch rises and falls, or which segments they lengthen or
shorten. One useful principle for categorizing and understanding this variation in vocal

signals is based on the effort it takes to place emphasis in the vocal signal, using various voice
modulatory cues. Thus, the following section will address emphasis and effort in the
production of vocal signals, how they are influenced by functional pressures, and how this can
lead to cultural evolution of prosodic patterns.

3. Emphasis and effort

It seems intuitively obvious that vocal signals can carry emphasis, and that this requires effort.
In particular, it takes more effort to produce emphasized or stressed, i.e. louder, longer and
higher pitched, syllables than non-emphasized or unstressed ones. However, despite a
common assertion that producing certain voice modulatory cues is more “energetically
efficient” than producing others (39—43), the exact metabolic costs needed to produce and
process these cues have rarely been systematically compared. In fact, several studies have
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shown that vocalizing is not very costly in terms of oxygen, glucose or ATP needed (44-48).
Thus, although it is clear that tensing muscles requires energy consumption, the costs
involved in contracting the tiny muscles controlling source characteristics like fy may not be
appreciable relative to an organism’s overall energy budget. Respiratory muscles are larger
and potentially more energy consuming, but they need to be constantly working to serve
respiratory functions, independent of vocalization. The relative cost of increased vs. decreased
pitch or duration during normal speech and frequently produced animal vocalizations will
represent an even smaller proportion of net energy expenditure.? Finally, the cost of neuronal
firing involved in producing or perceiving vocalizations is real, but also very difficult to
quantify using current methods. Therefore, at present, we have little choice but to adopt an
intuitive definition of “effort”, which can manifest in dynamic effort, i.e. muscular effort for
moving the articulators, and neural control effort, i.e. cognitive effort for planning, producing
and processing voice modulatory cues. The term “stress” is used in phonology essentially as a
catch-all term, connoting effort and emphasis, but not grounded in detailed syllable-by-
syllable measures of expended effort.

How much effort senders will invest in emphasizing vocalizations is largely driven by an
interplay of the functional pressure for successful versus efficient communication (40,49).
These pressures may also influence which parts of the signal are emphasized. Emphasis can
either extend over the whole signal (e.g. louder vocalizations in noisy environments) or be
specific to certain elements of the signal (e.g. stressing certain phrases or syllables); the latter
should be more energetically efficient, so we may expect organisms to vary cues across a
vocal stream in many cases, as humans do with speech.

One well-studied example where signals are emphasized in their entirety is the so-called
Lombard effect: both humans and other tetrapods, including non-human primates, birds and
whales tend to vocalize louder and with a higher pitch, i.e. with an increased effort, when
there is more background noise (45—49). When background noise in the environment is
reduced, signalers return to vocalizations that need less effort and decrease their pitch and
intensity. A recent example in birdsong occurred when traffic reductions during the Covid-19
pandemic resulted in lower-frequency bird vocalizations, showing that signalers can flexibly
adapt their vocalizations to functional pressures in the environment (55).

Further examples of signals with emphasized elements include rhythmic vocalizations and
stress or intonation patterns. This kind of emphasis needs both dynamic and cognitive effort
on the side of the sender, but creates structure in the signal, which may reduce error, combat
habituation, or facilitate meaning encoding and processing on the side of the listener (56). The
complex interplay of pressures acting on the sender and receiver may lead to variation in
vocal signals that is not fixed genetically but influenced by current properties of the
environment (6,7) and shows that once individuals begin to produce vocal cues, there is an
opportunity to modulate them. Furthermore, in species which learn their vocalizations (e.g.
birdsong or human speech), small production or perception biases for or against certain voice
modulatory structural patterns in a certain environment may be amplified over generations of
speakers (6). This may lead to a process of cultural evolution, and can result in within-species
variation in structural patterns of vocalizations as exemplified by different human languages
or different dialects in other tetrapods’ vocalizations (57,58).

2 Note that respiratory muscles may induce higher energetic costs in very loud, high or long vocalizations such
as such as during human singing and oratory, or mammalian roaring contests or infrasonic long-distance calls.
Because subglottal pressure is an important factor determining both fp and sound intensity, very loud and high-
pitched vocalizations may require more respiratory effort than normal breathing and vocalization. In addition,

very long syllables may disrupt the natural respiratory rhythm.
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Thus, overall, how exactly the different voice modulatory cues are utilized varies within
physiological constraints, and results from a balancing act between communicating
successfully, but with low effort. This in turn depends on functional pressures of listeners and
environment, which can vary between different species and languages, and may include
factors such as cultural evolution. How exactly different species and different linguistic
communities deal with different functional pressures depends both on domain-specific factors
such as auditory salience, domain-general cognitive constraints such as memory and attention,
but also on more flexible constraints such as social factors. All of these factors will combine
to constrain the range within which the different voice modulatory cues can be realized and
determine the actual vocal output seen in a language or a species.

4. What we can learn from comparing voice modulatory cues across human languages

Different realizations of voice modulatory cues have been heavily investigated in human
languages, but similar investigations in non-human tetrapod vocalizations are comparatively
scarce and less systematic. Over the last decades, bioacoustics has made considerable
advances in the investigation of non-human tetrapod vocal production, but research on the
perception of voice modulatory cues in non-human tetrapods is still in its infancy (59,60). It is
especially difficult to reach firm conclusions about the communicative meaning of voice
modulatory structures found in non-human tetrapod vocal signals, given how few cues and
species have been systematically investigated.

Therefore, the remaining sections of this review will mainly focus on the comparison of voice
modulatory cues across human languages, and specifically the voice modulatory cues that
help listeners to segment continuous speech into words. When voice modulatory cues are
realized similarly across human languages, this suggests that fundamental physiological
constraints or basic cognitive mechanisms may be responsible for these patterns (1-3), and
that therefore, due to their shared ancestry, similar cues may also be prevalent in non-human
tetrapod vocalizations. We suggest that such patterns may be provide starting points for
investigating modulation in tetrapod vocal signals. In contrast, cues that differ across different
linguistic communities may be largely influenced by different functional pressures in the
environment and by cultural evolutionary processes, and therefore are more likely to also
differ across tetrapod vocalizations.

Comparing voice modulation across human languages and non-human animal vocalizations,
and using similarities and differences between them to draw conclusions about the
evolutionary roots of vocal communication is not new (61-65). Similar approaches have
already been proposed, for example, by Morton (63,64), who suggested that high and low
pitch vocalizations signal similar emotions and attitudes across languages and species. Across
species, a low pitch signals largeness, dominance and self-confidence whereas a high pitch
signals smallness, submissiveness and prosociality. Ohala (66) suggests that this biological
grounding helps to explain prosodic patterns that are consistent across human languages such
as a final pitch decrease in declarative statements (i.e. utterances signaling dominance and
self-assurance) and final pitch increase in questions (i.e. utterances signaling insecurity,
submissiveness and need).

Past approaches typically either avoid detailing the specific acoustic cues (65), or treat these
cues as fixed for a particular sound class (e.g. low-pitched growls and high-pitched whines).
Our goal below is to call attention to how dynamics within a call can play a role in structuring
acoustic signals, and to investigate the specific acoustic parameters varied. Furthermore, our



approach extends previous proposals by highlighting the importance of listener-associated
cognitive factors, such as perceptual salience, memory, attention and learnability of prosodic
patterns, for biological and cultural evolution. Finally, our proposal captures a more diverse
range of prosodic patterns than previous accounts. In contrast to Ohala (66), who explained
prosodic patterns by primarily drawing on emotional communication, our account attempts to
explain a more diverse set of linguistic structures and meanings.

5. Structure in human languages: the speech segmentation problem and cues to solving
it

One crucial first step in the acquisition of linguistic structure is the segmentation of fluent
speech into words, before the words’ meaning is known. This so-called speech segmentation
problem is most acute for infants learning their first language, but also concerns second
language learners. For adults, the challenge is particularly evident when they try to identify
distinct words while listening to an unfamiliar foreign language (67—69). Nevertheless,
language learners eventually master the speech segmentation problem easily. This is because
they implicitly use various cues in the speech stream to identify patterns and regularities,
which in turn helps them to extract words. Such cues may also play a role in complex
sequence learning in bird or whale song (e.g. 70), but this possibility remains little explored.

Speech segmentation is a challenge that speakers of all human languages have to face and that
is therefore well suited for cross-linguistic comparisons. Over the last decades, cues used in
human speech segmentation have been the subject of a large body of research in a variety of
different languages such as English (71-75), German (76—79), Italian (77,78,80), French (73),
Dutch (73), Spanish (78,81), Portuguese (82), Basque (78), Japanese (72), Cantonese,
Mandarin and Russian (83). This makes it possible to compare the characteristics of speech
segmentation cues across languages, answer questions about more general physiological and
cognitive mechanisms that are necessary to create and process linguistic structure and identify
functional pressures in the respective environments. Amongst the cues that have been
identified to be very important for speech segmentation and creating linguistic structure are
transitional probability cues (“statistical learning”), and the voice modulatory cues that are
our focus (e.g. 67,72-74,84-91).

Transitional probability cues are based on listeners tracking the co-occurrence frequencies of
syllables in vocal input (74,92; see 93 for a meta analysis). For example, when hearing the
sound sequence pretty#baby, listeners can infer that pretty and baby are distinct words
because the syllables pre and 7y as well as ba and by also co-occur in other sequences such as
pretty#girl or lovely#baby. In contrast, ¢y and ba co-occur less frequently and can therefore be
assumed to span a word boundary (94). Speakers of a wide variety of languages have been
demonstrated to use such transitional probability cues for language acquisition in similar ways
(English: e.g. 71-75; German: 76-78; Italian: 77,78,80; French: 73; Dutch: 73; Spanish:
78,81; Portuguese: 82; Basque: 78; Japanese: 72). Notably, producing different speech sounds
and syllable identities, is itself a form of voice modulation, and is a prerequisite for syllable
creation and thus for tracking transitional probabilities. Specifically, individual vowels and
consonants are created by moving the articulators, which leads to different formant frequency
patterns (cf. Tab. 1; 95). While different languages have different speech sounds (38,96), the
cross-linguistic ability to modulate the voice in a way that produces different speech sounds is
crucial for the cross-linguistic use of transitional probabilities for speech segmentation.

Using transitional probabilities to infer characteristics of a signal appears to be a very general
behavior since in basically any domain of action, including animal vocalizations, certain
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events are more likely to follow each other than others (97,98). In humans, the identification
of transitional probability cues appears to be based on a domain-general cognitive
mechanism, namely statistical learning (99—102). Furthermore, statistical learning is not a
uniquely human cognitive mechanism, and also other species have been demonstrated to use
it to deduce signal structure (103). These can even apply across species, for example many
non-human animals form associations between heterospecific alarm calls and the presence of
a predator (104,105). Also, vocal learning in non-human animals, most notably in birds, is
suggested to be supported by statistical computations, although the precise mechanisms
behind it are not yet fully understood (103). It thus seems likely that both humans and many
non-human tetrapods rely on a combination of statistical learning and acoustic modulations
when learning the structure of their species-specific sound sequences.

Statistical learning is a very general and prominent perceptual and cognitive skill. However,
in human languages, voice modulatory cues in the speech stream, such as pauses, or
variations in fundamental frequency, syllable duration or intensity (which create word stress,
speech rhythm or intonation), can be processed more easily than statistical cues, and therefore
have more significant effects on speech segmentation (67,75,79,80,90). However, since voice
modulatory cues come in many different realizations and can have many different functions
(106), their overall role in signaling linguistic structure, and the cognitive mechanisms needed
for processing them, are less understood. While some voice modulatory cues are realized and
processed similarly across languages (e.g. 72), others are subject to cross-linguistic variation
(e.g. 73,78). This raises the question how much the realization and processing of voice
modulatory cues is determined by domain-general cognitive or physiological constraints, and
how much these cues may be shaped by cultural evolution.

6. Cues to speech perception: when voice modulatory cues count more than transitional
probability cues

The efficiency of different voice modulatory cues for speech segmentation has traditionally
been tested in artificial language learning experiments (74). In these experiments, participants
are exposed to several minutes of a continuous stream of nonsense speech, consisting of
randomly concatenated invented pseudo-words. Listeners can infer from the transition
probabilities between syllables which syllable combinations are “words” of the artificial
language and can segment these items from the stream. To test the influence of voice
modulatory cues on listeners’ segmentation performance, voice modulatory cues are added at
different positions to the speech stream and it is measured how this changes listeners’
perception of words in the stream.

In such artificial language learning experiments, voice modulatory cues added to continuous
speech on the word (e.g. 72,73,79) and phrase level (e.g. 107—110) typically enhance speech
segmentation compared to transitional probability cues only. Crucially, these cues facilitate
speech segmentation most effectively when they converge with the transitional probability
cues in the speech stream, i.e. when the voice modulatory cues sound as “natural” to the
listeners as they do in natural speech. In contrast, when voice modulatory cues are designed to
conflict with the transitional probability cues in experimental settings and sound “unnatural”
to the listeners, voice modulatory cues disrupt speech segmentation or even override the
transitional probability cues (67,75,79,80,90). Whether voice modulatory cues at certain
positions in the speech stream sound natural or unnatural with respect to the transitional
probability cues depends both on language-universal cognitive predispositions such as
attention, perception or preferences in pattern recognition, and on language-specific word
stress patterns typical of the listeners’ native languages (72,73,80).
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Crucially, many artificial language learning studies tested the influence of language-specific
word stress on speech segmentation by using a combination of different voice modulatory
cues (73,77,80). For example, stress cues dominated transitional probability cues when they
were implemented as a combination of longer duration, higher pitch and higher intensity of
stressed syllables (67,75,90). While using a combination of different voice modulatory cues
closely simulates natural languages (69,90,91), it does not tell anything about the effects of
the individual voice modulatory cues in isolation. However, since different voice modulatory
cues have different physiological origins and may be cognitively processed and culturally
transmitted differently, investigating them separately can reveal more about the functional
pressures acting on linguistic structure (80,87).

Several studies have already addressed the role of voice modulatory cues in isolation. These
studies suggest that pauses and lengthening serve as language-universal signals for word-
finality (e.g. 72,73,77,78,84,87,111; but also: 80,112). In contrast, pitch increase is suggested
to be the main perceptual correlate of word stress and is therefore processed differently by
speakers of different languages (67,73,77,113). Speech segmentation studies investigating
other prosodic cues such as intensity or voice quality are comparatively rare (87,114), which
is why our review below focuses on pauses, durational and pitch modifications.

7. Pauses

Pause cues typically result from the physiological necessity to breathe, but pauses could in
principle be expressed at different positions in a vocal signal, or differ in number and
duration. Still, in practice, pauses are realized in strikingly similar ways across human
languages. Language-universally, pauses are realized at the end of sentences or phrases but
hardly ever occur within phrases or within words (26,115). This is further supported by
second language learning studies finding that second language learners have hardly any
problems acquiring pause characteristics typical of their second language (116,117). Thus,
while in principle, pauses could occur anywhere within the breathing range, it is most
probable that domain-general cognitive processing mechanisms constrain them to occur at
specific positions in the vocal output — namely at those positions where they structure the
vocal output most efficiently and with the least processing effort.

This, and their perceptual salience may explain why pauses are very effective for speech
segmentation and outrank other cues in speech segmentation experiments (79).

In animal vocal signals it is challenging to determine whether pauses occur between or within
phrases because units and phrases in animal vocalizations are less clearly defined (118). Still,

because of their shared ancestry with humans, it can be expected that in non-human tetrapods’
vocalizations, pauses manifest similarly, i.e. at the end of phrases or units. This is why pauses
are often used by researchers to determine units in non-human tetrapod vocalizations (119).

8. Final lengthening as a cross-linguistic segmentation cue

One reason why final lengthening may serve as a language-independent speech segmentation
cue is that language-universally, sentence-final or phrase-final elements are lengthened in
everyday speech production (26,73,120—123). The evolutionary origins of final lengthening
are that at sentence or phrase boundaries, speakers need to switch from exhaling to inhaling,
leading to a pause, and that it takes less effort to slow articulators down before a pause than to
stop them abruptly (124—128). Similar patterns can also be observed in movements in other
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domains than vocalization. For example, also runners decelerate their movements before
stopping (129). This mechanistic factor seems like a good candidate for a factor that could
play a role across languages, and in other species’ vocal communication systems: a potential
universal in vocal communication.

Because kinematic articulatory constraints result in lengthened syllables before sentence or
phrase boundaries, listeners may have learned to associate lengthening with boundaries and to
exploit it as a cue for speech segmentation (130). In turn, speakers may have started to
intentionally use lengthening to indicate boundaries in the speech stream, also at positions
where they did not pause (131). Via cultural transmission, this may have resulted in final
lengthening becoming a conventionalized but still language-universal boundary signal (132).
Because final lengthening is used as a convention for indicating boundaries cross-
linguistically, it can be assumed that besides the articulatory constraints that speakers of all
languages face equally, its transmission and processing is based on domain-general cognitive
constraints.

This notion is supported by the putatively language-independent lambic/Trochaic Law (=
ITL; 133-137), which states that cross-linguistically, listeners group sounds with longer
duration as sequence-final (iambic grouping). Although the ITL focuses on disyllabic words,
it can also be generalized to trisyllabic words, suggesting that domain-general cognitive
mechanisms may be responsible for this flexibility (72,79). Still, recently, there has also been
evidence that the perceptual groupings of sequences of syllables with variable duration may
be shaped more by cultural variation than previously assumed (80,138—140). Interestingly, the
ITL not only applies to linguistic stimuli, but also to tone sequences (114,136) or visual
patterns (141). This further supports the idea that final lengthening as a signal to linguistic
structure and thus to low-effort communication results from general cognitive processing
mechanisms that also apply to non-linguistic stimuli.

Since deceleration before pauses occurs across various human movements (129) and final
lengthening is perceived as a boundary signal across different sensory domains, the
mechanisms behind it seem likely to be evolutionarily old. Because of their shared ancestry
with humans, a similar vocal tract physiology and similar energetic constraints, final
lengthening and its perception as a boundary signal are promising targets for investigation in
non-human tetrapods, and there is already some evidence for final lengthening in birdsong
(142,143). Such a cue could play an important role, for example, in structuring turn-taking
exchanges between individuals (144,145). However, to our knowledge, there is no current
evidence that non-human tetrapods use final lengthening as a boundary cue at a perceptual
level, and when listening to human speech, rats do not appear to group syllables varying in
duration according to the ITL (137). Research with other tetrapods is badly needed to further
examine this potential universal.

9. Pitch cues as language-specific segmentation cues

In multiple speech segmentation experiments, similar pitch modifications led to different
segmentation patterns in speakers of different native languages (73,77). For example, word-
initial pitch increase facilitated speech segmentation for native speakers of English, whereas
word-final pitch increase facilitated speech segmentation for native speakers of French. These
patterns are consistent with the typical stress placements of these languages (73,146).

One explanation why duration and pitch are used differently for speech segmentation is that,
potentially, pitch is used as a more reliable cue for the perception of word stress than duration.
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In speech production, stressed syllables are characterized by a co-occurrence of higher pitch
and longer duration, and interestingly, cross-linguistically, duration seems to be a more
consistent marker of word stress than pitch (80,147; but also: 73 for French and English).
Still, while being an important acoustic correlate of word stress, lengthening at the same time
occurs at boundaries (as discussed in the previous section) and most likely, this durational
increase is larger and more consistently applied than that at stressed syllables (124). As a
result, during perception, to avoid ambiguities, listeners may rely on lengthening for
perceiving boundaries, but rather focus on pitch for perceiving word stress (73,79).

In general, listeners may need to be more flexible in the perception and cognitive processing
of pitch variations compared to durational variations. In natural speech, pitch as a signal for
word stress varies more than duration as a signal for sentence or phrase finality, for example
because of loan words with non-typical stress patterns (148—150). In addition, intonation
patterns are variable and depend for example on speaker emotions, attitudes, grammatical
structure and focus (151). Also, while sentence-final pitch decrease in declarative sentences is
common across languages (109,122,152), listeners may equally encounter sentence-final pitch
increase in yes-no questions. Therefore, overall, pitch may be a less consistent (39,153—155)
and less informative cue during speech segmentation than lengthening. This may explain why
neither word-final pitch decrease (79) nor increase facilitated speech segmentation
(73,77,156) in artificial language learning experiments, unless for speakers of languages with
word-final stress (73,146).

According to the ITL (135,137,157-159), listeners perceive sounds with a higher pitch in
sequence-initial positions (trochaic grouping). Interestingly, rats similarly group sequences
that vary in pitch as trochees (137). However, apparently, this perceptual grouping does not
play a big role for speech segmentation, since cross-linguistically, a word-initial higher pitch
has facilitated speech segmentation in artificial language learning experiments only
inconsistently (73,79,80,156). It can therefore be inferred that the ITL for pitch does not
systematically generalize from disyllabic to trisyllabic words, but pitch is instead processed
more flexibly.

The apparently rather flexible processing of pitch may result in weak production, perception
or learning biases amplifying pitch cues in different directions during the cultural
transmission of languages. This may in turn lead to different stress patterns in different
languages, making pitch a less reliable signal for speech segmenation than duration. While
still originating from basic cognitive processing mechanisms, the cognitive and physiological
structures responsible for pitch processing are therefore suggested to be less conserved than
those responsible for duration processing. This may have constrained the cultural evolution of
pitch cues to linguistic structure less than that of durational cues. Thus, functional pressures
for structured signals may hold equally across languages, but how exactly this linguistic
structure is archieved, can vary cross linguistically.

While lexical stress patterns vary across languages and it can be assumed that similar
variation should be expected in other tetrapod vocalizations, utterance-final pitch decrease in
declarative statements is common across many languages (37,109,122,152). One reason for
this declination may be that the articulators, in this case the vibrating tissues, are slowed down
before being brought to a halt, and this lower vibration rate of the tissues leads to a lower
pitch (160). A functional reason may be that pitch declination facilitates turn taking and thus
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decreases communicative effort’. These physiological and functional constraints are shared
across species, which is why pitch declination may be an interesting target for investigation in
non-human tetrapod vocal signals. Indeed, there are some indications for final pitch
declination and turn taking in vervet monkeys and rhesus macaques (36). Investigating other
species for final pitch declination could further corroborate the hypothesis that a shared
ancestry drives similarities in pitch realization and processing in humans and non-human
tetrapods.

10. Conclusions and outlook

Summarizing, our review of human speech modulation shows that fo, duration and pauses are
typically used in systematic ways across languages to help structure the speech signal, but that
there is nonetheless considerable variation across languages in the details. Voice modulation
can, in many cases, provide cues to structure that are more salient and effective to listeners
and learners than statistical measures over the vocal units (e.g. sequential transition
probabilities), and can work together with such statistical information or in some cases
override it. Thus, although such statistical cues are important (and can be readily computed in
animal signals like bird or whale song), they obscure the importance of voice modulation as a
key factor in structuring animal communication signals.

How language- or species-specific and cross-linguistic and cross-species cues interact
certainly warrants further research. In those cases where comparative information is available,
it suggests that the cues used to indicate structure in the speech signal are both present in
vocalizations of other species (unsurprising given their fundamentally similar production
mechanisms) and also can be used in similar ways (e.g. phrase final lengthening in speech and
birdsong). Nonetheless, there is currently far too little comparative data to allow any clear
conclusions about the degree to which human-typical cues to structure are also used by other
species. More research in this area — what we might term “animal phonology” — is needed to
evaluate whether there are broad phylogenetic generalizations to be made, as we have
hypothesized here. A rich comparative analysis of these issues could be expected to shed light
not just on the evolution of communication across vertebrates, but also about the phylogenetic
origins of universals in human speech production and perception.
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A prerequisite for spoken language learning is segmenting continuous speech into
words. Amongst many possible cues to identify word boundaries, listeners can use
both transitional probabilities between syllables and various prosodic cues. However, the
relative importance of these cues remains unclear, and previous experiments have not
directly compared the effects of contrasting multiple prosodic cues. We used artificial
language learning experiments, where native German speaking participants extracted
meaningless trisyllabic “words” from a continuous speech stream, to evaluate these
factors. We compared a baseline condition (statistical cues only) to five test conditions,
in which word-final syllables were either (a) followed by a pause, (b) lengthened,
(c) shortened, (d) changed to a lower pitch, or (e) changed to a higher pitch. To
evaluate robustness and generality we used three tasks varying in difficulty. Overall,
pauses and final lengthening were perceived as converging with the statistical cues
and facilitated speech segmentation, with pauses helping most. Final-syllable shortening
hindered baseline speech segmentation, indicating that when cues conflict, prosodic
cues can override statistical cues. Surprisingly, pitch cues had little effect, suggesting
that duration may be more relevant for speech segmentation than pitch in our study
context. We discuss our findings with regard to the contribution to speech segmentation
of language-universal boundary cues vs. language-specific stress patterns.

Keywords: language learning, speech segmentation, prosody, statistical cues, word stress, pauses

INTRODUCTION

The Speech Segmentation Problem

When people begin acquiring a new language, a particular challenge is the segmentation of
fluent speech into words. This task is especially difficult because continuous speech lacks directly
accessible cues to word boundaries. Prominent acoustic cues, such as pauses, are rare and occur
only inconsistently (Cole et al., 1980; Saffran et al., 1996a; Cutler et al., 1997; Johnson, 2008). This
initial speech segmentation problem is most acute for infants learning their first language but is
also daunting for second language learners. For adults, the challenge is particularly apparent when
they try to identify discrete words in an unfamiliar foreign language (Johnson and Jusczyk, 2001;
Endress and Hauser, 2010; Erickson and Thiessen, 2015). Nonetheless, language learners eventually
master the speech segmentation problem with ease.

Experimental Paradigm and Study Rationale
The mechanisms and cues that potentially help language learners extract words from continuous
speech have been the subject of a large body of previous research on both infants and adults
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(e.g., Saffran et al., 1996a,b, 1999; Aslin et al., 1998; Johnson
and Jusczyk, 2001; Johnson, 2008, 2012; Johnson and Seidl,
2009; Tyler and Cutler, 2009; Johnson and Tyler, 2010; Hay
and Saffran, 2012; Frost et al., 2017). Most of this research used
the well-established “artificial language learning” paradigm
(Saffran et al., 1996a), which models natural language learning.
In this paradigm, listeners are exposed for several minutes to
a continuous speech stream of nonsense speech, generated by
concatenating invented trisyllabic pseudo-words in a random
order. Participants are subsequently tested on the recognition
of the intended pseudo-words, as opposed to “part-words”:
syllable sequences that occurred due to the juxtaposition of
two pseudo-words, which have lower transitional probabilities.
For example, listeners might hear the nonsense speech stream
... bakupo [fumesigonite bakupogonitefumesi...  and
infer the recurring trisyllables bakupo, , fumesi and gonite
as acceptable pseudo-words, while rejecting the part-words
kupodle, po or similar items because these syllables occur
in sequence less frequently (e.g., Saffran et al., 1996a; Figure 1:
1. Baseline condition). We will refer to these transitional
probabilities between syllables as “statistical cues” and the
“words,” i.e., the group of three syllables with the highest internal
transitions probabilities (bakupo, , fumesi, and gonite, in
Figure 1) as “statistical words” hereafter.

In this study, we adopted the general design above,
but added additional acoustic cues to the nonsense speech
stream to investigate how such changes influence listeners’
speech segmentation. For simplicity, our study focused on the
investigation of prosodic cues on word-final syllables. Thus,
durational changes and pitch changes were always implemented
on the final syllable of the trisyllabic statistical pseudo-words.
Our main aim was to investigate how various prosodic cues
such as pauses between statistical words, word-final lengthening,
word-final shortening, word-final pitch decrease, and word-
final pitch increase influenced which three-syllable groupings
German speaking participants segmented from the speech stream
as “words” (Figure 1: 2. Experimental conditions). Our second
aim was to test how potential language-universal cognitive
predispositions and/or language-specific word stress patterns
typical of the listeners’ native languages influence speech
segmentation in an experimental setting (Tyler and Cutler,
2009; Frost et al., 2017; Ordin et al., 2017). We tested German
speaking participants because German word stress patterns
(most trisyllabic German words are stressed on word-medial
syllables; Féry, 1998) contrast nicely with language-universal
prosodic boundary cues on word-final syllables (e.g., phrase-
final lengthening; e.g., Fletcher, 2010). If listeners attend to
language-universal prosodic boundary cues, adding such cues
to the last syllable of a three-syllable statistical word should be
perceived as converging with the statistical cues and therefore
should facilitate participants’ speech segmentation performance
(“cue convergence”). In contrast, if listeners interpret such cues
as German stress cues, i.e., if they interpret them as occurring
word-medially, the prosodic cues would indicate different word
boundaries than the boundaries indicated by the statistical cues.
Therefore, in this scenario, adding such prosodic cues to the last
syllable of a three-syllable statistical word should be perceived as

conflicting with the statistical cues. In this case, prosodic cues
would hinder speech segmentation based on statistical cues, or
even lead to different segmentation patterns than those expected
from attending to transition probabilities alone (“cue conflict”).
Thus, our paradigm not only compared different prosodic cues,
but also helps to disentangle whether adult participants tend to
use language-universal or language-specific prosodic cues during
speech segmentation. We will explain the study background
and our hypotheses in more detail below; see Figurel for
an overview.

Speech Segmentation Strategies and Cue
Types

Previous research provided abundant evidence that language
learners can draw on multiple sources of information for word
segmentation (Johnson and Jusczyk, 2001; Mattys et al., 2005;
Filippi et al., 2014; Mitchel and Weiss, 2014; Morrill et al.,
2015; Johnson, 2016; Sohail and Johnson, 2016), among which
“statistical cues” (i.e., transitional probabilities between syllables)
and prosodic cues are very prominent.

Using statistical cues present in the speech stream is a
very basic language-universal speech segmentation strategy. This
strategy is based on tracking transitional probabilities between
syllables, which represent the statistical likelihood that one
syllable directly follows another (e.g., Saffran et al, 1996a;
Aslin et al., 1998; Romberg and Saffran, 2010; Johnson, 2016).
Syllables that co-occur frequently are likely to belong to the same
word, whereas syllables that co-occur rarely usually span word
boundaries (Hayes and Clark, 1970; Swingley, 2005; Johnson and
Seidl, 2009; Hay and Saffran, 2012). For example, in the sound
sequence “principal component,” the transitional probabilities
from prin to ci to pal are higher than from pal to com because
prin, ci and pal also co-occur in other sequences including the
word principal, such as principal investigator, principal purpose
or principal reasons, whereas pal and com are only rarely
found in immediate succession (frequencies in the Corpus of
Contemporary American English: prin-ci: 114,277 occurrences,
ci-pal: 57,520 occurrences, pal-com: 1,065 occurrences; Davies
2008). Cross-linguistically, listeners are able to track these
statistical relationships, and use them to infer which sound
sequences constitute words (Saffran et al., 1996a; Aslin et al.,
1998). Still, considerable evidence suggests that statistical cues,
while powerful, are not the only information that listeners use to
segment speech into words (Morgan and Saffran, 1995; Johnson
and Jusczyk, 2001; but also: Thiessen and Saffran, 2003; Johnson
and Seidl, 2009; Endress and Hauser, 2010; Johnson and Tyler,
2010; Johnson et al., 2014).

Prosodic cues linked to word stress or word boundaries can
provide important additions to statistical cues, and typically
enhance speech segmentation performance in infants (e.g.,
Morgan and Saffran, 1995; Mattys et al., 1999; Johnson and
Jusczyk, 2001; Thiessen and Saffran, 2003; Seidl, 2007; Johnson
and Seidl, 2009) and adults (e.g., Cutler, 1991; Saffran et al,,
1996b; Endress and Mehler, 2009; Endress and Hauser, 2010;
Frostetal., 2017). Furthermore, phrasal prosody (e.g., Christophe
et al., 2004; Gout et al., 2004; Shukla et al., 2007; Mueller et al.,
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1. BASELINE CONDITION

People hear a continuous speech stream of an artificial mini-language and report which items they perceive in the stream.

...bakupo fumesigonite bakupogonitefumesi...

predicte isteners attend
etc. to transition probabilities
between syllables

STATISTICAL WORDS

PART-WORDS 1-2

PART-WORDS 2-1

Prediction: People perceive statistical words rather than part-words because they occur more often in the speech stream.

2. EXPERIMENTAL CONDITIONS

People hear the speech stream with a prosodic change added to the final syllable of each statistical word. Which items will they perceive?

Prediction: People perceive different prosodic changes on different syllables of a word. Depending on the type of prosodic change (pause, lengthening, shortening,

pitch increase, pitch decrease), this will augment their perception of statistical words, or will bias listeners toward the perception of part-words instead.

a) Pause condition

...bakupo fumesi gonite bakupo gonite fumesi...
predicted if listeners interpret
pause perceived pauses as language-
te.
STATISTICAL WORDS e word-finally universal boundary cues
pause perceived predicted if listeners perceive
PART-WORDS 1-2 € after word-initial syllable pauses word-internally
- - pause perceived predicted if listeners perceive
PART-WORDS 2-1 €S after word-medial syllable pauses word-internally
b) Lengthening condition
...bakupo fumesigonite bakupogonite fumes
p if li interpret
STATISTICAL WORDS l:l ete. lengthening perceived a5 a language-universal b:undary cue and
word-finally attend to the Iambic/Trochaic Law (-> Fig. 2)
lengthening perceived predicted if listeners interpret
PART-WORDS 1-2 ete. word-initially lengthening as word-initial

predicted if listeners interpret
lengthening as a language-specific
indicator for German word stress

lengthening perceived

PART-WORDS 2-1 word-medially

c) Shortening condition

...bakupo fumesigonite bakupogonite fumesi...
shortening perceived predicted if listeners interpret
STATISTICAL WORDS ete. word-finally shortening as a boundary cue
shortening perceived predicted if listeners interpret
PART-WORDS 1-2 ete. word-initially shortening as word-initial
shortening perceived predicted if listeners interpret
PART-WORDS 2-1 etc. word-medially shortening as word-medial
d) Lower pitch condition
...bakupo fumesigumte bakupogomtefumesi...

_ predicted if listeners interpret
etc. lower pitch perceived pitch decrease as a
d-finall i boundary cue

STATISTICAL WORDS

lower pitch perceived predicted if listeners interpret
PART-WORDS 1-2 ete. word-initially pitch decrease as word-initial
PART-WORDS 2-1 e, lower pitch perceived predicted if listeners interpret
word-medially pitch decrease as word-medial
e) Higher pitch condition
...bakuP©@ fumes'gomte bakupogonitefumes'...
higher pitch perceived predicted if listeners interpret
STATISTICAL WORDS ete. word-finally pitch increase as a boundary cue
higher pitch perceived predicted if listeners attend to
PART-WORDS 1-2 ete. word-initially the Iambic/Trochaic Law (-> Fig. 2)
; predicted if listeners interpret pitch
PART-WORDS 2-1 e, higher pitch perceived e o pecifi
Y indicator for German word stress

FIGURE 1 | Overview of the study design and predictions. “Part-words 1-2" are created from the final syllable of a statistical word and the initial and medial syllable of
the following statistical word. “Part-words 2—1" are created from the medial and final syllable of a statistical word and the initial syllable of the following statistical word.
If prosodic cues converge with the statistical cues, participants will perceive the “statistical words.” If prosodic cues conflict with the statistical cues, participants will
be biased toward perceiving part-words. The right column contains the most important predictions. Predictions that are derived from previous studies and are
therefore most likely to be borne out (for a more detailed discussion, see main text) are highlighted in bold. Predictions that are not informed by evidence-based
language-universal and language-specific considerations or are less likely to be borne out are displayed in normal font.
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2010; Langus et al., 2012) and speech pauses (e.g., Johnson et al.,
2014; Sohail and Johnson, 2016) facilitate speech segmentation.
Compared to statistical cues, which require computations over
large sets of syllables, prosodic cues can be extracted relatively
directly from the immediate acoustic stimulus (Christophe et al.,
2004; Gout et al., 2004; Johnson and Seidl, 2009; Hay and Saffran,
2012; Erickson and Thiessen, 2015), making it reasonable that
language learners, especially infants, use them to help solve the
speech segmentation problem.

Crucially, prosodic cues can manifest in multiple independent
acoustic correlates such as changes in syllable duration, pitch,
or loudness, and different acoustic correlates can have different
separable effects on speech segmentation (Hay and Saffran,
2012; Ordin and Nespor, 2013). Many previous studies used
a combination of different acoustic correlates, but did not
determine which prosodic cues were most relevant for word
segmentation (Johnson and Jusczyk, 2001; Thiessen and Saffran,
2003, 2007; Johnson and Seidl, 2009). Multiple studies have
examined the role of individual cues, suggesting that lengthening
serves as a language-universal signal for word-finality (Tyler and
Cutler, 2009; Hay and Saftran, 2012; Kim et al., 2012; Frost et al.,
2017; but also: White et al., 2020), and that pitch increase is a
signal for word stress and is therefore processed differently by
speakers of different languages (Morgan and Saffran, 1995; for
infants see e.g., Johnson and Jusczyk, 2001; Tyler and Cutler,
2009; Ordin and Nespor, 2016). However, direct comparisons
of the roles of different prosodic cues for word segmentation
are scarce (e.g., Tyler and Cutler, 2009). To our knowledge, cue
changes that contrast in their direction (such as lengthening
vs. shortening, or pitch increase vs. decrease) have not been
investigated in direct comparison before.

Also, in artificial language learning experiments, prosodic cues
that are linked to word stress or word boundaries should only
facilitate speech segmentation compared to a statistical baseline
if listeners perceive the prosodic cues as converging with the
statistical cues defined by the transition probabilities between
syllables in the speech stream. For example, in our experiment,
if listeners interpret lengthening as a signal for word-finality
and perceive it as occurring in word-final position, lengthening
should facilitate speech segmentation, since in our experiment,
lengthening was always implemented on the final syllable of
statistical words. In contrast, if listeners interpret lengthening
as a signal for word-initial or word-medial position, listeners
should interpret lengthening of the last syllable of statistical
words in our experiments as a conflicting cue. In such a case,
where prosodic cues conflict with the available statistical cues,
prosodic cues could potentially impair speech segmentation
relative to statistical cues alone, or even override them and lead
to different segmentation patterns (Johnson and Jusczyk, 2001;
Thiessen and Saffran, 2003; Johnson and Seidl, 2009; Ordin
and Nespor, 2013). Hereafter, we will follow the convention of
previous speech segmentation studies (e.g., Frost et al.,, 2017;
Ordin et al,, 2017) by defining segmentation that is based on
statistical words (potentially enhanced by converging prosodic
cues) as the “correct” segmentation. In contrast, if listeners
based their segmentation decisions on prosodic cues that conflict
with statistical cues, e.g., because they applied a segmentation

strategy based on German-specific word-stress patterns, this
will be defined in our analyses as “impaired” or “incorrect”
segmentation relative to the statistical word baseline. Obviously,
such segmentation strategies can also lead to the consistent
extraction of items from the speech stream in experimental
settings, and there is no intrinsic right or wrong answer in
experiments using pseudo-words, but the items resulting from
such segmentation strategies clearly differ from the words based
on statistical cues alone, which we will henceforth term “correct.”
Also, note that our use of statistical cues as a baseline is a
product of our experimental design and analysis, and we use
the terms “baseline” and “correct” for convenience in describing
our results. We clearly do not intend to suggest that statistical
cues are somehow primary or “correct” in real-world speech
segmentation (and indeed we suspect that prosodic cues might
often be dominant): the relative strength of these factors is
precisely what our experiments set out to test.

Choice of Prosodic Cues in Our Study
Although speech segmentation has been widely investigated, it
remains unclear which specific acoustic correlates of prosody,
such as changes in syllable duration or pitch, are most relevant
for speech segmentation. Therefore, the main aim of the
current study was to investigate the relative contribution that
different acoustic manifestations of prosody make toward speech
segmentation in adults. Our study focused on five different
prosodic changes in three different acoustic cue categories
(Figure 1: 2. Experimental conditions). These were durational
cues: (a) syllable lengthening and (b) syllable shortening; voice
fundamental frequency or “pitch” cues: (c) pitch increase and (d)
pitch decrease; and (e) pause cues (intervals of silence between
statistical words). We compared these five individual prosodic
changes to a baseline condition that included only statistical
cues, i.e., transition probabilities between syllables (Figure 1).
This comparison of multiple word segmentation cues, including
contrasting prosodic cues, within a single study sets our study
apart from previous speech segmentation studies.

We chose these five cues because pauses, durational, and
pitch cues can function either as language-universal cues to
word boundaries or as language-specific cues to word stress.
Some of the cues have been shown to signal boundaries and
word stress more successfully than others. Lengthening and pitch
increase have been previously investigated in similar contexts
(e.g., Saffran et al., 1996b; Frost et al., 2017; Ordin et al., 2017),
but rarely in direct comparison (as in Tyler and Cutler, 2009).
Most likely, past studies have focused on lengthening and pitch
increase because both of these cues are typical acoustic correlates
for expressing language-specific word-stress (Tyler and Cutler,
2009), and final lengthening is a cross-linguistic signal for word,
phrase and sentence boundaries (Fletcher, 2010). Interestingly,
shortened duration and decreased pitch have been neglected in
past research on word segmentation (but see research on pitch
decrease in a phrasal context; Mueller et al., 2010), presumably
because these changes normally do not signal word stress. Still,
they may provide valuable comparisons to lengthening and
pitch increase to see if prosodic patterns that are not typical
word stress correlates, and may even contrast with typical
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word stress correlates in natural languages, can still facilitate
speech segmentation in an experimental setting. Further, the
manipulation of acoustic cues that are not typical stress correlates
of target words may lead to insights about how these cues may
influence speech segmentation when occurring in a more distal
prosodic context in real-life speech processing (cf. Dilley and
McAuley, 2008).

Besides durational and pitch cues, intensity is a typical
acoustic correlate of stress. We did not include intensity in our
study because its role as a perceptual correlate of stress is unclear
and because intensity levels are usually correlated with vowel
quality and duration (Cutler, 2005; Ordin and Nespor, 2013).

Pauses, our third cue category, represent a language-universal
boundary cue that should be salient independent of listeners’
preferred stress patterns since they do not serve to signal
word stress (Fletcher, 2010; Johnson, 2016). Pauses thus serve
as reference cues for segmentation (Pefa et al., 2002). Also,
pauses are interesting because speech input consisting of words
separated by pauses may help infant word learning less than
continuous speech (Johnson et al, 2013). Crucially, pauses
have a durational component and can be longer or shorter,
but we regard them as a separate cue category because they
differ from our syllable durational cues (lengthening and
shortening) in many other aspects. For example, silent pauses
do not consist of any acoustic material and thus cannot signal
word stress.

We chose to focus on modifications of word-final syllables
because in natural languages, final elements are often particularly
susceptible to modifications (Swingley, 2009), e.g., in phrase-
final lengthening (Fletcher, 2010), reduction of word-final
unstressed syllables (Kohler and Rodgers, 2001; O’Brien and
Fagan, 2016), or utterance-final pitch lowering in declarative
sentences (Cruttenden, 1986; Hirst and Di Cristo, 1998). Also,
pitch changes and durational changes implemented on word-
final syllables can easily be compared to pause cues between
words (that is, after word-final syllables). Modifying word-
final syllables is also interesting insofar as this contrasts nicely
with the dominant word stress pattern of our participants’
native language, German, which carries stress predominantly
on medial syllables of trisyllabic words (see below; Féry,
1998). If participants interpret the modified word-final syllables
in our experiment as being stressed and relate this to the
typical word-stress patterns of German, they may interpret
the modifications to occur word-medially. This is particularly
plausible for typical stress correlates such as pitch increase
and lengthening, and may lead to a potential conflict between
statistical cues (i.e., transition probabilities between syllables in
the experimental speech stream) and prosodic cues. Such an
effect would help to evaluate the relative influence of language-
specific stress patterns and language-universal boundary cues on
speech segmentation (cf. Crowhurst, 2016). Although it would
certainly be interesting to test stress cues in other positions as
well (Saffran et al., 1996b; Tyler and Cutler, 2009; Ordin et al,,
2017; cf. Frost et al., 2017), the large number of acoustic cues we
manipulated did not allow us to also investigate word-initial and
word-medial changes.

Word Stress in German

We focused on German, a stress-based language (Pamies Bertran,
1999) that suits itself to theoretically grounded predictions, but
is relatively underrepresented in speech segmentation research.
Fortunately, a few speech segmentation studies on German (e.g.,
Bhatara et al, 2013; Ordin and Nespor, 2016; Ordin et al.,
2017; Marimon Tarter, 2019), were available to inform our
predictions and stimulus choice. In German, word stress in
trisyllabic words is variable and depends on syllable structure
(for in-depth discussions, see e.g., Delattre, 1965; Giegerich,
1985; Féry, 1998; Dogil and Williams, 1999; Domahs et al.,
2014). Still, crucially, about half of all German trisyllabic words
are stressed on their medial syllable, and word-initial or word-
final stress occur less frequently (Féry, 1998). Similar relations
hold for the syllable structures used in our study (see methods
section; Féry, 1998; Ernestus and Neijt, 2008; Domahs et al.,
2014). Thus, to the extent that listeners are sensitive to statistical
regularities in speech, they should assume word-medial stress
as the default German stress pattern when encountering new
lexical items. If the stress pattern of our listeners’ native
language affects cue perception, this predicts that stress cues
implemented on medial syllables of trisyllabic words should
be perceived as converging with statistical cues (transitional
probabilities between syllables), whereas stress cues implemented
on word-initial or word-final syllables should be less convergent
and may even conflict with statistical cues. Thus, German
stress patterns contrast nicely with proposed language-universal
cues such as phrase-final or sentence-final lengthening (e.g.,
Fletcher, 2010). If native German speaking listeners attend to
a language-universal final lengthening cue, rather than to their
dominant native stress pattern, our listeners should perceive
word-final lengthening as a cue that strongly converges with
the statistical cues, i.e., the transitional probabilities in the
speech stream.

In German speech, stressed syllables are both longer and
higher pitched than unstressed syllables (Ordin et al., 2017),
but evidence about which of these two manifestations plays a
bigger role for production and perception is inconclusive (pitch:
Isachenko and Schidlich, 1966; syllable duration: Dogil and
Williams, 1999; Nespor et al., 2008; Féry et al., 2011; Kohler,
2012; El Zarka et al., 2017). There are previous indications
that in German, lengthening cues are perceived as converging
with statistical cues when they occur in word-final position
(Ordin and Nespor, 2013, 2016; Ordin et al., 2017), possibly
because the cross-linguistic tendency to lengthen word final
syllables (e.g., Fletcher, 2010) overrides the perception of the
typical German word-medial stress pattern in these cases. Thus,
German speakers may focus on pitch as a more reliable cue to
word stress instead (cf. Kohler, 2012 on perceptual correlates of
stress in German; Nespor et al., 2008; Féry et al., 2011), though
this has not been observed experimentally (Ordin and Nespor,
2016).

Finally, testing opposing changes, such as lengthening vs.
shortening of duration, or increase vs. decrease of pitch,
represents a potentially important extension to previous findings
on word segmentation in German, where only one direction
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of change in these cues was tested, because results will show
whether any arbitrary durational or pitch modification acts as a
segmentation cue (e.g., due to difference of any sort), or whether
the directionality of the changes is important. To our knowledge,
neither opposing cues nor pause cues have previously been
tested in word segmentation experiments with German adults.
Thus, overall, both theoretical and empirical considerations make
German a particularly interesting language for our study.

Hypotheses and Predictions

Our experimental setup given our chosen acoustic parameters
leads to several hypotheses and predictions. The first hypothesis
is that native German speaking listeners will interpret prosodic
cues that occur either on (for durational and pitch cues) or after
(for pause cues) the final syllable of statistical words as boundary
signals that support the statistical cues already available (cue
convergence). This predicts that adding prosodic cues on the
word-final syllables will improve listeners’ speech segmentation
compared to their performance based on statistical cues alone.
We refer to this hypothesis, where statistical cues and the
individual prosodic cues are perceived as converging, as the “cue
convergence hypothesis.”

The cue convergence hypothesis can be put forward for each of
our prosodic cues separately, though it is more plausible for some
changes than for others. Pause cues might be associated with
word boundaries because in everyday speech, perceptible pauses
occur almost exclusively at word boundaries, and hardly ever
within words (Trainor and Adams, 2000; Fletcher, 2010; Sohail
and Johnson, 2016; Matzinger et al., 2020). Lengthened syllables
might also serve as signals for word-finality because domain-final
elements are lengthened in everyday speech language-universally
(Oller, 1973; Klatt, 1975; Vaissiére, 1983; Tyler and Cutler, 2009;
Fletcher, 2010; but also: White et al., 2020). Although domain-
final lengthening mostly happens at the sentence or phrase level,
we predict that it will generalize to the word level in our study,
because in our design each statistical word is essentially a phrase,
and there is evidence for successful speech segmentation based
on final lengthening cues from previous speech segmentation
experiments in several languages, including German (e.g., Saffran
et al., 1996b; Tyler and Cutler, 2009; Ordin and Nespor, 2016;
Frost et al., 2017; Ordin et al., 2017).

Furthermore,  the  putatively  language-independent
Tambic/Trochaic Law (= ITL; Bolton, 1894; Woodrow, 1909;
Hayes, 1995; Hay and Diehl, 2007; De la Mora et al., 2013; Frost
et al.,, 2017; but see Iversen et al.,, 2008) states that listeners
group sounds with longer duration as sequence-final (iambic
grouping). Although the ITL focuses on disyllabic words, it can
also be generalized to trisyllabic words (Trainor and Adams,
2000; Frost et al., 2017), supporting the prediction that final
lengthening cues will converge with the available statistical
cues and facilitate speech segmentation (Figure 2). In contrast,
shortened syllables might also potentially signal word boundaries
because, in natural languages, word-final elements are frequently
phonetically reduced (Kohler and Rodgers, 2001; O’Brien and
Fagan, 2016). This is because word processing is incremental and
word-final elements are often highly predictable and thus not

as informative for word identification as word-initial elements
(Dahan and Magnuson, 2006; Swingley, 2009; Wedel et al., 2019).

Pitch decreases may signal word-finality because a sentence-
final or phrase-final pitch decrease is very common in natural
languages (Vaissiere, 1983; Hirst and Di Cristo, 1998; Langus
et al., 2012). Again, because in our study design each statistical
word equals a phrase, this may generalize to the word level in
our study. Finally, word-final pitch increase has also been shown
to facilitate word segmentation in French, a language with word-
final stress (Bagou et al.,, 2002; Tyler and Cutler, 2009), but not
in German adults (Ordin and Nespor, 2016). Thus, overall, all
five prosodic changes might potentially converge in word-final
position with statistical cues, i.e., transition probabilities, and
facilitate word segmentation. However, because of the perceptual
salience of pauses, the abundant previous evidence for final
lengthening (e.g., Ordin and Nespor, 2016; Ordin et al., 2017)
and more tentative evidence against final pitch increase (Ordin
and Nespor, 2016) as a speech segmentation cue in German,
we predicted the cue convergence hypothesis to apply most
strongly for pauses and lengthening, moderately strongly for
pitch decrease, and less so for shortening and pitch increase.

An alternative to the cue convergence hypothesis is that
native German speaking listeners may interpret prosodic cues
implemented on the final syllable of a trisyllabic statistical word
as conflicting with the statistical cues provided by the transition
probabilities in the speech stream. If participants perceive the
modified syllables as being stressed, and then group the syllables
in the speech stream in a way that matches the predominant
word-medial stress pattern of German (Norris and Cutler, 1988;
Cutler, 1990; Cutler et al., 1992; Ordin et al., 2017), the prosodic
modifications would then conflict with statistical cues. Since most
German trisyllabic words are stressed on the medial syllable, this
“cue conflict” hypothesis predicts that placing stress cues on the
final syllable of the statistically defined words should bias German
listeners’ toward a different speech segmentation pattern than
that based on statistical cues. Instead, they should group the
modified syllables word-medially (see Figure 1, Parts 2b, 2d and
2e). We refer to this hypothesis as the “cue conflict hypothesis.”

The cue conflict hypothesis is plausible for typical correlates of
stress, i.e., lengthening and pitch increase (Thiessen and Saffran,
2003; Johnson and Seidl, 2009), and less so for shortening and
pitch decrease. Still, given abundant evidence from previous
speech segmentation experiments in several languages, word-
final lengthening is expected to converge with the statistical cues,
overriding the tendency of native German speaking listeners
to interpret lengthening as a cue to word stress (e.g., Ordin
and Nespor, 2016; Ordin et al., 2017). Instead, native German
speaking listeners are predicted to mostly use pitch increase
as a cue for word stress, which would lead to a cue conflict
with statistical cues for pitch increase only (contra Ordin and
Nespor, 2016). Also, according to the ITL (Hayes, 1995; Nespor
et al., 2008; Bion et al., 2011; De la Mora et al., 2013; Abboub
et al.,, 2016), cross-linguistically, listeners group sounds with
a higher pitch as sequence-initial (trochaic grouping). Thus,
word-final pitch increase might conflict with statistical cues
and lead to a different speech segmentation pattern (Figure 2).
Furthermore, if listeners associate certain prosodic changes with
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Example: Predictions inspired by the Iambic/Trochaic Law

ITL for disyllabic words

| | |
. I N ) N | | | |
Iambic grouping: _ Trochaic grouping:
longer syllables perceived word-finally higher syllables perceived word-initially

Predictions for trisyllabic words

| | |
I I D D I D DN D [N | [N | [N |
Anapestic grouping: Dactylic grouping:
longer syllables perceived word-finally higher syllables perceived word-initially
— perception of statistical words — perception of part-words 1-2
(cf. Fig. 1, Lengthening condition) (cf. Fig. 1, Higher pitch condition)

FIGURE 2 | The lambic/Trochaic Law (ITL) for disyllabic words leads to predictions for how listeners might perceive lengthened and/or higher-pitched syllables in
trisyllabic words in our study. Horizontal black bars denote syllables.

word-final syllables (as per the cue convergence hypothesis), they ~ Cutler, 2009), with some evidence for a durational preference
should accordingly associate opposing changes with non-final ~ (Ménnel and Friederici, 2016) and other evidence for a pitch
syllables. Thus, if e.g., lengthening or pitch decrease on the final ~ preference (Ordin et al., 2017).
syllable of statistical words facilitate speech segmentation, the
opposing changes (shortening or pitch increase, respectively) can Experimental Variations
be predicted to lead to a modified segmentation pattern. Recently, many psychological findings have been found to
In conclusion, for each prosodic cue, both hypotheses might ~ be non-replicable, commonly known as the replication crisis
reasonably be expected to hold, but overall, the preponderance of ~ (Shrout and Rodgers, 2018). Common reasons for a lack of
existing evidence suggests that pauses, final lengthening and final ~ replicability and generalizability are that experimental results
pitch decrease will lead to cue convergence, and final shortening  are not robust to minor methodological changes (Munafo and
and final pitch increase will conflict with statistical cues. Smith, 2018). To counteract this problem in our study, we
Regarding the relative effects of different prosodic cues, we  conducted three experiments that examined whether participants
hypothesized that pauses should have a bigger impact on word ~ would use similar segmentation strategies when testing paradigm
segmentation than other prosodic cues. Pauses may provide more  and testing context varied. Our main aim was to evaluate the
salient signals than the other prosodic cues because they involve  robustness of our results, and not to pin down effects of specific
a highly perceptible decrease in signal amplitude (Fletcher, 2010;  methodological differences. Therefore, our prime goal was not
Friederici and Minnel, 2013). Also, long enough pauses can  to design experiments that varied only in a single, carefully
make a word appear isolated. We thus predicted that word  controlled methodological feature, but rather to have a spectrum
segmentation performance should show a greater increase with  of methods, in a single publication, that roughly mirror the
pause cues inserted between the “correct” statistical words than ~ methodological variation typifying previously published speech
for our other prosodic changes. Beyond that basic prediction,  segmentation studies.
durational cues and pitch cues might have different relative The three experiments implemented the same stimulus
strengths, but we had no clear predictions about directionality, =~ manipulations, but differed slightly in experimental setup.
given weak and partly inconclusive previous data (cf. Tyler and ~ Experiment 1 was our initial pilot study, carried out in the
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participants’ normal study or office environment; this study
had minimal auditory memory requirements, and combined
auditory and visual modalities, i.e., participants could see
the test stimuli while they listened to the speech stream.
This experiment addressed whether attested laboratory results
replicate in an environment where background noise and visual
distraction more closely resembled a real-life language learning
context. Experiment 3 resembled existing speech segmentation
experiments most closely (e.g., Tyler and Cutler, 2009; Frost
et al, 2017; Ordin et al, 2017): it was done in a laboratory
setting, exclusively in the auditory modality (similar to real-life
first language acquisition), and thus involved a strong auditory
memory component. However, in contrast to our experiment,
where participants decided for single test stimuli if they were
statistical words or part-words, most previous adult studies
used a two-alternative forced choice testing procedure in which
participants had to decide from a set of two test stimuli which
of them was a word and which a part-word (see methods
for Experiment 3 below). Experiment 2 was designed to be
intermediate between Experiments 1 and 3. It was carried out in
a laboratory setting, but involved auditory and visual modalities,
with minimal memory components. We predicted that the effects
of adding prosodic cues to the speech stream might unfold more
strongly in experiments with syllables spoken by a native German
speaker and a minimal memory component because the overall
cognitive load is lower, and statistical cues are less prominent.
Also, we expected all effects to be stronger in the laboratory,
where people were less distracted than in a natural testing
environment (cf. Toro et al., 2005; Erickson and Thiessen, 2015).
Nonetheless, if the effects observed are robust and generalizable,
they should occur—though perhaps less prominently—both in
the natural environment in Experiment 1 because real language
learning typically happens in a natural environment, and with
an added memory component in Experiment 3 because language
learning obviously involves memory (Palmer and Mattys, 2016;
Wen, 2016; Pierce et al., 2017).

Additionally, syllables in Experiment 1 were recorded by a
native speaker of English, whereas syllables in Experiments 2 and
3 were recorded by a native speaker of German. It is possible that
sub-phonemic cues in the native English syllables may influence
participants to rely less on their implicit knowledge of German
prosody in Experiment 1 than in Experiments 2 and 3 (Quam and
Creel, 2017). However, again, if the effects studied in our series of
experiments are robust and generalizable, they should also occur
in Experiment 1.

GENERAL METHODS

Experimental Paradigm: Overview

We conducted three individual experiments with adult listeners.
All three were artificial language learning experiments following
an established experimental paradigm (e.g., Saffran et al., 1996a,b,
1999; Frost et al., 2017). Participants in all three experiments
listened to a continuous speech stream that was created from
four randomly generated trisyllabic pseudo-words making up
an artificially constructed pseudo-language, and had to decide
for each of 12 test stimuli whether they were “words” of

the artificial pseudo-language or not. The study protocol was
approved by the ethics board of the University of Vienna
(reference number: #00333/00385), and all participants gave
written informed consent in accordance with the Declaration
of Helsinki.

Experimental Conditions: Overview

In the three experiments, we addressed the influence of different
prosodic cues on word segmentation in a baseline and five
prosodic conditions, resulting in six conditions in total (see
Figure 3). In each prosodic condition, the speech stream was
manipulated differently to check if that would provide cues to
the segmentation of the words from the stream. These changes
were always applied after (for pauses) or on (for duration and
pitch) the final syllable of each trisyllabic word in the baseline
statistical speech stream. Individual syllables were recordings of
the same female speaker, but all manipulations of these basic
syllables were precisely controlled by computer (for details see
“Stimuli,” below).

1. Statistical cue only condition (baseline condition). The
only cue indicating word segmentation in the baseline condition
was that syllable pairs within words had higher transitional
probabilities than syllables crossing word-boundaries. Syllables
within a word always co-occurred, resulting in within-word
transitional probabilities of 1.0. In contrast, each word was
pseudo-randomly followed by any of three different words,
yielding a between-word syllable transitional probability of 0.33.
Thus, participants could potentially infer that syllable pairs that
occur more frequently together constitute a word, and those
that co-occur less frequently do not. This statistical information
was present in all conditions. Each syllable was normalized to
a duration of 500 ms and a fundamental frequency of 210 Hz
(for details see “Stimuli,” below). Typical syllable durations in
speech stream experiments conducted in a laboratory are shorter
than 500 ms (e.g., Saffran et al., 1996a; Tyler and Cutler, 2009;
Frost et al, 2017; Ordin et al,, 2017), but since we expected
attentional capacities to be limited in Experiment 1, which was
conducted in a natural environment, we chose a slow speech rate
(2 syllables/second; Song et al., 2010; Palmer and Mattys, 2016)
more typical for infant directed speech. This was expected to
facilitate speech segmentation.

2. Pause condition. This condition was identical to the
baseline condition, with the exception that in addition to the
statistical cues, a short pause (250 ms) was inserted after each
statistical word. We chose a pause duration of 250 ms because
this duration is frequently chosen as a lower detection threshold
in studies investigating the occurrence and perception of speech
pauses (e.g., Zellner, 1994; Kahng, 2014).

3. Lengthening condition. This condition was identical to
the baseline condition, except that in addition to the statistical
cues, the final syllable of each word was lengthened by 50%,
yielding a duration of 750 ms (cf. previous lengthening by ~40%:
Saffran et al., 1996b; Ordin and Nespor, 2016; Frost et al., 2017;
Ordin et al., 2017; or lengthening by 67%: Thiessen and Saffran,
2003). The duration of this additional lengthening was therefore
identical to the pause duration in the pause condition.
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Statistical cue only

Lengthening

Lower pitch

length indicates duration, and line height pitch. Colors denote statistical words.

Experimental conditions

FIGURE 3 | Overview of the experimental conditions. For each condition, the figure shows an example speech-stream of three words. Lines denote syllables, line

Pauses

Shortening

Higher pitch

4. Shortening condition. This condition was identical to the
baseline condition, except that in addition to the statistical cues,
the final syllable of each word was shortened by 50%, i.e., by the
same proportion as syllables were lengthened in the lengthening
condition, and thus had a duration of 250 ms.

5. Higher pitch condition. This condition was identical to
the baseline condition, except that in addition to the statistical
cues, the pitch of the final syllable of each word was increased to
260 Hz, making it 50 Hz higher than the pitch of all other syllables
(cf. Thiessen and Saffran, 2003; Tyler and Cutler, 2009).

6. Lower pitch condition. This condition was identical to
the baseline condition, except that in addition to the statistical
cues, the pitch of the final syllable of each word was decreased to
160 Hz, making it 50 Hz lower than the pitch of all other syllables
(as per the higher pitch condition).

EXPERIMENT 1: PILOT STUDY

Participants and Experimental Procedure

We tested 202 participants (19% male, mean age: 25.26),
who were all native speakers of German and reported no
auditory impairments. We used a between-subjects design: each
participant was tested on one of six experimental conditions
only (33 participants each in the pause, lengthening, and higher
pitch condition; 34 participants each in the statistical cue only
condition and the shortening condition; 35 participants in the
lower pitch condition). Experimenters recruited the participants
individually at the campus of the University of Vienna and
they were tested in situ (e.g., in hallways, offices, public seating
areas, etc.), while sitting or standing. Testing was performed with
mobile testing equipment, i.e., a laptop computer and Sennheiser

HD206 over-ear headphones. We ensured that the environment
was free from obvious loud noise, but some background noise of
other people walking by or chatting was unavoidable. We think
that the effect of this background noise was minimal because
participants could self-adjust the volume of the speech stream;
none of them reported difficulties hearing the sounds.

Prior to the start of each experiment, participants were told
that they would participate in an “Alien Language Learning
Study” (as e.g., in Kirby et al., 2008), in which they would listen
to a speech stream of an artificial pseudo-language and should
decide for a set of 12 test stimuli whether they considered these
to be “words” of the artificial language or not. Before listening
to the speech stream, participants received a sheet of paper with
all 12 test stimuli and were orally instructed in a standardized
way to use a pen to circle the “words” of the “alien language”
that they were about to hear. Participants listened to the speech
stream for ~1 min (see “Stimuli” below for the precise lengths)
and rated the 12 test stimuli simultaneously. Typical exposure
lengths in speech stream experiments conducted with adults
in a laboratory are slightly longer, but because we tested in a
natural environment, where it may be hard to concentrate during
longer exposure times, we chose a shorter exposure time more
typical for infant experiments (Saffran et al., 1996a; Thiessen and
Saffran, 2003; Erickson and Thiessen, 2015) and compensated
for this difficulty by using a rather low speech rate (see above;
Song et al., 2010; Palmer and Mattys, 2016). These parameters
were expected to facilitate speech segmentation in a natural
environment. Including instructions, the overall experimental
procedure lasted for ~5min. Immediately after participation,
there was a short debriefing and participants’ questions about the
study were answered. Participants received no financial reward.
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TABLE 1 | Artificial words used for the different artificial pseudo-languages in the
three experiments.

TABLE 2 | All possible part-words of pseudo-language 1, which consists of the
words bakupo, , fumesi, gonite.

Experiment 1 Experiments 2 & 3

Language 0 Language 1 Language 2 Language3 Language 4
/batuki/ /bakupo/ /pifoke/ /dafego/ /mabopi/
/togabi/ /delaru/ /rovali/ /pebomi/ /veduka/
/punido/ /fumesi/ /nusema/ /kirune/ /sigale/
/dapiku/ /gonite/ /tabigu/ /lutiva/ /tonifu/
Stimuli

The artificial pseudo-language consisted of four words with
three CV (consonant-vowel) syllables each (Table 1, column 1,
“Language 0”). The CV syllables were created from a pool of four
vowels (a, u, i, 0) and seven consonants (p, t, k, b, d, g, n). We
ensured that the words created from this pool did not contain
identical syllables, and were not existing words in German or
English (which our participants spoke as a second language).

For the creation of the continuous speech streams of each
condition, the four words were pseudo-randomly concatenated,
with the restriction that no word could occur twice in a row.
Each word was followed by each of the three remaining words
equally often, which led to between-word transition probabilities
of 0.33. One speech stream consisted of 40 words (i.e., each of
the four words occurred 10 times in the stream). Depending on
the condition, this led to total durations of the speech stream of
50 (shortening condition), 60 s (baseline condition, lower pitch
condition, and higher pitch condition), or 70 s (pause condition
and lengthening condition).

The twelve test stimuli consisted of different stimulus types:
four of the test stimuli were statistical words, i.e., the words
that made up the particular artificial pseudo-language, and eight
of the test stimuli were statistical part-words. Part-words could
be of two different part-word classes and were created from
syllables across word boundaries: either from the final syllable of
a word and the initial and medial syllable of the following word
(henceforth part-words 1-2), or from the medial and final syllable
of a word and the initial syllable of another word (henceforth
part-words 2-1). Thus, crucially, in part-words 1-2, the original
final syllables, which carried a prosodic cue in experimental
conditions, occurred word-initially, and in part-words 2-1, the
original final syllables occurred word-medially (see Figure 1).
This procedure yielded 12 possible part-word stimuli in each
part-word class (see Table 2 e.g., of part-words of language 1).
As actual test stimuli, we selected four different stimuli of each
part-word class, namely /ku-toga/, /ki-puni/, /do-toga/, and /bi-
dapi/ as part-words 1-2, and /tuki-pu/, /piku-ba/, /tuki-da/ and
/nido-ba/ as part-words 2-1.

To create the actual sound stimulus, each syllable was
recorded by a female native speaker of American English.
Each syllable was recorded individually in order to avoid co-
articulation between syllables within a word (coarticulation
could serve as an additional cue to speech segmentation, as
e.g., in Johnson and Jusczyk, 2001, modifying the effects of

Part-words 1-2 Part-words 2-1

po- -baku  si-baku te-baku | kupo- -ba mesi-ba nite-ba
po-fume -fume si- te- kupo-fu -fu  mesi- nite-
po-goni -goni  si-goni te-fume | kupo-go -go  mesi-go nite-fu

Part-words that share the same word-initial syllables are grouped in columns. An example
of one possible selection of part-words for the test phase is underlined.

the individual prosodic cues). The acoustic parameters of each
syllable were modified using Praat (version 6.0.36; Boersma and
Weenik, 2017), and the output syllables were then concatenated
using custom code written in Python 3.6.3 to create the
speech streams.

The acoustic modifications of the syllables concerned their
fundamental frequency (“pitch”), duration, and amplitude. Pitch
and duration of the syllables were modified using the pitch-
synchronous overlap add (PSOLA) algorithm, which is a
signal processing technique used for speech processing and
synthesis implemented in Praat (Moulines and Charpentier,
1990). We used customized Praat scripts, which were based
on the Praat functions “Manipulate— Replace Pitch Tier” and
“Manipulate— Replace Duration Tier” to change syllable pitch
and duration. For each syllable in the baseline condition, the
fundamental frequency (fp) was normalized to a mean of
210Hz, and the duration of each syllable was normalized to
a mean of 500ms. Durational changes were applied to the
entire syllable except for the first 20 ms. This was done to avoid
changes in voice onset time and associated consonant shifts.
For the experimental conditions, all syllables were manipulated
according to the same procedure to meet the respective duration
and pitch specifications (see chapter 2.2). Syllable amplitude was
made consistent by scaling the amplitude of each syllable so
that its absolute peak amplitude was 0.99 (in Praat: Sound—
Modify— Scale peak— New absolute peak: 0.99).

To avoid possible cueing to word boundaries, the continuous
speech streams had a gradual fade-in and fade-out over the first
and last five words, respectively, so that the perceived start and
the end of the speech stream did not align with word boundaries.
For the fade-in, the amplitude of the first 15 syllables, i.e., of
each syllable of the first five words of the stream, was increased
by 6.66% of the peak amplitude, so that at the beginning of the
sixth word, the full amplitude was reached. Similarly, for the fade-
out, we decreased the amplitude of each of the last 15 syllables
by 6.66% of the peak amplitude. Amplitude manipulation was
implemented in Python and Praat.

D’ Analysis and Results

To obtain a general overview of the influence of experimental
conditions on participants’ discrimination of words and non-
words, we used signal detection theory measures and calculated
d’ values (Green and Swets, 1966; Macmillan and Kaplan, 1985;
Macmillan and Creelman, 2005), based on hit rates (i.e., selection
of statistical words as words) and false alarm rates (i.e., selection
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of statistical part-words as words). Perfect performance (100%
hits and 0% false alarms) causes mathematical problems in signal
detection theory, requiring post-hoc changes to these values to
avoid divide-by-zero issues when calculating d prime values.
Therefore, we adjusted perfect hit rates and false alarm rates
according to the standard 1/(2N) rule, which adds 1/(2N) to
proportions of 0 and subtracts 1/(2N) from proportions of
1 (Hautus, 1995; Stanislaw and Todorov, 1999; Brown and
White, 2005; Macmillan and Creelman, 2005). D’ values of
0 indicate that participants selected words and non-words
at chance level, d’ values above 0 indicate a discrimination
performance above chance (i.e., participants perceived many
statistical words as words), and d’ values below 0 indicate a
discrimination performance worse than chance (i.e., participants
perceived many statistical part-words as words). We computed
95% confidence intervals (Cls; Figure4) to determine if the
differences between individual groups and the differences to
chance level performance were significant. Confidence intervals
that do not overlap with each other indicate significant
differences between groups. Confidence intervals that do not
include d’ values of 0 indicate that word perception is either better
(ClIs above 0) or worse (Cls below 0) than chance (Cumming and
Finch, 2005; Cumming, 2012, 2014).

Our calculation of d" values revealed that in the baseline
condition, participants performed better than chance
(Figure 4), indicating that statistical cues alone sufficed
to detect words in the speech stream. In the pause and
lengthening conditions, participants excelled on the task,
indicating that pauses and final lengthening provided strong
convergent cues for speech segmentation. In the pause and
lengthening conditions, the participants’ performance was also
significantly higher than in the baseline condition, indicating
that adding these cues to a speech stream significantly facilitates
segmentation performance.

In contrast, in the lower and higher pitch conditions,
participants showed only moderate discrimination performance,
which was above chance but did not significantly differ from
the baseline statistical condition. This suggests that enhancing
statistical cues with a pitch modification on the word-final
syllable did not appreciably aid speech segmentation for
our listeners. Interestingly, in the shortening condition, the
performance was in fact very poor and significantly worse than
baseline, showing that shortening final syllables hindered word
segmentation. This suggests that prosodic cues can override
statistical cues when they conflict, but does not yet show if
the low performance was due to participants perceiving the
shortened syllable in word-initial (part-words 1-2) or word-
medial (part-words 2-1) position. To clarify this, we conducted
a more fine-grained analysis involving a generalized linear
mixed model.

Generalized Linear Mixed Model: Analysis

To investigate if the different prosodic cues had an effect
on which stimulus type (statistical word or one of the two
statistical part-word types) the participants perceived, i.e., on the
“correctness” of their responses on the three different stimulus

types, we fitted a logistic Generalized Linear Mixed Model
(Baayen, 2008) with logit link function (McCullagh and Nelder,
1989). Condition and stimulus type, as well as their interaction,
were included as fixed effects into the model. We also entered a
random intercepts effect of participant in the model. To avoid
inflated type I error rates we included a random slope (Schielzeth
and Forstmeier, 2009; Barr et al., 2013) of stimulus type within
participant. Before including this factor into the random slope
we manually dummy coded and then centered it. The sample size
for this model was 2,424 data points (202 individuals tested on
one condition each, with 12 trials), 1,719 of which were correct
responses. Responses were coded as “correct” when participants
selected the statistical words as being “words” and rejected the
statistical part-words as being “words” of the artificial language,
so that for each stimulus type, perfect performance would be
100%, and chance-level performance (guessing) would be 50%
correct responses.

The model was fitted in R (version 3.6.0; R Development Core
Team, 2018), using the function glmer of the R-package Ime4
(version 1.1.21; Bates et al., 2015) and the optimizer “bobyqa”.

To test the overall significance of condition (i.e., its main
effect and its potential interaction with stimulus type), we used
a likelihood ratio test to compare our full model to a null model
that was identical to the respective full model except for that it
did not include condition and its interaction with stimulus type
(R function anova with argument “test” set to “Chisq”; Dobson,
2002).

P-values for the effect of individual predictors are based
on likelihood ratio tests that compare the full model with
respective reduced models lacking the effects one at a time
(R function dropl; Barr et al, 2013). We determined model
stability by dropping individuals one at a time and comparing
the estimates obtained for these subsets with those obtained
for the full data set, which revealed that our model was fairly
stable (see Supplementary Table 1). We determined confidence
intervals of estimates and the fitted model using a parametric
bootstrap (function bootMer of the package Ime4, using 1,000
parametric bootstraps).

Generalized Linear Mixed Model: Results

Opverall, the full model (for details, see Supplementary Table 1)
was significantly different from the null model, indicating an
effect of condition or its potential interaction with stimulus type
on the perception of words in a speech stream (likelihood ratio
test: x? = 147.865, df = 15, p < 0.001). Word perception
was measured by the proportion of “correct” answers in the
experiment, specifically, the proportion of statistical words and
part-words that listeners identified as words and part-words,
respectively. More specifically, we found that the interaction
between condition and stimulus type had a significant effect on
word perception (likelihood ratio test: x2 = 63.129, df = 10,
p < 0.001), indicating that the pattern of correct responses to
words vs. part-words varied between conditions (see Figure 5).
The computed confidence intervals (Figure 5) allow us to make
comparisons between individual groups. This confirms the main
results from the d analysis above, and additionally allows
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FIGURE 4 | D' measures in Experiment 1, an immediate-decision task where participants decided whether visually presented letter strings were words that they had
perceived in the speech stream or not. (A) Mean and 95% confidence intervals of participants’ responses. Non-overlapping confidence intervals indicate significant
differences between the groups. Confidence intervals that do not include O indicate significant differences from chance performance. (B) Boxes depict medians and
quartiles, whiskers minimum and maximum values, and black dots outliers. Violin shapes around the boxes depict the distribution of d” values. The width of the violin
shapes at a given y coordinate corresponds to the number of d’ values in this region. Red lines: chance level performance.
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FIGURE 5 | Proportion of participants’ correct answers in Experiment 1. Proportions are displayed for each condition and each stimulus type (WORD, word with
modified syllable in final position; PW1-2, part-word with modified syllable in initial position; PW2-1, part-word with modified syllable in medial position). Model results:
thick horizontal black lines, with error bars depicting the bootstrapped 95% confidence intervals. Boxes depict medians and quartiles, and gray dots the actual
observations (the area of the dots indicates the number of responses per combination of condition, stimulus type, and proportion correct).

comparisons between participant performance on the three  very similar (Figure5), i.e., words were correctly selected as
different stimulus types. being statistical words and part-words were correctly rejected.

In all conditions except the shortening condition, the Interestingly, in the shortening condition, our analysis (see
performance on words, part-words 1-2 and part-words 2-1 was ~ model estimates and confidence intervals in Figure 5) revealed
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very clearly that performance on part-words 2-1 (i.e., stimuli
where the shortened syllables occurred word-medially) was poor,
because participants identified many part-words 2-1 as words
(which count as false alarms in our analysis). That is, they
interpreted the shortened syllables as being word-medial. This
is a violation of typical German word stress because German
word-stress usually occurs word-medially, and stressed syllables
are usually lengthened (see Figure 1). Furthermore, performance
on the statistically correct words (where the shortened syllables
occurred word-finally) was also very poor, because participants
incorrectly identified many of these words as part-words.
However, they correctly identified most part-words 1-2 (i.e.,
stimuli where the shortened syllables occurred word-initially) as
part-words. This clearly shows that in this condition participants
were biased to perceive as “words” those stimuli where the
duration of the medial syllable was shortened.

EXPERIMENT 2

The main aim of this experiment was to replicate Experiment
1 in a more controlled laboratory setting. For the sake of this
comparison, we kept the key aspects of Experiment 1, most
notably that participants evaluated the test items on a sheet
of paper while listening to the speech stream, but Experiment
2 was a within-subjects study that controlled more aspects of
the experimental procedure via randomization than Experiment
1. Experiment 2 specifically focused on the conditions that
significantly differed from the baseline in Experiment 1, namely
conditions 1 to 4, and omitted the pitch manipulation.

Participants and Experimental Procedure
We tested 34 participants (21% male, mean age: 24.85),
who were all native speakers of German and reported no
auditory impairments. Participants were recruited via posters or
online advertisements. Participant instructions and the overall
testing procedure were identical to Experiment 1, except that
participants were now individually tested in a quiet laboratory
setting. While sitting ~60 cm from a 13" monitor, they were
shown instructions and listened to the speech stream via an
experimental interface created in PsychoPy (version 1.90.3;
Peirce, 2007). Further, we used a within-subjects design, in
which all participants were tested on all four conditions in a
randomized order. The speech stream of each condition now
lasted twice as long, for ~2 min (see “Stimuli” below for details).
Between each condition, participants were given a 30s break.
No feedback on the responses was provided. Thus, including
instructions and a final debriefing, the experiment lasted ~20-
25 min. Participants were given modest monetary compensation
for their participation.

Stimuli

Because each participant was tested on four different
experimental conditions, we created four different artificial
pseudo-languages (Table 1, columns 2-5), consisting of four
words with three CV (consonant-vowel) syllables each. For each
participant, we pseudo-randomized which pseudo-language
was used for which condition. We carefully controlled stimulus

creation to avoid potential transfer or priming from words
learned in one condition in one pseudo-language to words
in another condition in another pseudo-language. Therefore,
the CV syllables were created from a pool of five vowels (a,
e, i, 0, u) and 13 consonants, namely six stops (b, d, g, p, t,
k), three fricatives (f, v, s), and four sonorants (m, n, I, r). In
total, the four words of each language required 12 vowels and
12 consonants. To minimize possible cues resulting from the
distribution of vowels and consonants we ensured that within
each pseudo-language used in Experiments 2 and 3, vowels were
evenly distributed (two of the vowels occurred three times and
three of the vowels occurred twice) and that no word contained
the same vowel twice. Also, no consonant occurred within
one pseudo-language more than once. Thus, each syllable was
unique within a pseudo-language. Moreover, across all four
pseudo-languages, none of the syllables occurred more than
twice, with the majority of the syllables only occurring once.

One speech stream consisted of 96 words (i.e., each of the
four words occurred 24 times in the stream). Depending on the
condition, this led to total durations of the speech stream of 120 s
(shortening condition), 144 s (baseline condition), or 168 s (pause
condition and lengthening condition).

As in Experiment 1, each participant received 12 test stimuli
per condition, which consisted of statistical words and statistical
part-words, created as described above for Experiment 1. For each
participant and in each condition, the set of test stimuli included
four statistical words. The four part-words 1-2 and the four part-
words 2-1 were pseudo-randomly selected for each individual
participant and each condition. We ensured that each first and
second part was represented once in each part-word class (e.g.,
see words highlighted in bold in Table 2).

The actual sound signals of the speech streams were created
as in Experiment 1, except that in this experiment the syllables
from which the speech streams were created were recorded by a
different female native speaker (in this case of German).

D’ Analysis and Results

Our calculation of d’ values (for details about the analysis, see
Experiment 1) revealed that discrimination performance was
best in the pause condition, moderately good in the lengthening
condition and almost above chance in the baseline condition.
Shortening again hindered speech segmentation compared to the
baseline (Figure 6). Thus, the effects were similar to those in
Experiment 1, but performance was worse. As in Experiment 1,
we performed a generalized linear mixed model to investigate the
reasons for the low performance in the shortening condition.

Generalized Linear Mixed Model: Analysis

As in Experiment 1, we fitted a logistic Generalized Linear Mixed
Model (Baayen, 2008) with logit link function (McCullagh and
Nelder, 1989) to test whether the perception of words in the
speech stream was influenced by condition and stimulus type
(statistical word or one of the two statistical part-word types).
We again included condition and stimulus type, as well as their
interaction as fixed effects into the model. To control for the
effects of pseudo-language (factor with four levels; participants
were exposed to a different pseudo-language in each of the four
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A Discrimination performance of words and part-words
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FIGURE 6 | D' measures in Experiment 2, an immediate-decision task where participants decided whether visually presented letter strings were words that they had
perceived in the speech stream or not. (A) Mean and 95% confidence intervals of participants’ responses. Non-overlapping confidence intervals indicate significant
differences between the groups. Confidence intervals that do not include 0O indicate significant differences from chance performance. (B) Boxes depict medians and
quartiles, whiskers minimum and maximum values, and black dots outliers. Violin shapes around the boxes depict the distribution of d” values. The width of the violin
shapes at a given y coordinate corresponds to the number of datapoints in this region. Red lines: chance level performance.
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conditions) and order of the conditions (covariate with values 0-
3), we included them as further fixed effects. We also entered
a random intercepts effect of participant in the model. Again,
to keep type I error rates at the nominal level of 0.05, we
included random slopes (Schielzeth and Forstmeier, 2009; Barr
et al., 2013) of condition, stimulus type, their interaction, order of
the conditions, and language within participant. Before including
factors into the random slopes we manually dummy coded and
then centered them. We did not include the correlations between
random intercept and random slopes terms in the final model
because an initial model including these correlations and thus
being maximal with regard to random effects failed to converge.
The control predictor order of the conditions was z-transformed
(to a mean of zero and a standard deviation of one). The sample
for this model was 1,632 data points (34 individuals tested
on four conditions with 12 trials each), 1,066 of which were
correct responses.

Significances of the individual predictors, model stability
(for details see Supplementary Table 2) and confidence intervals
were calculated as described for Experiment 1.

Generalized Linear Mixed Model: Results

In experiment 2, a comparison of the full model with the null
model again revealed an effect of either condition or its potential
interaction with stimulus type on the perception of words in a
speech stream (likelihood ratio test comparing the full and the
null model: x? = 63.00, df = 9, p < 0.001; for model details, see
Supplementary Table 2). Exploring these effects, we found that
the interaction effect between condition and stimulus type was
non-significant (likelihood ratio test: x? = 11.329, df = 6, p =

0.079). However, because this interaction effect was very close to
being significant, it is not justified to exclude it from the model
and determine the effect of condition alone. Overall, these results
again reflect different response patterns between conditions (see
Figures 6, 7), but the differences between the conditions were
not as prominent as in Experiment 1. Again, this confirms the
main results from the d’ analysis above. Although the interaction
effect did not meet the threshold for statistical significance,
comparisons between the three different stimulus types can
shed light on the speech segmentation strategies employed in
the different conditions and provide valuable comparison to
experiments 1 and 3. With regard to the outcomes of experiment
1, we were most interested in the shortening condition, for which
we predicted a low performance on words and part-words 2-1,
and a high performance on part-words 1-2.

The comparison between the performances on the three
different stimulus types (see model estimates and confidence
intervals in Figure 7) revealed that in the pause condition,
participants showed high performance on all stimuli (correctly
identifying statistical words as words, and statistical part-words
as part-words). In the baseline and the lengthening condition,
participants performed rather well at identifying part-words,
but relatively poorly identifying words. This indicates a bias to
select only a few stimuli as words, leading to a considerable
number of misses for words. In the shortening condition,
participants again performed worst, missing many words, and
labeling them as part-words incorrectly (see model estimates and
confidence intervals in Figure 7), indicating cue conflict for this
condition. The performance on part-words 1-2 and part-words
2-1 was similar, which indicates that participants perceived the
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FIGURE 7 | Proportion of participants’ correct answers in Experiment 2. Proportions are displayed for each condition and each stimulus type (WORD, word with
modified syllable in final position; PW1-2, part-word with modified syllable in initial position; PW2-1, part-word with modified syllable in medial position). Model results:
thick horizontal black lines, with error bars depicting the bootstrapped 95% confidence intervals. Boxes depict medians and quartiles, and gray dots the actual
observations (the area of the dots indicates the number of responses per combination of condition, stimulus type, and proportion correct).

LENGTHENING SHORTENING

shortened cue on the word-medial and word-initial syllable
equally often.

The control predictors order of the conditions (likelihood
ratio test: x% = 0.945, df = 1, p = 0.329) and pseudo-language
(likelihood ratio test: x2 1.725, df = 3, p = 0.631) did
not have a significant effect on discrimination performance of
words and part-words. The null effect of the predictor order
of the conditions indicates that there was no cross-condition
interference of segmentation strategies and participants did not
infer a consistent rule that they transferred from condition
to condition.

EXPERIMENT 3

Given the overall consistent results of Experiments 1 and 2,
the main goal of Experiment 3 was to probe their robustness,
by modifying the paradigm. In particular, we added a more
pronounced auditory memory component by delaying responses
and presenting the test stimuli acoustically instead of visually.
Participants first listened to the entire speech stream. Then, in
a subsequent test phase, they listened to single probe stimuli
and made a decision for each stimulus whether it was a word
or a part-word. Correct responses thus required participants to
remember any words that they perceived during presentation,
despite interference from repeatedly hearing part-words during
testing. Thus, Experiment 3 tested not just the effect of our

manipulations on the immediate perception of test stimuli,
but also how well people remembered them. This makes this
experiment resemble real-life language learning more closely, and
resembles many previous speech segmentation experiments (e.g.,
Tyler and Cutler, 2009; Frost et al., 2017; Ordin et al., 2017).
In Experiment 3, we investigated all six experimental conditions
from Experiment 1.

Participants and Experimental Procedure

We tested 42 participants (26% male, mean age: 24.19 years),
who were all native speakers of German and reported no
auditory impairments. Participants were recruited via posters or
online advertisements. As in Experiment 2, testing happened
in a laboratory; the experiment was administered via an
experimental interface created in PsychoPy (version 1.90.3;
Peirce, 2007), which coordinated the presentation of instructions,
speech streams and acoustic test stimuli, and collected key-
press responses. We used a within-subjects design, in which
all participants were tested on four of the six experimental
conditions, namely the baseline condition, the pause condition,
one of the durational cue conditions (either the lengthening or
the shortening condition) and one of the pitch cue conditions
(either the lower or higher pitch condition). Which of the
durational and pitch cue conditions a participant ran was pseudo-
randomized. We did not test participants on all six conditions to
reduce the chance that they inferred a rule (e.g., “the modified
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syllable is always the last syllable of the word”) that might
transfer from condition to condition. The presentation order of
the conditions was randomized. Immediately after listening to
each speech stream, participants listened to the corresponding
12 test stimuli in a randomized order and indicated, after each
stimulus, whether they considered it to be a word in the preceding
artificial language or not. Participants pressed a green-labeled
key on a computer keyboard to indicate “word” and a red key
if not. One half of the participants pressed the green key with the
left hand and the red key with the right hand. To avoid effects
of handedness, for the other half of the participants, this was
reversed. No feedback on the responses was provided.

As in Experiment 2, the speech stream for each condition
lasted for ~2min (see “Stimuli” below for details), participants
completed each test phase at their own pace, and between the
conditions, participants were given a 30 s break. Thus, including
instructions and a final debriefing, the experiment lasted ~20-
25 min. Participants were given modest monetary compensation
for their participation in the experiment.

Stimuli

For Experiment 3, we used the same artificial languages (Table 1,
columns 2-5), the same speech streams (including two additional
speech streams for the two pitch conditions) and the same test
stimuli as for Experiment 2 (e.g., see words highlighted in bold in
Table 2). The acoustic versions of the test stimuli were created
from syllables spoken by the same female native speaker of
German as Experiment 2, in the same way as previous speech
streams (see “Stimuli” in Experiment 1 and 2). All syllables were
normalized to the default length of 500 ms and the default pitch
of 210 Hz. The test stimuli did not carry any modifications of
duration or pitch from these standards.

D’ Analysis and Results

Our calculation of d’ values (for details about the analysis, see
Experiment 1) revealed that pauses again significantly improved
discrimination performance compared to the baseline (Figure 8).
In all other conditions, discrimination performance was near
chance level, except for the higher pitch condition, where it was
slightly above chance. There was a tendency that participants
discriminated words and part-words better than chance in the
baseline and lengthening conditions and worse than chance in
the shortening and lower pitch conditions. Thus, the directions
of the effects were similar to Experiments 1 and 2, but all effects
besides those of pauses were very weak. As in Experiments 1 and
2, we performed a generalized linear mixed model to investigate
the reasons for the generally low performance.

Generalized Linear Mixed Model: Analysis

As for Experiments 1 and 2, we fitted a logistic Generalized
Linear Mixed Model (Baayen, 2008) with logit link function
(McCullagh and Nelder, 1989) to test whether the perception
of words in the speech stream was influenced by condition
and stimulus type (statistical word or one of the two statistical
part-word types). Condition and stimulus type, as well as their
interaction were included as fixed effects into the model. To
control for the effects of pseudo-language (factor with four levels;

participants were exposed to a different pseudo-language in each
of the four conditions), order of the conditions (covariate with
values 0-3), and trial number (counting from 0 to 11 within
each condition), these were included as additional fixed effects.
The predictor pseudo-language was manually dummy coded with
Language 1 being the reference category, and then centered.
As in previous experiments, we entered a random intercept of
participant in the model, and included random slopes (Schielzeth
and Forstmeier, 2009; Barr et al., 2013) of condition, stimulus type,
their interaction, order of the conditions and trial number within
participant. Again, before including factors into the random
slopes we manually dummy coded and then centered them.
The correlations between random intercept and random slopes
terms were not included in the final model because an initial
model including these correlations—and thus being maximal
with regard to random effects—did not converge. The control
predictors order of the conditions and trial number were z-
transformed (to a mean of zero and a standard deviation of one).
The sample for this model consisted of 42 individuals tested on
4 conditions with 12 trials each. This yielded 2016 data points in
total, 1,063 of which revealed a correct response.

Significances of the individual predictors, model stability
(for details see Supplementary Table 3) and confidence intervals
were calculated as described for Experiment 1.

Generalized Linear Mixed Model: Results
As for Experiments 1 and 2, the comparison of the full model
(for details, see Supplementary Table 3) and the null model for
Experiment 3 revealed that condition or its potential interaction
with stimulus type had an impact on the perception of words
(likelihood ratio test: 2 = 62.20, df = 15, p < 0.001). Unpacking
these effects, we found that the interaction between condition
and stimulus type had a significant effect on word perception
(likelihood ratio test: x2 = 31.963, df = 10, p < 0.001). This
means that the pattern of correct responses on words and part-
words varied between conditions (see Figures 8, 9). However, the
overall results of Experiment 3 were slightly less clear than for
Experiments 1 and 2. This confirms the main results from the d’
analysis above.

Participants showed quite high performance on words
and both part-word types in the pause condition, but they
showed a high performance on words and a low performance
on part-words in the baseline, lengthening and high pitch
conditions. The rather low performance on part-words in
these conditions indicates that participants had the tendency
to select many incorrect stimuli as words, resulting in many
false alarms for part-words. In the shortening and low pitch
conditions, performance was rather low on words and part-
words. Interestingly, as in Experiment 1, in the shortening
condition, performance on part-words 2-1 was low, which
indicates that participants had the tendency to perceive stimuli
where shortening happened on the medial syllable as words (see
model estimates and confidence intervals in Figure 9).

The control predictors pseudo-language (likelihood ratio test:
x% =4.013,df = 3, p = 0.260), order of the conditions (likelihood
ratio test: x2 = 0.159, df = 1, p = 0.692), and trial number
(likelihood ratio test: x?> = 0.014, df = 1, p = 0.907) did
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FIGURE 8 | D’ measures in Experiment 3, a decision task where participants decided whether acoustically presented stimuli were words that they had perceived in
the speech stream or not. (A) Mean and 95% confidence intervals of participants’ responses. Non-overlapping confidence intervals indicate significant differences
between the groups. Confidence intervals that do not include O indicate significant differences from chance performance. (B) Boxes depict medians and quartiles,
whiskers minimum and maximum values, and black dots outliers. Violin shapes around the boxes depict the distribution of d’ values. The width of the violin shapes at
a given y coordinate corresponds to the number of d’ values in this region. Red lines: chance level performance.
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FIGURE 9 | Proportion of participants’ correct answers in Experiment 3. Proportions are displayed for each condition and each stimulus type (WORD, word with
modified syllable in final position; PW1-2, part-word with modified syllable in initial position; PW2-1, part-word with modified syllable in medial position). Model results:
thick horizontal black lines, with error bars depicting the bootstrapped 95% confidence intervals. Boxes depict medians and quartiles, and gray dots the actual
observations (the area of the dots indicates the number of responses per combination of condition, stimulus type, and proportion correct).

not have a significant effect on discrimination performance of interference of segmentation strategies and participants did not
words and part-words. The null effect of the predictor order  infer a consistent rule that they transferred from condition
of the conditions indicates that there was no cross-condition  to condition.
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DISCUSSION

Our study indicates that manipulating prosodic information has
clear effects on speech segmentation by adult German-speaking
listeners, mostly improving performance relative to a statistics-
only baseline (see non-overlapping confidence intervals in
Figures 4, 6, 8). This basic result is consistent with considerable
previously published data. A significant interaction between
condition and stimulus type in Experiments 1 and 3 (and near
significant interaction with p = 0.079 in Experiment 2) clearly
shows that listeners’ identifications of words and part-words
differed in the different prosodic modification conditions. Our
prosodic modifications occurred either on the final syllable of
a trisyllabic nonsense word (for durational and pitch cues), or
after it (for pauses). Our results further show that listeners
interpreted different prosodic modifications as occurring at
different positions in these trisyllabic words. This provides clear
evidence that different prosodic cues have differing effects on
speech segmentation, in an experiment where for the first time
multiple prosodic cues were contrastively manipulated with other
acoustic factors being closely controlled.

The Positive Effects of Pauses and Final

Lengthening on Speech Segmentation
Overall, adding pauses and lengthening the final syllable
converged with the statistical cues, significantly facilitating
speech segmentation based on statistical cues alone. In
Experiment 1, participants identified most of the test items
correctly in the pause and lengthening condition, whereas in
the baseline condition with statistical cues alone, performance
was only slightly above chance (Figure4). In Experiment 2,
pause and lengthening cues improved identification of words,
but not the rejection of part-words, compared to the baseline
condition (see non-overlapping CIs in Figure 7). In Experiment
3, which added a pronounced memory component, pauses, but
not final lengthening, led to a higher performance compared
to the statistical-cues-only condition (Figure 8). This overall
convergent effect of final lengthening is consistent with the
language-universal occurrence of domain-final lengthening, but
not a language-specific stress pattern because German trisyllabic
words typically do not carry stress on their final syllables (for
a discussion, see Crowhurst, 2016). Overall, these results are in
accordance with a large body of previous research showing that
final lengthening cues are perceived as converging with statistical
cues, thus facilitating speech segmentation (Saffran et al., 1996b;
Tyler and Cutler, 2009; Ordin and Nespor, 2016; Frost et al., 2017;
Ordin et al., 2017). These results are thus consistent with the cue
convergence hypothesis for pause and final lengthening cues.

The Negative Effect of Final Shortening on

Speech Segmentation

In contrast, shortening the final syllable actively hindered
the identification of statistical words, compared to statistical
cues alone, consistent with the cue conflict hypothesis for
final shortening cues. This was illustrated most clearly in
Experiments 1 and 2, where identification of statistical words
in the shortening condition was significantly lower than in

the baseline condition (see Figures4, 6). In Experiment 3,
overall performance in the shortening condition was quite low
because either “correct” statistical words were missed, or part-
words were mistakenly selected as “words” (see Figures 8, 9).
Interestingly, in Experiments 1 and 3, participants selected
many part-words 2-1 as words (see low performance on part-
words 2-1 in Experiments 1 and 3; Figures 5, 9), indicating
that participants tended to perceive shortened syllables as
occurring word-medially. Thus, when prosodic and statistical
cues conflict, prosodic cues overrode statistical cues in the
speech segmentation process, yielding “word” percepts based on
prosodic patterns that conflict with those based on transition
probabilities. Prosody has also overpowered statistics in previous
studies: English infants grouped syllables with a combination
of longer duration, higher pitch and higher intensity as word-
initial, disregarding statistical cues (e.g., Johnson and Jusczyk,
2001; Thiessen and Saffran, 2003; Johnson and Seidl, 2009).
In our study, however, neither final lengthening nor pitch
increase overrode statistical cues when occurring individually
(although final lengthening significantly augmented such cues),
but shortening alone sufficed to override the statistical cues.
Final shortening may strongly influence speech segmentation
because listeners have a language-universal preference for final
lengthening (Tyler and Cutler, 2009; Fletcher, 2010; but also:
Ordin et al, 2017; White et al., 2020). Encountering the
opposite cue—final shortening—might thus actively interfere
with word segmentation. The contrasting results we observed
for final lengthening and shortening cues were consistent with
our hypothesis that contrasting cues should have contrasting
effects. Participants may also have perceived the shortening
cues on the medial syllables because, when medial syllables
are short, final syllables are perceived as longer, which would
again fit the language-universal preference for final lengthening.
Another potential explanation for the word-medial perception of
shortened syllables might be that some German trisyllabic words
do carry stress on the initial or final syllable (Domahs et al.,
2014; Ordin and Nespor, 2016; Ordin et al., 2017) and that in
these words, medial syllables may appear weaker and shortened.
However, overall, it seems unlikely that language-specific word
stress patterns explain why shortening was perceived on medial
syllables because German trisyllabic words are typically stressed
on the medial syllable (Domahs et al., 2014; Ordin and Nespor,
2016; Ordin et al, 2017), and shortening is not typically
associated with stress (Tyler and Cutler, 2009; Ordin and Nespor,
2013). Thus, regarding duration, language-universal factors may
play a bigger role for speech segmentation than language-specific
word stress patterns (for a discussion, see Crowhurst, 2016).

The Relative Strengths of Different

Prosodic Cues

Turning to the relative strengths of the different prosodic cues,
our study allows a precise quantitative evaluation of the effect of
pauses, duration, and pitch manipulations relative to a common
statistical baseline. Overall, pauses between words provided
the most helpful cues for speech segmentation. Especially in
Experiment 3, which involved a strong memory component and
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was thus the most challenging, pauses outranked most other cues
in effect (see non-overlapping CIs for words in all but one cue in
Figure 9). This may be because pauses involve an immediate and
very salient decrease in signal amplitude, relative to the other cues
we tested (Fletcher, 2010). Additionally, pauses should provide
nearly unambiguous signals for word boundaries because, in real
speech, pauses almost exclusively occur at word boundaries and
are not as flexibly distributed as changes in duration or pitch
(Trainor and Adams, 2000; Fletcher, 2010; Matzinger et al., 2020).

Besides pauses, durational cues proved to be highly relevant
cues for speech segmentation. In Experiment 1, final lengthening
aided segmentation roughly as much as pauses (see Figure 4, and
overlapping CIs in Figure 5), and final shortening was powerful
enough to override statistical cues entirely.

In contrast, and perhaps surprisingly given previous results,
pitch cues did not have very strong effects: in Experiment 3,
performance when word-final pitch was increased was higher
than when it was decreased, but performance based on modified
pitch did not differ significantly from baseline performance in
any of our experiments (see overlapping CIs in Figures 4, 8).
Thus, neither final pitch increase nor pitch decrease greatly
affected speech segmentation. This result is concordant with the
null effects of final pitch increase in German, Italian, Spanish and
English (Toro et al., 2009; Tyler and Cutler, 2009; Ordin and
Nespor, 2016), but contrasts with the facilitating effect of final
pitch increase in French (most likely due to language-specific
stress patterns of French: Tyler and Cutler, 2009). This may be
because the pitch cues were perceived as neither converging or
conflicting with the statistical cues, or because any perceived
cue conflict was not strong enough to override the ever-present
statistical cues. Investigations with more languages (especially
tonal languages) employing a wider range of pitch changes would
help resolve the role of pitch in word segmentation in adults.

Overall, our results tentatively suggest that durational cues
are more relevant for speech segmentation than pitch cues (cf.
Minnel and Friederici, 2016), and that boundary cues of pauses
and length might play a bigger role for segmentation than
language-specific stress patterns, at least for the manipulation
sizes employed here.

One possible reason for the primacy of durational information
is that durational changes are language-universally more reliable
cues for domain-finality than are pitch changes (Vaissiere, 1983;
Tyler and Cutler, 2009; Fletcher, 2010). In contrast, pitch changes
often map onto language-specific word stress patterns (Tyler and
Cutler, 2009; Ordin and Nespor, 2013, 2016; Ordin et al., 2017).
In real speech, word stress can vary more than domain finality
at the phrasal level (Ordin and Nespor, 2016), e.g., due to loan
words with non-typical stress patterns (Broselow, 2009; Speyer,
2009; Andersson et al., 2017). Thus, pitch cues in natural speech
may be employed more flexibly and variably than durational cues,
making them less informative for speech segmentation. Although
pitch changes also occur domain finally in real speech (e.g., final
pitch decrease in declarative sentences or final pitch increase in
yes-no questions; Vaissiere, 1983), they may not have the same
perceptual salience as durational cues. This may also explain why,
overall, we found no clear differences between two opposing pitch
changes: pitch decrease and pitch increase.

Robustness of the Results and Sensitivity

to the Testing Environment

Although our results were consistent overall in the three studies,
somewhat surprisingly, the effects described above unfolded
most clearly in the most informal Experiment 1, less clearly
in laboratory Experiment 2 and least clearly in Experiment 3.
Experiment 3 was probably closest to most previous artificial
language learning experiments in the literature. Thus, despite
their overall consistency, our results were sensitive to differences
in the experimental environment and the overall testing
paradigm (for an overview of the methodological differences
between the experiments and a summary of the results, see
Table 3). Indeed, only in Experiment 1 did we replicate the
finding that statistical cues alone suffice for successful speech
segmentation, despite such effects being well-attested in the
literature (e.g., Saffran et al., 1996a; Aslin et al., 1998).

A potential explanation for why the effects unfolded most
clearly in Experiment 1 might be that in Experiments 2 and 3,
in which participants were tested on more than one condition,
participants were less focused in later stages of the experiment,
which may be reflected in their overall segmentation scores.
Also, in Experiments 2 and 3, participants may have inferred
a segmentation rule (such as “the modified syllable is always
the initial/medial/final syllable of the word”) early on that they
then transferred to later conditions. Depending on the rule
they formed, this could either facilitate or impair segmentation
in subsequent conditions. Because of the randomized order of
the conditions and the null effect of the factor order of the
conditions in our models, it is unlikely that there were consistent
biases in a specific direction, but overall, cross-condition
interference may have led to fuzzier results in Experiments 2
and 3.

The fact that Experiment 1 used syllables recorded by a
native speaker of English does not seem to have influenced the
overall pattern of results. If sub-phonemic cues in the English
syllables had confused the listeners, results in Experiment 1
would have been expected to be fuzzier. In contrast, listeners may
even have applied language-universal segmentation strategies
such as final lengthening more consistently in Experiment 1
because they may have recognized that the syllables were not
German and in turn reasoned that German-specific segmentation
strategies may not be reliable in this case (cf. Quam and Creel,
2017).

Response Strategies in the Three Different

Experiments

The slightly different setups in the three experiments appear to
have led to different response strategies of the participants.
In Experiment 2, participants made their choices most
conservatively, meaning that overall they selected fewer
test items as “words.” This led to many misses of words and in
general a lower performance on the identification of statistical
words than on the rejection of statistical part-words. One
potential reason is that, when participants tentatively identified
a word, they then waited until this word reoccurred in the
speech stream before confirming their choice and circling the
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TABLE 3 | Summary of the methodological details and main results of the three experiments.

Methods Main results
Setting Design Modality of Language of Baseline Pauses Durational cues Pitch cues
test stimuli stimuli speaker
Exp. 1 Natural Between-  Visual English Successful Improve Lengthening improves & No effect compared to
subjects segmentation segmentation  shortening hinders segmentation baseline
Exp.2 Lab Within- Visual German No Improve Lengthening: successful Not tested
subjects successful segmentation  segmentation, no improvement
segmentation compared to baseline
Shortening hinders segmentation
Exp.3 Lab Within- Auditory German No Improve No effect compared to baseline;  No effect compared to
subjects successful segmentation  tendency: lengthening improves  baseline; tendency: higher
segmentation & shortening hinders pitch improves & lower pitch
segmentation hinders segmentation
item on the test sheet. They might not have had adequate CONCLUSION AND OUTLOOK

time using this conservative strategy to identify all words
while the speech stream was playing. However, participants
did not exhibit this behavior in Experiment 1, although there
they only had half the stimulus exposure as in Experiment
2. It is also possible that in the laboratory environment in
Experiment 2, participants used explicit learning mechanisms,
were more nervous or more concerned about doing well in the
task and therefore answered more carefully and conservatively
(cf. Parsons, 1974; Wickstrom and Bendix, 2000; Chiesa
and Hobbs, 2008), whereas the informal environment in
Experiment 1 triggered more implicit learning mechanisms, and
elicited more immediate and thus perhaps more natural and
spontaneous responses.

In contrast to Experiment 2, Experiment 3 was also in the
laboratory, but this time had a pronounced auditory memory
component. Here, participants overall chose very many items
as “words.” This led to many false alarms and in general
a poor performance on statistical part-words compared to
statistical words. Potentially, participants may have distrusted
their memory and selected many items that sounded similar to
those that they remembered. Overall, the differences between
these two experiments suggests that when the task involves
a pronounced memory component (similar to real language
learning), speech segmentation becomes more challenging. On
the one hand, the additional cognitive load of having to
remember some segmented words might have made it more
challenging for participants to extract later items from the
stream. On the other hand, participants might have segmented
many words correctly while listening to the speech stream,
but then forgotten them later during the test phase. In any
case, although participants performed worse in Experiment 3,
their overall response patterns differed between the different
cues as in the previous two experiments. The slightly different
response patterns observed in our three experiments suggest
that future speech segmentation studies should pay careful
attention to such seemingly minor experimental differences,
and it may be valuable to increase ecological validity by
designing tasks that resemble real-life language learning
more closely.

In sum, our study provides new insights into how different
prosodic cues aid or hinder statistics-based speech segmentation
in native German-speaking adults. Because our study only
manipulated word-final syllables, it would be interesting to
replicate our study using the same manipulations, but on the
initial or medial syllables of trisyllabic words (as done in Saffran
et al., 1996b; Toro-Soto et al., 2007; Toro et al., 2009; Tyler
and Cutler, 2009; Ordin and Nespor, 2016; Frost et al., 2017;
Ordin et al., 2017; but these studies did not test opposing cues
in direct comparison). Such a research program would provide a
more comprehensive overview of the influence of the different
individual cues in different locations. Our results make clear
predictions for follow up-experiments with cues implemented
on the medial syllables, especially for shortening cues. Since
our study indicates that shortening word-medially sounds “most
natural,” even when this conflicts with statistical cues, medial
shortening cues that match the statistical cues should lead to a
higher segmentation performance (at least for German speakers).
On the contrary, medial lengthening should hinder statistics-
based segmentation performance.

Further tests manipulating word-initial cues would also be
interesting with regard to the iambic-trochaic law (= ITL; Bolton,
1894; Hayes, 1995; Hay and Saftran, 2012; De la Mora et al,,
2013; Abboub et al., 2016). Our study provides further evidence
that, considering durational cues, the ITL generalizes from
disyllabic to trisyllabic stimuli, namely that lengthened syllables
are interpreted as word-final and lead to anapestic grouping (cf.
Saffran et al., 1996b; Trainor and Adams, 2000; Tyler and Cutler,
2009; Frost et al., 2017). However, our null results regarding
pitch modifications did not provide clear evidence regarding
whether the ITL also generalizes to trisyllabic stimuli, leading to
dactylic grouping. According to the ITL, higher pitched syllables
are grouped sequence initially, so we predicted for our study
that final pitch increase should hinder speech segmentation
performance. However, this was not evident in our data. Thus, a
variant of our experiment manipulating word-initial pitch would
test more directly whether the ITL also transfers to trisyllabic
stimuli for pitch modifications. If initial pitch increase indeed
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turned out to lead to dactylic grouping, this, combined with our
finding about anapestic grouping of lengthened syllables, would
point toward an “anapest-dactyl law” for trisyllabic stimuli,
directly analogous to the ITL for bisyllabic stimuli.

Overall, we showed that different prosodic cues, namely
pauses after the final syllables of trisyllabic statistical words,
and durational and pitch cues on the final syllables of such
words, had differing effects on speech segmentation. More
specifically, pauses were most salient, duration changes also
significant, and pitch changes showed little or no effect. Our
findings are consistent with previous results indicating that
when in conflict, prosodic cues can override statistical cues
(e.g., Johnson and Jusczyk, 2001; Thiessen and Saffran, 2003;
Johnson and Seidl, 2009). In addition, we found that changes in
a single prosodic cue—duration—were enough to achieve such
an override. Because we tested opposing cues—lengthening vs.
shortening and pitch increase vs. decrease—in direct comparison,
we were able to show that overall, durational cues played a more
important and consistent role than pitch cues. These results
contribute to a better understanding of which specific acoustic
factors are most salient for listeners as they solve the challenge of
speech segmentation.

Like most previous experimental work, our study tested
speech segmentation in an artificial language with highly
controlled and simplified stimuli and cue manipulations
(although our study did use modified natural speech, rather
than synthesized speech). This control and simplification has
the virtue that the effects can be attributed to specific individual
cues, but also raises the problem of how well these findings
will translate to the segmentation of natural languages, where
cues hardly ever occur in isolation and are more complex
(Johnson and Seidl, 2009; Johnson and Tyler, 2010; Erickson
and Thiessen, 2015). Although the full complexity of natural
languages is hard to model in speech segmentation experiments
in a controlled way, one step toward natural language conditions
is to test durational, pitch and pause cues in combination, either
converging or conflicting (like Ordin and Nespor, 2016 did for
lengthening and pitch increase cues), but additionally adding
pause, shortening and pitch decrease cues. This can shed light on
whether the effects of cue changes are simply additive or if they
interact in more complex ways when occurring in combination.
Further factors that could move this research field toward natural
languages include adding cues such as co-articulation cues (as
e.g., in Johnson and Jusczyk, 2001), adding cues distinguishing
between different boundary strengths (as e.g., in Sohail and
Johnson, 2016), modifying the surrounding prosodic context
(Morrill et al.,, 2014a,b, 2015), using words of different lengths
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Supplementary materials

Experiment 1

Table S1. Results of the logistic generalized mixed model exploring the effects of condition,
stimulus type, and their interaction, on the correctness of responses in a decision task where
participants had to decide on whether presented stimuli were words or not. The table reports
estimated model coefficients, standard errors (SE), lower and upper confidence intervals for
the estimates, ¥*-values of likelihood ratio tests, respective degrees of freedom (df) and p-
values (P, significances in bold), as well as minimum and maximum estimates obtained after
dropping individuals one at a time (an indicator of model stability).

Estim Lower | Upper Min. Max.
Term ate SE CI CI r df | P estimate | estimate
Intercept 0.84 032 ]0.23 1.55 @) (OOE) 0.77 0.94
conditionPAU 2.87 0.62 | 1.76 433 2.74 3.30
conditionLEN 0.94 0.48 |-0.01 1.86 0.82 1.10
conditionSHO -2.83 049 |-3.87 |-1.87 -2.93 -2.76
conditionLOW 0.46 0.46 | -0.49 1.41 0.35 0.59
conditionHIG 0.25 0.46 |-0.71 1.18 0.13 0.37
partword typePW1 | 0.13 0.40 |-0.68 |[0.95 0.00 0.27
partword typePW2 | -0.56 [ 0.32 | -1.20 | 0.06 -0.66 -0.42
conditionPAU:part
word typePW1 -146 1073 | -3.14 |0.04 63.129 | 10 | <0.001 | -1.84 -1.20
conditionLEN:part
word typePW1 0.27 0.61 |-0.97 1.45 0.12 0.45
conditionSHO:part
word typePW1 3.31 0.60 | 2.08 4.63 3.16 3.53
conditionLOW:part
word typePW1 0.27 0.58 |-0.92 1.45 0.10 0.48
conditionHIG:part
word typePW1 0.18 0.57 | -1.04 1.31 0.04 0.39
conditionPAU:part
word typePW?2 -0.64 1 0.66 |-2.18 |0.64 -0.94 -0.40
conditionLEN:part
word typePW2 1.34 0.55 ]0.25 2.51 1.14 1.57
conditionSHO:part
word typePW2 2.32 0.50 | 1.40 3.40 2.17 247
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conditionLOW:part
word typePW2 0.14 0.47 |-0.81 1.00 0.00 0.29
conditionHIG:part
word typePW2 0.32 0.47 | -0.65 1.26 0.18 0.45

(1) Not shown because it allows very limited interpretation

Experiment 2

Table S2. Results of the logistic generalized mixed model exploring the effects of condition,
stimulus type, their interaction, order of the conditions, and language on the correctness of
responses in a decision task where participants had to decide on whether presented stimuli
were words or not. The table reports estimated model coefficients, standard errors (SE), lower
and upper confidence intervals for the estimates, y>-values of likelihood ratio tests, respective
degrees of freedom (df) and p-values (P, near-significances in bold), as well as minimum and
maximum estimates obtained when dropping individuals one at a time (being an indicator of
model stability).

Min. Max.
Estim Lower | Upper estima | estima

Term ate SE CI CI r df | P te te
Intercept -0.45 0.31 -1.05 0.15 @) D 1@ -0.55 -0.35
conditionPAU 2.24 0.43 1.45 3.22 2.07 2.42
conditionLEN 1.12 0.34 0.50 1.84 1.01 1.29
conditionSHO -0.77 10.32 -1.39 | -0.18 -0.92 | -0.61
partword typePW1 1.69 0.40 0.94 2.52 1.55 1.90
partword typePW?2 1.42 0.42 0.63 2.27 1.27 1.62
z.condition_order no
2 -0.09 [0.10 -0.27 1 0.10 0.954 1 0.329 -0.14 | -0.06
languagel.anguage?
3) -0.09 10.24 -0.55 0.39 1.725 3 0.631 -0.22 1 0.00
languageLanguage3 | -0.10 0.24 -0.56 0.39 -0.21 0.04
languagelanguage4 | 0.17 0.25 -0.31 0.71 0.06 0.29
conditionPAU:partw
ord typePW1 -1.02 1 0.49 -2.00 | -0.05 11329 |6 0.079 -1.21 -0.78
conditionLEN:partw
ord typePW1 -0.76 1 0.46 -1.66 | 0.17 -0.92 | -0.61
conditionSHO:partw
ord typePW1 0.30 0.53 -0.72 1.30 0.05 0.50
conditionPAU:partw
ord typePW2 -1.07 1047 -2.07 | -0.16 -1.26 | -0.87
conditionLEN:partw
ord typePW2 -0.31 0.49 -1.28 1 0.73 -0.61 -0.15
conditionSHO:partw
ord typePW2 0.16 0.42 -0.68 | 0.97 0.02 0.30

(1) Not shown because it allows very limited interpretation

(2) z-transformed mean and standard deviation of the original variable were 1.50 and 1.12
respectively

(3) language was manually dummy coded with Languagel being the reference category, and
then centered
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Experiment 3

Table S3. Results of the logistic generalized mixed model exploring the effects of condition,
stimulus type, their interaction, order of the conditions, trial number, and language on the
correctness of responses in a decision task where participants had to decide on whether
presented stimuli were words or not. The table reports estimated model coefficients, standard
errors (SE), lower and upper confidence intervals for the estimates, y*>-values of likelihood
ratio tests, respective degrees of freedom (df) and p-values (P, significances in bold), as well
as minimum and maximum estimates obtained when dropping individuals one at a time
(being an indicator of model stability).

Min. Max.
Estim Lower | Upper estima | estima

Term ate SE CI CI r df | P te te
Intercept 0.97 0.19 0.60 1.39 @) () 0.92 1.06
conditionPAU 1.29 0.34 0.61 1.95 1.18 1.45
conditionLEN 0.30 0.38 -0.39 1.08 0.16 0.43
conditionSHO -0.87 10.33 -1.50 | -0.21 -1.01 -0.71
conditionLOW -1.28 1 0.33 -1.94 | -0.68 -1.39 [ -1.14
conditionHIG 0.00 0.32 -0.60 | 0.63 -0.16 | 0.20
partword typePW1 -1.79  10.27 -2.38 | -1.31 -1.93 -1.70
partword typePW2 -1.52 1 0.25 -2.02 | -1.06 -1.68 | -1.43
z.condition_order_no
2 0.02 0.06 -0.10 | 0.15 0.159 1 0.692 -0.01 0.04
z.trial no (3) -0.01 0.05 -0.11 0.10 0.014 1 0.907 -0.02 1 0.02
languagel.anguage?
4 -0.12 | 0.18 -0.48 0.22 4.013 3 0.260 -0.19 | -0.07
languageLanguage3 | 0.20 0.18 -0.14 0.58 0.08 0.29
languageLanguage4 | 0.15 0.17 -0.19 0.48 0.07 0.22
conditionPAU:partw
ord typePW1 -0.15 0.40 -0.99 | 0.68 31.963 10 | <0.001 |-0.26 |0.03
conditionLEN:partw
ord typePW1 -0.51 0.46 -1.54  10.33 -0.70 | -0.35
conditionSHO:partw
ord typePW1 1.61 0.56 0.54 2.71 1.33 1.87
conditionLOW:partw
ord typePW1 1.85 0.47 0.89 2.79 1.67 2.01
conditionHIG:partwo
rd typePWI 0.57 0.47 -0.33 1.50 0.33 0.76
conditionPAU:partw
ord typePW2 -0.38 1 0.39 -1.13 0.33 -0.51 -0.19
conditionLEN:partw
ord typePW2 -0.31 0.44 -1.20 | 0.53 -0.49 | -0.16
conditionSHO:partw
ord typePW2 0.61 0.44 -0.31 1.47 0.41 0.80
conditionLOW:partw
ord typePW2 1.67 0.55 0.60 2.78 1.44 1.91
conditionHIG:partwo
rd typePW2 0.51 0.42 -0.27 1.34 0.17 0.75

(1) Not shown because it allows very limited interpretation
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(2) z-transformed, mean and sd of the original variable were 1.50 and 1.12, respectively

(3) z-transformed, mean and sd of the original variable were 5.50 and 3.45, respectively

(4) language was manually dummy coded with Languagel being the reference category, and
then centered
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CHAPTER 3

Aesthetic appeal of prosodic patterns influences their
segmentation from a speech stream

This chapter is under review in the Journal of Language Evolution.

Citation:
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Abstract

Could the aesthetic appeal of linguistic features influence their learnability, and in turn their
long-term stability during language change? Focusing on prosodic patterns, we investigated
the baseline assumption that linguistic features like stress patterns affect aesthetic appeal.
Listeners’ ratings of isochronous words and words with initially, medially or finally
lengthened or shortened syllables revealed that, indeed, different prosodic patterns differed in
their aesthetic appeal in terms of ‘liking’, ‘beauty’ and ‘naturalness’. Furthermore, aesthetic
ratings of these prosodic patterns corresponded to their effectiveness for speech segmentation
in previous experiments, suggesting a potential connection between aesthetics and language
processing. This research opens up new avenues for future research on the role of aesthetic

preferences in language acquisition and language change.

Keywords: aesthetics; language change; prosody; speech segmentation; artificial language

learning; syllable duration

Introduction

All human cultures appreciate beauty, and humans readily evaluate visual, verbal, or musical
stimuli in terms of aesthetic appeal (Nadal & Vartanian, 2019; Rastall, 2008). Traditionally,
aesthetics has been investigated in the visual domain, but more recently, research has been
extended to the aesthetic appeal of other sensory domains including music, poetry, and
literature (Verheyen, 2015). While research on the aesthetic appeal of linguistic features (such

as Rastall, 2008) is still comparatively scarce, linguistic stimuli have often been investigated
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with regard to their processing fluency, emotional value, valence or arousal (Foolen, Liidtke,
Racine, & Zlatev, 2012; Forster, 2020; Laham, Koval, & Alter, 2012; Paulmann, Bleichner, &
Kotz, 2013; Warriner, Kuperman, & Brysbaert, 2013) — features closely linked to aesthetic
appeal (Leder, Ring, & Dressler, 2013; Reber, Schwarz, & Winkielman, 2004; Shibles, 1995).
These connections make focused investigations of the aesthetic appeal of linguistic features

worthwhile (Keller, 1994).

For example, aesthetic preferences regarding prosodic patterns play a prominent role in the
appeal of poetry (Obermeier et al., 2016). If such preferences also apply in the perception of
spontaneous everyday speech, they may affect language learning and, indirectly, also
language change. A plausible hypothesis is that aesthetically appealing linguistic features are
memorized more easily (Kousta, Vinson, & Vigliocco, 2009; Reber et al., 2004) and used
more frequently, and therefore transmitted more successfully across speaker generations than
less aesthetically appealing features (cf. Smith & Kirby, 2008). Alternatively, features that run
against aesthetic preferences may acquire an advantage in learning and transmission, because
they may elicit negative arousal and thus be more easily noticed and remembered (e.g.,
Citron, Weekes, & Ferstl, 2014; Kuperman, Estes, Brysbaert, & Waaarriner, 2014). In either
case, aesthetic appeal (or lack thereof) could affect language learning, use, transmission, and

change (e.g., sound changes or lexical borrowings; Rastall, 2008).

In this study, we investigate the fundamental premise of this proposal: that people’s aesthetic
judgements of linguistic features or patterns consistently differ. To relate aesthetic judgements
to language learning, we designed our study with respect to a widely investigated problem in
language acquisition research: the speech segmentation problem (e.g., Saffran, Newport, &
Aslin, 1996). This problem describes the challenge facing language learners to segment fluent

speech into words. Several linguistic cues, including prosodic patterns in the speech stream,
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help learners solve this problem (e.g., Frost, Monaghan, & Tatsumi, 2017; Johnson &
Jusczyk, 2001; Matzinger, Ritt, & Fitch, 2021; Ordin, Polyanskaya, Laka, & Nespor, 2017,
Saffran et al., 1996; Tyler & Cutler, 2009). Therefore, we investigate listeners’ aesthetic
evaluation of different prosodic patterns, hypothesizing that the aesthetic appeal of prosodic
patterns may correlate with the ease with which listeners can extract words from a continuous
speech stream. If so, we could relate the aesthetic appeal of different prosodic patterns to
speech segmentation, suggesting a role for “speech aesthetics” in language learning and
change. However, any links identified between the aesthetic appeal of prosodic patterns and

speech segmentation will represent correlations, but not causalities.

We chose prosodic patterns as targets for investigating the aesthetic appeal of linguistic
features for two reasons. First, they play a crucial role in everyday speech segmentation and
therefore support conclusions about general mechanisms of language learning and change.
Second, prosody plays an important role in poetry and resembles musical patterns, whose
aesthetic appeal has previously been investigated, making the link between aesthetics and

prosody in everyday speech plausible (Hamilton, 2007; Obermeier et al., 2016).

Our study examined aesthetic evaluations of rhythmic patterns in trisyllabic words by native
German speaking listeners, providing the necessary baseline for future research by explicitly
testing if prosodic patterns differ in their aesthetic appeal at all (see discussion). We do not
investigate links between aesthetic appeal and speech segmentation directly here, but rather
refer to previous work on speech segmentation (e.g., Frost et al., 2017; Johnson & Jusczyk,
2001; Ordin et al., 2017; Tyler & Cutler, 2009), most notably to our own study (Matzinger et
al., 2021), which closely resembled the present study in terms of stimuli, participants, and

study design.
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Our previous experiment used an artificial language learning setup to show that, when
identifying trisyllabic words in a continuous speech stream, the performance of German
speaking listeners improved when the final syllable of each word in the stream was
lengthened (Matzinger et al., 2021). In contrast, their performance declined when the final
syllable of each word was shortened. If aesthetic perception indeed plays a role in speech
segmentation, words that have their final syllables lengthened or shortened should differ in
terms of aesthetic appeal. More specifically, if speech segmentation is facilitated by
aesthetically appealing prosodic patterns, words with lengthened final syllables should be
rated highly for aesthetic appeal and words with shortened final syllables should be rated

lower.

In addition, we found that native German speaking participants preferably extracted words
with medially shortened syllables (Matzinger et al., 2021). Again, if speech segmentation is
facilitated by a high aesthetic appeal, participants should perceive words with shortened

medial syllables as aesthetically appealing.

However, durational changes might also be the result of language-specific stress patterns, in
which stressed syllables are usually lengthened, and unstressed syllables shortened or reduced
(Ordin et al., 2017; Tyler & Cutler, 2009). Due to the well-documented “mere exposure”
effect (Sluckin, Hargreaves, & Colman, 1983; Zajonc, 1968), listeners may find durational
variations that match the typical stress patterns of their native language more aesthetically
appealing than other durational variations. Our participants were native speakers of German,
and most German trisyllabic words are stressed on their word-medial syllable (Domahs, Plag,
& Carroll, 2014; Ernestus & Neijt, 2008). Therefore, if participants prefer durational patterns
that match the typical stress patterns of their native language, they should rank words with

lengthened medial syllables as aesthetically appealing. However, alternative aesthetic theories
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suggest that moderately frequent, rare or novel items may be perceived as most aesthetically
appealing (Berlyne, 1971; Martindale, Moore, & West, 1988; Temme, 1984), making the

opposite prediction.

In sum, we investigated the aesthetic appeal of both word-final and word-medial prosodic
patterns, because we can directly derive predictions from our previous speech segmentation
experiment (Matzinger et al., 2021). In addition, we also tested the aesthetic appeal of words
with word-initial durational modifications. However, neither our previous research, nor
prosodic characteristics of German, implied any clear predictions for the aesthetic appeal of

such words.

Finally, in addition to irregular durational patterns, we also examined the aesthetic appeal of
isochronous words. Words with isochronous syllables may be regarded as aesthetically
appealing because people have a general propensity for regular patterns (e.g., Poeppel &
Assaneo, 2020; Ravignani & Madison, 2017), and isochrony has a facilitatory effect on
auditory processing. On the other hand, people also perceive irregular patterns as aesthetically
appealing (e.g., Westphal-Fitch & Fitch, 2013), and words with deviations from isochrony

may be judged as more appealing than purely isochronous stimuli.

To summarize, our study investigated how listeners judged the aesthetic appeal of trisyllabic
words where word-initial, medial, or final syllables were lengthened or shortened, compared
to an isochronous baseline. We measured aesthetic appeal by collecting participants’ ratings
of these different prosodic patterns. They ranked each acoustic stimulus on its ‘liking’, its
‘beauty’ and its ‘naturalness’. Although closely related, these concepts can represent different
aspects of aesthetic appeal (Conway & Rehding, 2013). ‘Liking’ refers to purely sensual

pleasure and is often regarded as an explicit evaluative judgement, whereas ‘beauty’ requires



higher executive functions and includes more emotional involvement (Armstrong &
Detweiler-Bedell, 2008; Brielmann & Pelli, 2017). ‘Naturalness’ ratings allowed us to test if
judgements of likability and beauty are influenced by how natural participants find the

stimuli.

Ratings of all three measures of aesthetic appeal might be influenced by the occurrence
frequencies of the respective prosodic patterns in the participants’ native language, German
(Sluckin et al., 1983). However, ‘naturalness’ is expected to be most strongly influenced by
occurrence frequency, with more frequent prosodic patterns being judged as more natural
(Zajonc, 1968). Therefore, naturalness ratings may help to determine if liking and beauty are

influenced by the occurrence frequency of the respective prosodic patterns.

Methods

Experimental conditions and procedure

We examined whether participants perceived trisyllabic pseudo-words that either had
isochronous syllables (isochrony condition) or had one of their syllables lengthened
(lengthening conditions) or shortened (shortening conditions) as differing in aesthetic appeal.
We conducted three otherwise identical experiments on different participants: in the first
experiment, word-initial syllable durations were modified, the second experiment changed
word-medial syllables, and the third modified word-final syllables. Durational condition
(isochrony, lengthening, and shortening) was thus a within-subjects variable and modification

position (word-initial, word-medial, and word-final) a between-subjects variable.
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For each of 20 pseudo-word stimuli (Tab. 1), each participant rated its liking, beauty, and
naturalness. Ratings were blocked: liking and beauty were counterbalanced in first and second
blocks, and naturalness was always the last block. Thus, participants rated all stimuli on liking
before rating the same stimuli on beauty (or vice versa), and finally provided naturalness
ratings. All participants completed naturalness ratings last because naturalness ratings might
be heavily biased by the stage of occurrence in the experiment (e.g., early in the experiment,
artificial pseudo-words might be regarded as more unnatural than later in the experiment
when participants have already been exposed to many similar pseudo-words) and because
naturalness ratings served as a control category to test if participants’ judgements of liking
and beauty were influenced by their naturalness. Participants ranked each stimulus on a scale

from 1 to 7, with 1 being the least and 7 being the most likable, beautiful, or natural.

For each experiment, each participant rated each word nine times, namely across three
durational conditions (isochrony, lengthening, and shortening) and rating three manifestations
of aesthetic appeal (liking, beauty, and naturalness). Modification positions (either word-
initial, word-medial, or word-final position) varied across experiments, meaning that each

participant only heard words modified in one position.

Participants and setting

Combining all 3 experiments, participants were 180 native or nativelike German speakers
who spoke English as a second language. Each of the three experiments had 60 participants:
(a) word-initial modification: 13 male/43 female, mean age: 20.6 = SD 1.98 years; 2
participants have not reported their gender and age; 2 participants were excluded

because of technical issues during data collection.

(b) word-medial modification: 17 male/43 female, mean age: 20.5 = SD 1.67 years
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(c) word-final modification: 21 male/39 female, mean age: 21.4 + SD 3.23 years
Participants were undergraduate psychology students at the University of Vienna. None
reported auditory impairments. Participants were recruited via the online LABS system of the

University of Vienna faculty of Psychology and received study credits for their participation.

Participants were tested in a laboratory setting free of background noise. Testing was
administered via desktop computers; stimuli were presented binaurally over Sennheiser HD
300 PRO headphones at the same comfortable amplitude for all participants. Participants were
seated approximately 60 cm from a 24’ monitor, and the experimental interface that was used
to present the stimuli and collect ratings was created in OpenSesame (version 3.1.9; Mathot,
Schreij, & Theeuwes, 2012). Participants provided ratings by pressing number keys on a

keyboard using their preferred hand.

After the experiment, participants provided demographic data and information about language
background via a questionnaire. Testing was part of a longer testing session, and participation
for the study described here lasted about 30 minutes per participant. Immediately after testing,
there was a short debriefing and participants’ questions about the study were answered. The
study protocol was approved by the ethics board of the University of Vienna (reference
number: #00489) and all participants gave written informed consent in accordance with the

Declaration of Helsinki.

Stimuli

Creation of the artificial words
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The artificial language used in these experiments consisted of 20 words (Tab. 1) consisting of
three consonant-vowel (CV) syllables. Syllables were created from a pool of five German
vowels (a, e, 1, 0, u) and thirteen consonants, namely six stops (b, d, g, p, t, k), three fricatives
(f, v, s) and four sonorants (m, n, I, r). To avoid priming between artificial words, we ensured
that each consonant-vowel syllable only occurred once in our set of words. Also, no sound
occurred twice within a word and no consonant occurred in more than five words. The
occurrence of vowels and consonants was balanced over the syllable positions so that each of
the vowels appeared in each syllable position four times only, and no more than two words
started with the same consonant. Moreover, we ensured that none of the created words was an

existing word in German or English.

Some sounds (e.g., sonorants) may be more intrinsically pleasing than others (e.g., voiceless
stops). Also, the lack of coarticulatory cues across syllables (see next section) may make
some syllable transitions (e.g., vowel-nasal transitions) less natural than others. However, our
balanced within-subjects design mitigates these potential confounds and our results did not
reveal any systematic differences in the ratings across different words, suggesting that any
potential intrinsic differences in the aesthetic appeal of individual syllables or transitions

played at most a negligible role.

Table 1. Artificial words used in the study. Hyphens indicate syllable boundaries.

ba-pe-di fa-ro-vu ke-ta-fi me-ko-ru ri-fe-tu
bo-re-fu fo-pu-ve ku-te-so mu-lo-se si-go-va
da-ni-mo ga-su-de le-vi-po ne-bu-pa ti-nu-ge
do-mi-ka gu-sa-ki lu-bi-na pi-ma-to vo-la-gi
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Stimulus creation

To create the sound stimuli, each CV syllable was recorded individually by a female native
speaker of German. The acoustic parameters of the syllables were normalized in Praat
(version 6.0.36; Boersma & Weenik, 2017) to a duration of 400 ms and a fundamental
frequency (fo) of 210 Hz, using Praat’s pitch-synchronous overlap add (PSOLA) algorithm,
and syllable amplitude was normalized by scaling syllable absolute peak amplitude to 99% of

maximum. We checked that clipping was not an issue in any of our stimuli.

For the lengthening and shortening conditions, syllables were modified using PSOLA in Praat
to lengths 150% or 50% of their original duration, yielding shortened syllables 200 ms long
and lengthened syllables 600 ms long. The only stress correlate that varied across syllables
was duration. Other stress correlates such as pitch or intensity were kept constant across
syllables and therefore did not contribute to the perception of word stress in our stimuli (cf.
Gordon & Roettger, 2017). Finally, the normalized and modified syllables were concatenated

to form artificial words (Tab. 1) using custom code in Python 3.6.3.

Results

We preregistered a set of analyses (https://osf.io/6dfu5/), including ANOV As and appropriate

post-hoc tests, to compare the effects of durational condition on aesthetic appeal within the
respective experiments, i.e. for each modification position separately. In addition to these pre-
registered analyses, we used a Cumulative Link Mixed Model (CLMM, Christensen, 2018,
2019a; Christensen & Brockhoff, 2013) to combine the data from the three experiments. The

CLMM reflects the categorical/ordinal nature of the rating scale data (Christensen &
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Brockhoff, 2013), which is an advantage over standard linear mixed models. The CLMM,
unlike the ANOV As, also allows comparisons of the influence of durational modifications in
different modification positions on the ratings of different prosodic patterns, and comparisons
of the ratings of liking, beauty, and naturalness. Finally, the CLMM allows a control for non-
independence of data points and random variation between participants by adding random
effects, thus avoiding pseudo-replication and inflated type I error rates (Barr, Levy,

Scheepers, & Tily, 2013).

We first provide a descriptive analysis of our results, then present the pre-registered ANOVA
analyses, and finally discuss the explorative CLMM results. Statistics were run in R (version

3.6.0; R Development Core Team, 2018).

Descriptive statistics: mean liking, beauty, and naturalness ratings

Mean liking, beauty, and naturalness ratings (Fig. 1) revealed overall differences (indicated
by non-overlapping confidence intervals) in aesthetic appeal between different durational
modifications at different positions within trisyllabic words. In general, words with shortened
syllables were rated as less aesthetically appealing than words with isochronous or lengthened
syllables, and this effect manifested most prominently when shortening word-final syllables.
However, these differences were small, with the mean ratings ranging from 2.83 (SD = 1.50;
mean liking; word-finally shortened condition) to 3.83 (SD = 1.76; mean naturalness of
isochronous syllables in the experiment on word-initial modifications) on a seven point rating
scale (Fig. 1; Tab. 2). This is also reflected in rather low effect sizes (see ANOVA results
below). Some participants showed more prominent differences between the three durational

conditions than others, but the overall response patterns between participants were consistent,
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with shortened stimuli being consistently ranked lower than other stimuli (see Fig. S1 in the

supplementary material).
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Figure 1. Mean liking, beauty, and naturalness ratings of words with isochronous, lengthened
or shortened syllables in a) word-initial, b) word-medial and c¢) word-final position.
Participants rated the stimuli’s liking, beauty and naturalness on a scale from 1 (least likable,
beautiful and natural) to 7 (most likable, beautiful and natural). Error bars denote 95%
confidence intervals. Note that stimuli in the isochrony condition are identical across all three
modification positions and were expected to be rated similarly. Since we used a between-
subjects design for modification position, differences across the isochrony conditions may
reflect the individual variation of participants taking part in the three experiments. Therefore,
ratings on different durational modifications are best compared within a single modification

position, and comparisons across modification positions interpreted cautiously.

Table. 2 Mean liking, beauty and naturalness ratings of words with isochronous, lengthened
or shortened syllables in word-initial, word-medial and word-final position with standard

deviations (SD), standard errors (SE) and 95 % confidence intervals (CI).

Modification | Aesthetic | Durational Lower | Upper
Mean | SD | SE
position appeal condition CI CI

Isochrony 3.52 | 1.480.04 | 3.44 3.61

Liking Lengthening | 3.50 | 1.53 | 0.05| 3.41 3.59

Shortening | 3.20 | 1.48|0.04 | 3.12 3.29

Isochrony | 3.55 | 1.51]0.04 | 3.47 3.64
Initial

Beauty Lengthening | 3.49 | 1.54]0.05| 3.40 3.58

Shortening | 3.20 | 1.57 | 0.05 | 3.11 3.29

Isochrony | 3.83 | 1.76 | 0.05| 3.73 3.93
Naturalness

Lengthening | 3.72 | 1.75 | 0.05 | 3.62 3.82
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Shortening | 3.53 | 1.75]0.05| 3.43 3.63

Isochrony 323 | 1.63/0.05| 3.14 3.32

Liking Lengthening | 3.12 | 1.58 | 0.05 | 3.03 3.20

Shortening | 2.96 | 1.65|0.05| 2.86 3.05

Isochrony | 3.31 | 1.62|0.05| 3.22 3.41

Medial Beauty Lengthening | 3.24 | 1.57 | 0.05| 3.15 3.32

Shortening | 2.99 | 1.57]0.05| 2.90 3.08

Isochrony 338 | 1.8210.05| 3.28 3.49

Naturalness | Lengthening | 3.34 | 1.84 | 0.05 | 3.23 3.44

Shortening | 3.19 | 1.80| 0.05 | 3.09 3.30

Isochrony | 3.35 | 1.55]0.04| 3.26 3.43

Liking Lengthening | 3.45 [ 1.63|0.05| 3.35 3.54

Shortening | 2.83 | 1.50 | 0.04 | 2.74 291

Isochrony | 3.44 | 1.50 | 0.04 | 3.36 3.53

Final Beauty Lengthening | 3.45 | 1.56 | 0.04 | 3.36 3.54

Shortening | 2.91 | 1.51|0.04 | 2.83 3.00

Isochrony | 3.62 | 1.82 | 0.05| 3.52 3.72

Naturalness | Lengthening | 3.73 | 1.86 | 0.05 | 3.63 3.84

Shortening | 2.96 | 1.69 | 0.05| 2.86 3.05

In general, mean ratings of liking and beauty were quite similar, whereas naturalness ratings
were slightly higher (see non-overlapping confidence intervals in Fig. 1 and results of the
CLMM below), indicating that participants’ evaluations of naturalness were more liberal than

those for liking and beauty.



We investigated possible correlations between ratings for liking, beauty, and naturalness
using Spearman’s rank correlation coefficients (a non-parametric measure of the strength of
the association between two ordinal variables; Spearman, 1910), using the cor.test function in
R. This revealed a significant but moderate positive correlation (Cohen, 1992) between liking
and beauty ratings (1s(10,678) = 0.50, p < 0.001), liking and naturalness ratings (rs(10,678) =
0.46, p <0.001) and beauty and naturalness ratings (rs(10,678) = 0.46, p < 0.001; Fig. 2). The
degrees of freedom (10,678) are n — 2, with n being the number of ratings of each type of

aesthetic appeal (178 participants * 20 words * 3 durations = 10,680 ratings).

1 2 3 4 5 6 7

Liking

0.50 0.46

1 2 3 456 7

Beauty

‘ ‘ | 0.46

Naturalness

1 2 3 456 7

oW e W

12 3 456 7

1 2 3 4 5 6 7

Figure 2: Correlations between liking, beauty and naturalness. Spearman’s rank correlation
coefficients are displayed in the top right panels, smoothed scatter plots in the bottom left
panels, and histograms of the data distribution in the diagonal. Red points denote mean values
and ellipses 95% confidence regions.

Confirmatory (pre-registered) analyses: ANOVAs

Analysis
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For each of the three modification positions, we conducted three one-way repeated-measures
ANOVAs (Field, Miles, & Field, 2012) to determine the effect of durational condition
(independent variable) on liking, beauty and naturalness (dependent variables). We tested for
sphericity (homogeneity of variances) using Mauchly’s Test of Sphericity (Field, 1998; Field
et al., 2012; Mauchly, 1940). Sphericity was violated in all of our ANOVAs (for W and p-
values, see Tab. 3), so ANOVA results (degrees of freedom, F-values and p-values) were
corrected using Greenhouse-Geisser correction (for € values, see Tab. 3; Greenhouse &
Geisser, 1959) to reduce the type I error rate (Field et al., 2012; Rouanet & Lépine, 1970). We

used generalized eta square (Bakeman, 2005) to determine effect sizes.

Because all ANOVAs yielded statistically significant results, we conducted paired t-tests to
make post-hoc comparisons between the respective groups, i.e. isochrony vs. lengthening,
isochrony vs. shortening and lengthening vs. shortening (Field et al., 2012). We used a
Bonferroni correction in all post-hoc tests, since the violation of sphericity can otherwise lead
to biases in multiple comparisons (Boik, 1981; Keselman & Keselman, 1988; Maxwell,
1980). These Bonferroni corrections were not part of our pre-registered analyses, because the
need for them only became evident after obtaining results for sphericity. All ANOVAs and
post-hoc tests were conducted using the function ezANOVA of the R package “ez” (version
4.4-0; Lawrence, 2016) and a customized function based on the function pairwise.t.test from

base R.

In all three experiments (all three modification positions), ANOVAs revealed a significant

main effect of durational condition on liking, beauty, and naturalness (for degrees of freedom,
F-values and p-values, see Tab. 3). Effect sizes for all effects were rather low (for generalized
eta-squared measures 7%, see Tab. 3). Thus, modifying syllable duration either word-initially,

word-medially or word-finally influenced the degree to which participants liked the presented
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words, and how beautiful and natural they found them, but only to a modest extent.
Nonetheless, since this pattern was found in all three experiments, across different

participants, it appears to be a robust and replicable effect.

Table 3. Results of the ANOVAs and Mauchly’s Test for Sphericity, testing the effect of
durational modification (independent variable) in three different modification positions on the
liking, beauty and naturalness of words (dependent variable). dfv.» indicates the degrees of
freedom for the numerator, dfp., the degrees of freedom for the denominator, ¢ the
Greenhouse-Geisser multiplier for degrees of freedom (degrees of freedom and p-values in
the table incorporate the Greenhouse-Geisser correction). F indicates the F-values, p4 the p-
values of the ANOVAs, and 7°, the generalized eta-squared measures for effect size. W and

pum indicate W-values and p-values from Mauchly’s Test for Sphericity.

Mauchly’s

Modific ANOVA Test for

Aestheti
ation Sphericity

¢ appeal
position Predicto

dfNum dfpen € F Pa 'lzg W Pm
r

Liking | Duration | 1.45 82.47 [0.72 | 1633 |<0.001 .03 |0.62 |<0.001

Beauty | Duration | 1.26 71.86 | 0.63 | 9.88 0.001 |.03 |0.41 |<0.001

Initial
Natural
Duration | 1.36 77.69 |0.68 | 7.05 0.005 |.02 |0.53 | <0.001
ness
Liking | Duration | 1.45 85.83 |0.73 |5.81 0.009 |.01 |0.63 |<0.001
Medial

Beauty | Duration | 1.54 90.61 |0.77 | 12.71 |<0.001 |.02 |0.70 |<0.001
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Natural

Duration | 1.45 85.39 10.72 |3.93 0.036 |.01 |0.62 |<0.001
ness
Liking | Duration | 1.17 69.06 | 0.59 |23.98 |<0.0011|.07 |0.29 |<0.001
Beauty | Duration | 1.17 69.06 | 0.59 |23.98 |<0.0011|.07 |0.44 |<0.001

Final

Natural

Duration | 1.21 71.38 | 0.60 |26.98 |<0.0011|.10 |0.35 |<0.001
ness

Results of the post-hoc paired t-tests (see Tab. 4) show that, regarding ‘liking’, words with
shortened syllables at any position of the word were liked less than isochronous words, and
that initially or finally shortened words were liked less than initially or finally lengthened
words. Regarding ‘beauty’, words with shortened syllables at any position were regarded as
less beautiful than isochronous words or words with lengthened syllables at the same position.
With regard to ‘naturalness’, initially shortened words were rated as less natural than
isochronous words, and finally shortened words as less natural than isochronous and finally
lengthened words. We found no differences between isochronous stimuli and stimuli
lengthened at any syllable position within the words with regard to liking, beauty or
naturalness. Thus our results were driven by a general dislike of words with shortened

syllables.

Table 4. Results from post-hoc paired t-tests, comparing whether isochronous words and
words with lengthened or shortened syllables in three different modification positions differ in
their likability, beauty and naturalness. ¢, df and p indicate t-values, degrees of freedom and p-
values of the paired t-tests. All p-values are Bonferroni-corrected. Significant p-values are

highlighted in bold.
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Modification Aesthetic Results from paired t-tests
position appeal Comparison t df p
isochrony vs.
-0.55| 57 1.000
lengthening
isochrony vs.
Liking -4.89 | 57 <0.001
shortening
lengthening vs.
-3.91 | 57 <0.001
shortening
isochrony vs.
-1.34 | 57 0.553
lengthening
isochrony vs.
Initial Beauty -3.94 | 57 <0.001
shortening
lengthening vs.
-2.72 | 57 0.026
shortening
isochrony vs.
-2.41 | 57 0.057
lengthening
isochrony vs.
Naturalness -3.45 | 57 0.003
shortening
lengthening vs.
-1.88 | 57 0.194
shortening
isochrony vs.
-2.09 | 59 0.122
lengthening
Medial Liking
isochrony vs.
-3.44 | 59 0.003

shortening
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lengthening vs.

-1.56 | 59 0.371
shortening
isochrony vs.
-1.72 | 59 0.273
lengthening
isochrony vs.
Beauty -4.59 | 59 <0.001
shortening
lengthening vs.
-3.07 | 59 0.010
shortening
isochrony vs.
-1.04 | 59 0.914
lengthening
isochrony vs.
Naturalness -2.29 | 59 0.077
shortening
lengthening vs.
-1.84 | 59 0.214
shortening
isochrony vs.
2.14 | 59 0.110
lengthening
isochrony vs.
Liking -5.23 | 59 <0.001
shortening
lengthening vs.
Final -4.96 | 59 <0.001
shortening
isochrony vs.
0.13 | 59 1.000
lengthening
Beauty
isochrony vs.
-6.02 | 59 <0.001

shortening
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lengthening vs.
-4.50 | 59 <0.001
shortening

isochrony vs.
2.05 | 59 0.130
lengthening

isochrony vs.
Naturalness -5.36 | 59 <0.001
shortening

lengthening vs.
-5.38 | 59 <0.001
shortening

Exploratory analysis: Cumulative Link Mixed Model

Analysis

To test whether the aesthetic perception of the artificial pseudo-words was influenced by
durational condition and modification position, i.e. whether different durational modifications
led to different ratings when they occurred in different positions, and whether this differed for
liking, beauty, and naturalness, we applied a Cumulative Link Mixed Model (Christensen,
2018, 2019a; Christensen & Brockhoff, 2013), using Laplace approximation (Joe, 2008;

Pinheiro & Bates, 1995).

In this model, durational condition, modification position and their interaction were included
as fixed effects. The type of aesthetic rating (i.e. liking, beauty, and naturalness) was included
as an additional fixed effect. An alternative model with a 3-way interaction between
durational condition, modification position and aesthetic appeal had a higher AIC (Akaike

Information Criterion) than our model, so we did not use it here. We also entered random
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intercepts of participant and pseudo-word into the model. To avoid inflated type I error rates,
each model included a random slope (Barr et al., 2013) of durational condition within
participant. The sample size for the model was 32,040 data points (178 individuals tested for
3 types of aesthetic appeal on 3 durational conditions with 20 pseudo-words each). We used
the durational condition of isochrony, the word-medial modification position, and the

aesthetic rating for naturalness as reference levels in the model.

The model was fitted in R (version 3.6.0; R Development Core Team, 2018), using the

function c/mm of the R-package “ordinal” (version 2019.12.10; Christensen, 2019b).

We used a likelihood ratio test to test the overall significance of the full model as compared to
a null model comprising only the random effects (R function anova; Dobson, 2002). P-values
for the effects of individual predictors are based on likelihood ratio tests that compare the full
model with a reduced model lacking the fixed effects one at a time (R function drop!; Barr et

al., 2013).

Results

Overall, the full model (Tab. 5) differed significantly from the null model, indicating an effect
of durational condition, its potential interaction with modification position or of the type of
aesthetic appeal on how participants rated the stimuli (likelihood ratio test: > = 212.0, df =
10, p <0.001). More specifically, we found that the durational condition influenced the
ratings of stimuli (likelihood ratio test: %> = 79.3, df = 2, p < 0.001): in general, lengthening
and shortening of syllables within a word had a negative effect on the ratings compared to
isochrony (Tab. 5). Additionally, the interaction between durational condition and

modification position had a significant effect on the ratings of stimuli (likelihood ratio test: >
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=16.0, df =4, p = 0.003), indicating that duration-based ratings were influenced by the
syllable position at which they occurred. Word-finally lengthened syllables had an especially
positive effect on the ratings (despite an overall negative effect of lengthening), whereas
word-finally shortened syllables had an additional negative effect on the ratings (Tab. 5, Fig.
la). Also, there was a significant effect of the type of aesthetic rating (likelihood ratio test: >
=112.1,df =2, p <0.001): participants provided lower ratings for liking and beauty relative
to naturalness (Tab. 5). Overall, modification position did not affect the ratings (likelihood
ratio test: y> = 5.1, df = 2, p = 0.077), but participants in the experiment on word-initial
modifications provided slightly higher ratings than participants in the experiment on medial
modifications (Tab. 5). These results are consistent with the results of the pre-registered

ANOVAs described above.

Table 5. Results of the Cumulative Link Mixed Model exploring the effects of duration,
position, their interaction, and type of aesthetic appeal on the ratings of participants. The table
reports estimated model coefficients (Estimate), standard errors (SE), z-values (z) and p-
values (p) of the fixed effects, estimates, standard errors and z-values of the threshold
coefficients, as well as variance, standard deviation (SD) and correlation coefficients (Corr) of

the random effects.

Model coefficients Estimate SE z ]
appealLiking -0.26 0.03 -10.28 <0.001
appealBeauty -0.19 0.03 -7.56 <0.001
durationLonger -0.11 0.05 -2.23 0.026
durationShorter -0.38 0.10 -3.68 <0.001
positionInitial 0.48 0.22 2.18 0.029
positionFinal 0.25 0.22 1.13 0.257
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durationLonger:positionInitial | 0.03 0.07 0.41 0.684
durationShorter:positionInitial | -0.07 0.15 -0.44 0.659
durationLonger:positionFinal | 0.20 0.07 2.92 0.004
durationShorter:positionFinal | -0.44 0.15 -3.04 0.002
Threshold coefficients Estimate SE z
12 -2.40 0.20 -12.23
23 -0.82 0.20 -4.18
34 0.34 0.20 1.73
4|5 1.30 0.20 6.64
5|6 2.39 0.20 12.18
6|7 3.86 0.20 19.49
Random effects Term Variance SD Corr
participant Intercept 1.37 1.17

durationLonger | 0.04 0.19 0.06

-0.25 -

durationShorter | 0.52 0.72 0.98

word Intercept 0.29 0.54
Discussion

Our experiments yielded clear and consistent effects of modifications of syllable duration in

nonsense words on different measures of their aesthetic appeal. These results are consistent

with previously published research on speech segmentation, and thus overall with our initial
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hypothesis that there is a relationship between the aesthetic appeal of words and the ease with

which they are processed.

Specifically, pre-registered confirmatory analyses (ANOV As and post-hoc tests) revealed that
words with one syllable shortened were generally perceived as less aesthetically appealing
than isochronous words and words with one syllable lengthened, independently of the syllable
position at which the modification occurred. More rigorous exploratory analyses (CLMM)
confirmed this negative effect of shortening, and indicated that it was especially prominent
when shortening occurred word-finally. Additionally, words with a syllable lengthened had a
lower aesthetic appeal than isochronous words, but only when lengthening occurred word-
initially or word-medially, and not when it occurred word-finally (significant interaction
effect of durational modification and modification position). Overall, these findings are
consistent with a general human preference for regular and isochronous patterns in words

(e.g. Ravignani & Madison, 2017).

The finding that words with word-finally shortened syllables had a particularly low aesthetic
appeal (see Fig. 1 and CLMM results) is in line with our previous speech segmentation
experiment (Matzinger et al., 2021), in which final-syllable shortening hindered the
segmentation of words from a continuous speech stream. Thus, low aesthetic appeal of
prosodic patterns correlates with a disadvantage of these patterns for speech segmentation,
potentially influencing language learning in a wider sense. The causalities behind these
correlations remain unclear: they could indicate either that listeners do not use aesthetically
unpleasant prosodic patterns for speech segmentation, or that patterns that are not used for
speech segmentation for other reasons are not perceived as aesthetically appealing, or both.
Additional underlying factors, such as acoustic salience, speech rate, context, occurrence

frequencies, neural oscillations, ease of processing or memory may also influence both appeal
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and segmentation (Dilley & Pitt, 2010; Forster, Leder, & Ansorge, 2013; Morrill et al., 2015;
Obermeier et al., 2016; Palmer & Mattys, 2016; Poeppel & Assaneo, 2020; Reber et al.,
2004). For example, shortened syllables could indicate faster speech, which may be less
preferred (but this would predict that lengthening should consistently increase preferences,
which was not the case). Notably, there may also be factors that only influence speech
segmentation but have no effect on aesthetic appeal, or vice versa. Pinning down such

additional influencing factors is a topic for future research.

Finally lengthened syllables boosted speech segmentation in our previous study (Matzinger et
al., 2021), but these words did not differ in their aesthetic appeal from isochronous words (see
Fig. 1 and Tab. 4). This indicates that the positive effect of word-final lengthening for speech
segmentation may not be directly related to its aesthetic appeal, but rather to other underlying
factors (see above). Alternatively, participants may have factored out the effects of final
lengthening because they perceived the words as highly natural. Still, the finally-lengthened
patterns that facilitated speech segmentation were more aesthetically pleasing than the finally-
shortened patterns that hindered it, which again suggests a link between aesthetic appeal and
speech segmentation success. Overall, our results for finally lengthened and shortened words
suggest that prosodic patterns which support speech segmentation may not necessarily need to
be aesthetically pleasing, but that unaesthetic patterns hinder speech segmentation, and

potentially language learning in a more general sense.

In our previous speech segmentation experiment (Matzinger et al., 2021), shortened syllables
were preferably segmented as occurring word-medially. This led to the prediction for this
study that, if speech segmentation correlates with liking, shortened medial syllables should be
ranked as most aesthetically appealing. This prediction, however, was not borne out because —

like in word-initial and word-final position — shortened syllables were perceived as less
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likable and beautiful than lengthened and isochronous syllables (Fig. 1; Tab. 4). Still, the
negative effect of medial shortening on likability and beauty was smaller than the negative
effect for initial and final shortening, and there was no negative effect of medial shortening on
naturalness (Fig. 1). This may reflect that initial and final syllables are particularly important
for speech processing and segmentation, while word-medial syllables are less salient (Hall,
Hume, Jaeger, & Wedel, 2018; Tyler & Cutler, 2009; Wedel, Ussishkin, & King, 2019).
Although the evidence for this is indirect, this finding may also reflect a link between

aesthetic appeal and speech segmentation performance.

Interestingly, naturalness ratings of our prosodic patterns did not correlate with frequencies of
stress patterns in the participants’ native language. Since most German trisyllables are
stressed on the word-medial syllable, and stress usually correlates with lengthening (Domahs
et al., 2014; Ernestus & Neijt, 2008; Ordin et al., 2017), we expected words with lengthened
word-medial syllables to be most natural, and words with shortened word-medial syllables
least natural. Instead, we found that naturalness ratings of medially lengthened and medially
shortened words was comparable. This may be because although the majority of German
trisyllables are stressed word-medially, German also has trisyllabic words that do not carry
word-medial stress. Listeners may not just rate the majority pattern as most natural but may
consider the distributions of different patterns when evaluating their naturalness. Interestingly,
there was a large difference in naturalness ratings of words with finally lengthened and finally
shortened syllables: finally lengthened words were rated as much more natural. This finding
may be explained by the occurrence frequencies of prosodic patterns in natural languages.
Cross-linguistically, final syllables are lengthened for multiple reasons, for example to
indicate boundaries (Fletcher, 2010). This boundary-related lengthening mostly happens
phrase-finally, and not word-finally, but since in our design, each word essentially was a

phrase, participants may have transferred the high naturalness of phrase-final lengthening to
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our stimuli. This also suggests that listeners may be primed more by cross-linguistic than

language-specific prosodic patterns when evaluating their aesthetic appeal.

We did not evaluate other prosodic cues, such as variations in f0 or intensity, in our stimuli,
which allows us to clearly attribute the differences in aesthetic appeal to our durational
modifications. However, keeping all other prosodic cues fixed leads our stimuli to sound
slightly unnatural. In natural languages, stress has multiple correlates, and participants in our
experiments may not have interpreted syllables that had a longer duration, but not a higher
intensity or a higher f0, as being stressed (cf. Gordon & Roettger, 2017). Also, in natural
languages, pitch and intensity typically decrease phrase-finally, which was not true of our
stimuli (Vaissiere, 1983). Future experiments evaluating the aesthetic appeal of prosodic
patterns could combine different voice modulatory cues, which would resemble natural
speech more closely and provide a more nuanced, but complex, picture. Also, to make the
task more natural from the outset, target words could be embedded in a larger context (e.g., in

a framing utterance) in future experiments.

Liking, beauty and naturalness ratings were positively correlated, indicating that our
participants perceived these three concepts to be highly related. However, naturalness ratings
were consistently slightly higher than liking and beauty ratings, suggesting that they were
provided more forgivingly than liking and beauty ratings. Participants possibly did not find
our stimuli particularly appealing in general (e.g. for reasons discussed above), but this dislike
may be less reflected in the naturalness ratings because naturalness may be influenced less by
explicit aesthetic judgements than liking and beauty. Alternatively, in our study design,
naturalness ratings were always provided last, and participants may have provided higher
ratings after a longer exposure to the stimuli (Sluckin 1983). Future studies could thus

potentially use a single measure of aesthetic appeal, rather than the three used here.
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Disentangling the concepts of liking, beauty and naturalness was not the main focus of our
study. Instead, we used the three concepts in an exploratory fashion, to gain initial insights
into possible correlations or differences between them. Thus, the correlations between the
three different dimensions of aesthetic appeal may reflect that the boundaries between them
are too fuzzy for participants to differentiate between them without prior instruction. We do
not consider this as problematic because we aimed to capture subjective interpretations of
these three concepts. Future studies specifically aiming at separating different dimensions of
aesthetic appeal (as often done in the visual domain; Leder et al., 2013; Lyssenko, Redies, &
Hayn-Leichsenring, 2016; Sidhu, McDougall, Jalava, & Bodner, 2018) should ensure that
participants agree about the three qualitative dimensions of aesthetic appeal, for example by
defining the concepts before the experiment or by integrating a training phase and including

an inter-rater reliability analysis.

The current study provides a proof of concept that durational modifications influence
aesthetic ratings, and that the effects are consistent with speech segmentation results, but our
experiments do not definitively show that aesthetic judgments in turn influence speech
processing (or by extension, language change). It would be valuable to investigate in future
studies whether the subjective dimensions of aesthetic appeal correlate with more objective
measures such as results from very simple syllable or word recognition tasks (Ferrand et al.,
2018; Goldinger, 1996), which are cognitively less demanding than the speech segmentation
task of Matzinger et al. (2021). For example, an experiment could test if participants better
remember or recognize words that they rated as aesthetically appealing. If correlations
between aesthetic appeal and simple learning tasks exist, these simple learning tasks might
provide more immediate proxies for evaluating the effects of aesthetic appeal on other aspects

of language learning and hence historical language change.
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Conclusion

Our results demonstrate that different prosodic patterns differ in their likability, beauty, and
naturalness. This finding provides an important baseline for further investigating the potential
relationship between aesthetic appeal, prosodic patterns, and cognitive factors such as
learnability, ease of processing or memory. Together with previous work on the effectiveness
of different prosodic cues for speech segmentation, our findings on aesthetic appeal render it
plausible that such a relationship exists. Our study thus establishes a crucial prerequisite for
the idea that aesthetic perception can act as a potential biasing force in language learning and
language change, opening up new avenues for research. Deeper insights into the role of
aesthetic perception of linguistic features as a potential bias in language learning and
language change will require further studies that test this relationship directly (e.g. using

iterated learning experiments).
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Between-subject variability of the rankings

Some participants showed more prominent differences between the three durational
conditions than others, but the overall response patterns between participants were consistent,
with shortened stimuli being consistently ranked lower than other stimuli (Fig. S1). Overall,
participants used the whole rating scale, with some participants mainly using the lower end of
the rating scale, and others mainly used the middle or the higher end of the rating scale (Fig.
S1). In general, the highest ratings occurred only rarely and lower ratings were featured more
prominently. This is reflected in the mean values for naturalness being centered around the

middle of the rating scale (3.5) and those for liking and beauty slightly below (Fig. 1).
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Figure S1. Mean liking (first row), beauty (second row) and naturalness (third row) ratings of
individual participants of words with initially (first column), medially (second column) or
finally (third column) modified syllables. Gray lines connect the ratings of individual

participants of words with isochronous, lengthened and shortened syllables.
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CHAPTER 4

Non-native speaker pause patterns closely correspond to
those of native speakers at different speech rates
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Abstract

When speaking a foreign language, non-native speakers can typically be readily identified
by their accents. But which aspects of the speech signal determine such accents? Speech
pauses occur in all languages but may nonetheless vary in different languages with regard
to their duration, number or positions in the speech stream, and therefore are one potential
contributor to foreign speech production. The aim of this study was therefore to investigate
whether non-native speakers pause ‘with a foreign accent’. We recorded native English
speakers and non-native speakers of German or Serbo-Croatian with excellent English
reading out an English text at three different speech rates, and analyzed their vocal output in
terms of number, duration and location of pauses. Overall, all non-native speakers were
identified by native raters as having non-native accents, but native and non-native speakers
made pauses that were similarly long, and had similar ratios of pause time compared to total
speaking time. Furthermore, all speakers changed their pausing behavior similarly at differ-
ent speech rates. The only clear difference between native and non-native speakers was
that the latter made more pauses than the native speakers. Thus, overall, pause patterns
contributed little to the acoustic characteristics of speakers’ non-native accents, when read-
ing aloud. Non-native pause patterns might be acquired more easily than other aspects of
pronunciation because pauses are perceptually salient and producing pauses is easy. Alter-
natively, general cognitive processing mechanisms such as attention, planning or memory
may constrain pausing behavior, allowing speakers to transfer their native pause patterns to
a second language without significant deviation. We conclude that pauses make a relatively
minor contribution to the acoustic characteristics of non-native accents.

Introduction

When speaking a foreign language, most non-native speakers can be readily identified by their
accents, which are often distinctive depending on native language. To understand how differ-
ent accents arise, and also to help second language learners to eliminate them to improve
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intelligibility, it is essential to know which aspects of spoken language contribute to non-native
speech production.

When studying foreign accents, it is crucial to distinguish between accents in production, i.e.
atypical measurable acoustic characteristics of the speech signal, and accents in perception, i.e. lis-
teners’ identification of accents as non-native [1-3]. Although these factors are probably related,
they are not identical, and the focus of the current study is solely on accents in production.

A crucial factor generating distinct foreign accents is that linguistic phenomena vary between
languages, and speakers transfer language-specific features from one language to another (e.g.
[4]). These language-typical features can range from pronunciation of individual phonemes
(e.g. [5,6]) to suprasegmental prosodic features like intonation patterns (e.g. [7,8]). For example,
native speakers of Japanese have difficulty distinguishing the phonemes /I/ and /r/ in foreign
languages because Japanese has only one similar phoneme (e.g.[9]). Native German learners of
English often substitute /d/ or /s/ for /8/ or /0/ (as in this or thing) because the latter two English
sounds are not part of the German phoneme inventory [10]. German speakers also typically use
a different pitch range than English, making native German speakers of English sound “bored”
to English native speakers, whereas native English speakers often sound “over-excited” to Ger-
man native speakers [11-13]. Such examples could be readily multiplied.

Certain linguistic features seem to contribute less to foreign speech production than others.
These features include linguistic phenomena claimed to be language-universal [14] that are
transferred to (or acquired easily in) a second language (L2). Such language-universal phe-
nomena are rare, and have been suggested to mainly concern pragmatic, rather than phono-
logical or grammatical, features [15-18].

The current study investigates whether L1 and L2 speakers differ in their pausing behavior
when reading aloud, and hence whether different pausing patterns contribute to a “foreign
accent’ in speech production. Pauses are particularly interesting candidates to investigate non-
native accents for several reasons. Due to the natural need to breathe, pauses occur in all of the
world’s languages. Still, not all pauses are determined by physiological needs, but have func-
tions closely related to cognition: pauses help structure speech, determine speech tempo and
rhythm, plan upcoming utterances, can add rhetorical emphasis, or structure turn-taking [19-
23]. Such roles, reflected for example by the durations of pauses or by the positions of pauses
in a stretch of speech, may be completely physiologically determined or may be realized simi-
larly in different languages (e.g. [24-26,27] see S1 Table) and thus either transfer without
change, or be easy to acquire, and thus not contribute to non-native speech production.

On the other hand, the different functions of pauses potentially make them subject to cross-
linguistic variation (see S2 Table). For example, there is evidence that English speakers pause
more frequently than French [28,29] or Turkish speakers [30], but less frequently than Spanish
speakers [31]. Also, English speakers’ pauses are shorter than French speakers’ [28,32,but also
33] and Russian speakers’ [34], but longer than Italian speakers’ pauses [33]. Such cross-lin-
guistic differences in pause patterns, if carried over to a foreign language, might contribute to
non-native accents in speech production. The main aim of this study is to investigate these
possibilities, to determine whether people speaking a non-native language pause with a foreign
accent when reading aloud.

Previous studies on pausing behavior in non-native languages mostly concern fluency
rather than foreign accent (e.g. [32,34-38]). Although a lack of fluency can contribute to recog-
nizing speakers as non-native, fluency should be distinguished from accents, since proficient
second language speakers might be highly fluent, but still possess a clear foreign accent [3,39-
41]. Nonetheless, some tentative predictions can be drawn from fluency studies (see S3 Table):
speakers tend to make more [32,42-47] and longer [32,46,47] (but also [32,42,43]) pauses
when speaking their second language (L2) relative to their first language (L1). However, some
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reports find associations between speakers’ L1 and L2 pausing behavior. When comparing L2
speakers to L1 speakers of the target language, it seems that highly proficient speakers adhere
more closely to native-like pause patterns, whereas less proficient speakers make more and
longer pauses than L1 speakers (L1 Korean, L2 English 8,L1 Russian, L2 English 34; see S4
Table). In addition, L1 and L2 pause frequency are correlated: while, overall, speakers make
more pauses in their L2 than in their L1, speakers’ L2 pausing behavior can be predicted if
their L1 pausing behavior is known [47]. Finally, studies on the perception of fluency and
accent can lead to conclusions about how pauses influence accents. For example, acoustic mea-
sures of fluency (including pause incidence and duration) have been shown to be predictors of
accent ratings [3]. Still, perception of foreign accent was only weakly correlated with acoustic
fluency measures, which is why, overall, accentedness and fluency can be regarded as two sepa-
rate, partially independent concepts [3].

An important methodological issue implies that these previous studies cannot be taken as a
clear evidence that pauses contribute to foreign accents in production: an intrinsic lack of stimu-
lus control during free speech. Because pauses serve multiple functions, they can be influenced
by many different variables, such as speech genre, cognitive load, or syntactic complexity of the
utterances [34,48]. These diverse influencing factors make it a challenge to tease out the contri-
butions of pauses to foreign accents in spontaneous speech (e.g., picture description tasks or
spontaneous monologues). Differences in pause patterns may arise not due to foreign transfer-
ence, but due to different sentence structures employed or speech styles adopted by the speakers,
which cannot be controlled in spontaneous speech. Additional factors such as communicative
intent, personal speaking style, or emotional involvement with the speech task [34,47-49] are
equally difficult to control for. Most previous studies on second language pausing controlled for
some of these potential factors but, due to their focus on second language fluency, did not con-
trol enough factors to reliably attribute foreign accents to pause differences.

Here we introduce an experimental procedure which integrates and modifies methods
from previous studies, safeguarding against potential confounds, to focus on the specific con-
tribution of pauses to foreign accents in speech production. We compared the pausing behav-
ior of L2 speakers of English to the pausing behavior of L1 speakers of English, reading out the
same scripted text at different speech rates. We measured multiple characteristics of pauses:
pause-to-utterance ratio (total pause time in relation to total speaking time), the mean dura-
tion of pauses, the number of pauses that speakers made, and the positions in the written text
at which they occurred.

By having all speakers read the same written text, we could exclude the influence of mor-
pho-syntactic factors (e.g. word length, word structure, and syntactic structure) that might
underlie previous findings of language differences in pausing. Also, we reasoned that the cog-
nitive load involved in reading a text is reduced compared to free speech. Thus, by using writ-
ten text as a prompt, we aimed to limit the occurrence of vocal hesitations resulting from a
lack of L2 fluency to distinguish fluency from foreign accent per se.

To examine whether unusual reading conditions affect pausing behavior, we investigated
speakers’ pausing performance at three different reading speeds (casual, slow and fast speech
rate), aiming to disentangle the role of cognitive load on the realization of pauses. We reasoned
that the cognitive load should be lowest in casual reading speed because speakers encounter
this speech tempo frequently in daily life and therefore have more possibilities to acquire
native-like pause patterns [50]. Accents might preferentially surface in unnatural reading con-
ditions, particularly in speeded reading where the cognitive load is higher and speakers might
fall back on cognitive mechanisms developed for their native language. Also, testing the same
individuals at different reading speeds offers a within-individual manipulation, helping to
address individual differences in speaking and/or pausing styles.
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We tested non-native speakers with two different L1 backgrounds, namely German or
Serbo-Croatian L1. Typologically, both English and German belong to the Germanic language
family, and are stress-based languages [51], whereas Serbo-Croatian is a Slavic language [52]
and is not stress-based [25]. This selection of L1 speakers thus would allow comparison of
pausing by English native speakers with those of L2 speakers with an L1 background more
(German) or less (Serbo-Croatian) similar to English. However, this comparison was not
included in the final analysis due to a low sample size of Serbo-Croatian speakers.

Summarizing, we used a standardized procedure to compare pause patterns (pause-to-
utterance ratio, pause duration, pause number, pause positions) of native speakers of English
and two non-native English speaker groups reading out the same text at three different speech
rates. Previous work leads to several hypotheses and predictions.

According to the No Contribution hypothesis, pauses do not contribute to non-native
speech production. This is predicted if the acquisition of pause patterns is simple during lan-
guage acquisition, because pauses are perceptually highly salient (Matzinger, Ritt, Fitch, in
prep) and pausing is articulatorily simple (compared to the articulation of other vocal elements
like vowels, consonants, or intonation). Alternatively, L2-typical pause patterns might result
from similar pause patterns in the speakers’ L1 being transferred to their L2, or even reflect
language-universal pausing behavior. By the No Contribution hypothesis, accents are caused
by non-native realizations of linguistic features other than pauses. These non-native realiza-
tions might for example concern phonemes, word stress patterns or prosody [2,39]. Besides
that, non-nativeness might be signaled by atypical gestures or turn-taking behavior. The No
Contribution hypothesis predicts no differences in the pausing behavior of native and non-
native speakers of English: speakers should pause at the same syntactic positions, equally often
and for similar durations as native speakers. If pauses can be acquired easily or are language-
independent, this hypothesis also predicts no interactions between nativeness and reading
speed: L2 speakers should perform similarly to L1 speakers whether reading fast or slowly.

Alternatively, the Pause Contribution hypothesis postulates that pauses contribute to for-
eign accents. This might be due to a higher cognitive load (e.g. processing or memory con-
straints [18,53]) when speaking an L2 [8,54,55]. Alternatively, differences in the typical
pausing behavior of speakers’ L1 and L2 may make the typical pause characteristics of the L2
difficult to attain, because speakers’ native pausing pattern overrides the learned non-native
pattern. The Pause Contribution hypothesis predicts that pause patterns of L2 speakers will dif-
fer significantly from pause patterns of L1 speakers. If differences result from a higher cogni-
tive load when speaking the L2, there should be more and longer pauses in L2 speakers than in
L1 speakers. Also, this predicts an interaction between nativeness and reading speed. Differ-
ences between L1 and L2 pausing should be smaller in casual reading speed than in unnatural
reading conditions (i.e. fast or slow speech), which pose a higher cognitive load because they
are encountered and practiced less frequently. L2 speakers might therefore have had fewer
chances to acquire them in a native-like manner and might fall back on non-native patterns
instead. Differences are predicted to be higher in fast than in slow reading aloud, because read-
ing rapidly should be more cognitively challenging than reading slowly.

Materials and methods
Target languages and participants

We obtained speech samples from 41 participants of three different first languages: English
native speakers (13 participants; 7f; mean age: 35.2) and non-native English speakers with
German (18 participants; 10f; mean age: 29.5) and Serbo-Croatian (10 participants; 6f; mean
age: 25.9) as their first languages. Participants were university students or staff recruited
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individually at the University of Vienna. All non-native English participants were advanced
learners of English, who did not have diagnosed reading or speaking difficulties, self-assessed
themselves as being proficient in English (equivalent to CEFR level C1) and reported in post-
experiment questionnaires (see S1 Appendix) to be concerned with English regularly both in
the productive and receptive domain (e.g. in the university or work context, media exposure).

Nonetheless, and crucially, in a native language recognition test with our pool of speech
samples, five English native speakers (m, mean age: 41.2) could still detect all non-native
speakers due to their distinctive accents. This native language recognition test ensured that our
non-native speakers qualified for the study: being identified as non-native in the accent recog-
nition test suggests that certain features of native and non-native speech production differ.
These might potentially include deviations in pause patterns.

The language recognition test was implemented using the software package PRAAT (Version
6.0.36, [56]). Raters listened to a speech sample of each participant reading out the target text (see
below) in casual speech tempo. The task of the raters was to indicate if they believed the speakers
to be native speakers of English, German or Serbo-Croatian. The raters controlled the timing,
moving to the next speech sample as soon as they were sufficiently certain about their decision.

Although four German native speakers were misclassified as English native speakers by one
or two of the raters each, the other raters correctly identified them as non-native. Also, one
Serbo-Croatian native speaker was misclassified as an English native speaker by one of the rat-
ers, but correctly recognized as non-native by all other raters. The five raters correctly recog-
nized all English native speakers, except that four English native speakers were classified as
German L2 speakers by one rater each, and one of these English native speakers was addition-
ally classified as a Serbo-Croatian L2 speaker by a second rater (see S5 Table). We concluded
from these ratings that our speakers qualified for the analysis.

The study protocol was approved by the ethics board of the University of Vienna (reference
number: #00333/00384). All subjects gave written informed consent in accordance with the
Declaration of Helsinki.

Speech recordings

Speech samples were collected by recording participants reading out the English prose text
The boy who cried wolf (see S2 Appendix), a fable frequently used for evaluating English pro-
nunciation [57]. The recordings were made with a ZOOM Handy Recorder (H4n, ZOOM
Corporation, Japan) either in a sound-proof room or in a quiet office environment. We
recorded the participants reading out the text in three different speech tempi: fast, casually and
slowly. Participants were instructed to read the text casually in the casual condition, to read as
fast as they could in the fast condition and to read the text slowly (e.g., as if to a group of pre-
school children), in the slow condition. The order of the different tempo conditions was ran-
domized for each participant. To elicit a natural reading style and minimize pauses resulting
from hesitation due to unfamiliarity, participants were asked to read the text silently before
recording in order to familiarize themselves with the text to avoid them being distracted by
unfamiliar words or content during recording. In addition, before the actual recording, partic-
ipants read the first sentence of the text aloud to make them comfortable reading aloud in the
experimental setting, while the experimenter adjusted the signal recording levels.

Measurements and analyses

For determining pauses in the recordings of participants reading aloud, a pause was defined as a
period of silence with a minimal duration of 0.1 seconds, most likely occurring for breathing,
rhythmic or pragmatic reasons (the choice of this threshold is explained in more detail in Box 1).
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Box 1. What is a pause?

Previous studies differ considerably in what they consider the lower durational threshold
for classifying silent intervals in speech recordings as pauses (reviewed in [37,80]). These
threshold values start as low as 5 ms (e.g. [25]) and range up to values as high as 400 ms
[45,53,81]. 200 ms is a popular threshold for pauses in L2 speech [37,80]. The choice of a
particular lower durational threshold is often determined by the type of pauses investi-
gated in a particular study. For example, studies concerned with pauses resulting from a
lack of fluency in an L2 tend to choose longer durational thresholds than studies investi-
gating pauses in L1 everyday conversation. For our purpose, it was essential to sample all
pauses, without excluding pauses below a lower durational limit. Still, we could not auto-
matically classify all silent intervals in our recordings as pauses because silent intervals
can be of multiple origins.

Silent intervals in speech recordings can occur because of pauses that fit the definition
for our analysis, i.e. silent intervals resulting from breathing, rhythmic, structural or
pragmatic reasons (“true pauses”), but also because of holds in stop consonants (for
example /p/, /t/ or /k/) or very low amplitude schwas or fricatives (for example /f/, /s/ or
/h/), i.e. silent intervals that are not considered as pauses (“phonetic silences”). Our auto-
matic pause detection algorithm should only detect the former pauses, but not the latter
ones. In order to determine the lower durational limit for the automatic detection mech-
anism, we determined the threshold below which no more true pauses occurred. For
that, we analyzed the recordings of 6 speakers (pseudo-randomized, we ensured that
there were 2 speakers of each language, one male and one female, 2 recordings for each
condition, and 3 speakers in the sound-proof room and in the office). We automatically
detected all silent intervals longer than 0.001 seconds (threshold -35 dB, minimum silent
interval: 0.001 s) and then manually determined whether the detected silences were pho-
netic silences or true pauses. We then evaluated the distributional pattern of silences.

In these analyses we found that 90.39% (ClIs: 80.89 and 99.9%) of the phonetic silences
(n = 338) were shorter than 0.1 s, 9.29% (CIs: 0.44 and 18.14%) had durations between
0.1 and 0.2 s, and 0.32% (ClIs: -0.5 and 1.13%) were longer than 0.2 s. In contrast, 93.14%
(CIs: 86.09 and 100.1%) of the pauses (n = 132) were longer than 0.2 s, 6.86% (Cls: -0.18
and 13.91%) had durations between 0.1 and 0.2 s, and no true pauses were shorter than
0.1 s (Fig 1, Table 1). This led us to the conclusion to choose 0.1 s as a lower threshold
for the automatic annotation of pauses to exclude most phonetic silences and include all
true pauses. The remaining phonetic silences were deleted manually.

Pause measurement was performed using the software package PRAAT (Version 6.0.36,
[56]). For that purpose, pauses were automatically annotated (Annotate — To TextGrid
(silences); guidelines for settings: Silence threshold: -35.0 dB, Minimum silent interval dura-
tion: 0.1 s, Minimum sounding interval duration: 0.1 s). Additionally, all pauses were checked
visually (in the oscillogram and spectrogram) and acoustically, and adjusted manually, in
order to remove rarely occurring incorrectly identified pauses (e.g. holds in plosives, low
amplitude fricatives; see Box 1) or to insert pauses that had not been automatically detected
(for example, because of breathing noise). With a PRAAT script, the total duration of each
reading, the number of pauses and the duration of individual pauses in each reading were
extracted. We included all true silent pauses (see Box 1). Although we intended to include
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Fig 1. Distribution of phonetic silences and true pauses. Dashed line = threshold chosen for the subsequent automatic detection of pauses (0.1 s).

https://doi.org/10.1371/journal.pone.0230710.9001

Table 1. Mean pause duration and mean proportion of short (< 0.1 s), medium (0.1 < x < 0.2 s) and long (> 0.2 s) phonetic silences and true pauses with respective
low and high confidence intervals (CIs).

Duration [s] |Low CI |High CI |Short[%x] |LowCI |HighCI |Medium [%] |LowCI |HighCI |Long[%] |LowCI | HighCI
Phonetic silences | 0.047 0.033 0.061 90.39 80.89 99.9 9.29 0.44 18.14 0.32 -0.5 1.13
True pauses 0.404 0.301 0.506 0 0 0 6.86 -0.18 13.91 93.14 86.09 100.18

https://doi.org/10.1371/journal.pone.0230710.t001

filled pauses that contained a noise component resulting for example from breathing or from
vocal hesitations such as “ehm” or “uh” [21,48,58,59], we did not find vocal hesitations in our
data, most likely because participants read a scripted text and had familiarized themselves with
the text before being recorded. Thus, the only filled pauses in our data are rarely occurring
intervals containing obvious breathing noise.

We classified all pauses with regard to their position in the text. For each pause, we deter-
mined whether it occurred at a punctuation mark in the text (hereafter “marked pauses”; i.e.
full stops, commas or quotation marks; no other punctuation marks occurred in the text), at
an unmarked clause or phrase boundary (hereafter “unmarked pauses”; e.g. before a defining
relative clause), or at any other position in the text. For the full text with the annotation of the
pause categories see S2 Appendix.
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We used linear and logistic mixed effects models to investigate the influence of reading
tempo, native language and in-text position on the realization of pauses. Preliminary analyses
did not reveal differences between native German and native Serbo-Croatian non-native
speakers of English, so we lumped these two groups together for our analyses. Thus our analy-
ses compared two groups, namely native and non-native speakers of English (“nativeness” fac-
tor). Still, in our plots, we present the data for all three native languages separately, in order to
allow visual comparisons between them.

For our model predictors reading tempo and nativeness, we used deviation coding [60].
Reading tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and
nativeness was coded as a two-level factor (native = -0.5, non-native = +0.5).

To test whether total reading time, pause-to-utterance ratio and the duration of individual
pauses were influenced by reading tempo and nativeness, we used linear mixed models [61]
into which we entered these two predictors and an interaction term of the two as fixed effects.
In order to reduce non-normality in the error structure of our models, the dependent variables
total reading time and duration of individual pauses were log-transformed, because the opti-
mal lambda for a Box-Cox transformation [62] was close to 0 in both cases, using the boxcox
function of the MASS package [63]. The dependent variable pause-to-utterance ratio, which is
proportional data bounded by 0 and 1, was logit-transformed, using the logit function of the
boot package [64-67].

To investigate which factors influenced the probability of making a pause, we used a gener-
alized linear mixed model [61] with binomial error structure and a logit link function. Each
transition between two words represented a data point, and we determined for each of these
transitions if a pause occurred there or not (similar to [38]). In total, this resulted in 26,456
data points. This number of data points can be explained as follows: 41 participants * 3 reading
tempi * 215 word boundaries in the text = 26,445 data points. Additional 11 datapoints
resulted from words that were not in the scripted text but that participants inserted spontane-
ously while reading. This yielded 26,456 data points in total, 2,750 of which were pauses. In
this model, we included reading tempo, nativeness, in-text position and an interaction of read-
ing tempo and nativeness as fixed effects.

All of our models included participant as a random intercept. For the three models testing
the influence of reading tempo and nativeness on total reading time, pause-to-utterance ratio
and the duration of individual pauses, our design, with one reading per tempo condition of
each participant, did not allow us to accurately estimate random slopes. For the model testing
the influence of reading tempo, nativeness and in-text position on the probability of making a
pause, we ran an initial model that also included a random slope of position. However, this
model did not converge. Thus, no random slopes are included in the models (but see [68-70]).

All models were fitted in R (version 3.5.1, [71]) and implemented in RStudio (version
1.1.456, [72]) using the Imer function of the Ime4 package [73].

For each linear mixed model, we visually inspected a qqplot and the residuals plotted
against fitted values to check whether the assumptions of normally distributed and homoge-
neous residuals were fulfilled (using a function provided by Roger Mundry, Leipzig, Ger-
many). These indicated no obvious deviations from normality or homoscedasticity.

Finally, we derived variance inflation factors (VIF, [74]) using the vif function of the R-
packagae car applied to our models with the random effects excluded. They did not indicate
collinearity to be an issue. We tested the significance of the respective full models as compared
to the null models (comprising only the random intercept) by using a likelihood ratio test (R
function anova with the argument test set to “Chisq”, [75,76]). In all cases, parameters were
estimated using maximum likelihood (rather than Restricted Maximum Likelihood, [77]) in
order to allow for likelihood ratio tests. To obtain p-values for the individual effects, we
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conducted likelihood ratio tests comparing the full with respective reduced models ([69], R
function drop1).

As indicators for the goodness-of-fit of our models, we follow [78] and report the marginal
and conditional R? for each full model. The marginal R? (R?,,) reveals the variance explained
by the entirety of the fixed effects, and the conditional R* (R*.) reveals the variance explained
by the entirety of the fixed and random effects. Thus, these measures can be taken as indicators
for the effect size for the full models. We calculated R?, and R?. using the r.squaredGLMM
function from the MuMIn package [79].

Results

Our instructions successfully elicited three desired reading aloud tempi: the full model for
the total reading time was clearly significant compared to the null model (likelihood ratio test:
x* =169.43, df = 3, p < 0.001, effect size for the full model: R*,, = 0.72, R*. = 0.82). Specifically,
there was an effect of reading tempo on total reading time (likelihood ratio test: x> = 163.67,
df =1, p < 0.001), with reading time increasing from the fast to the slow condition. Further-
more, we found a significant main effect of nativeness on the total reading time (likelihood
ratio test: x> = 10.21, df = 1, p = 0.001) with the total reading duration being higher in non-
native speakers than in native speakers of English. There was no significant interaction effect
of reading tempo and nativeness, i.e. non-native speakers did not change their reading dura-
tions differently in fast and slow tempo compared to native speakers (Table 2; Fig 2A; random
effects: S8 Table).

We next explored how reading tempo and nativeness influenced the realization of pauses.
In particular, we investigated the proportion of the total reading time that was devoted to
pauses (pause-to-utterance ratio; Fig 2B), and how long the individual pauses were (individual
pause duration; Fig 2C) at the different reading tempi in native and non-native speakers. We
also explored how many pauses speakers made (number of pauses; Fig 2D) and how the proba-
bilities that speakers made pauses at certain positions in the text were influenced by reading
tempo and nativeness.

The effects of reading tempo and nativeness on the pause-to-utterance
ratio

The full model for the pause-to-utterance ratio was significant compared to the null model
(likelihood ratio test: x* = 138.08, df = 3, p < 0.001, effect size for the full model: R*,, = 0.58,

Table 2. Results of the linear mixed model exploring the effects of reading tempo and nativeness on the total reading time (log-transformed). The table reports esti-
mated model coefficients, standard errors (SE) and lower and upper confidence intervals (CI), x* values of likelihood ratio tests and respective degrees of freedom (df) and

p-values (P).

Term

Intercept

Reading tempo”
NativenessNonNative®

Reading tempo:NativenessNonNative(2)

Estimate SE lower CI upper CI x df P

4.07 0.03 4.02 4.13 2 2 2

0.51 0.04 0.43 0.60 163.67 1 < 0.001
0.11 0.03 0.05 0.18 10.21 1 0.001
-0.02 0.05 -0.18 0.08 0.11 1 0.740

* not shown because of having a very limited interpretation

b Reading tempo and nativeness were deviation coded: reading tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and nativeness was

coded as a two-level factor (native = -0.5, non-native = +0.5); the indicated tests were obtained from likelihood ratio tests comparing the full with a reduced model

lacking reading tempo, nativeness and the interaction, respectively.

https://doi.org/10.1371/journal.pone.0230710.t002
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Fig 2. a) total duration of the readings in seconds, b) pause-to-utterance ratio in %, ¢) duration of individual pauses in seconds and d) number of pauses in each
condition for each native language. The violin plots show median values (horizontal black lines) with first and third quartiles (lower and upper end of boxes), minimum
and maximum values limited to values no more than 1.5 IQRs distant from the respective end of the box (lower and upper end of vertical black lines) and outliers (black
dots). The area around each box indicates the distribution of the data.

https://doi.org/10.1371/journal.pone.0230710.9002

R’ = 0.80). More specifically, reading tempo had a significant effect on the pause-to-utterance
ratio (likelihood ratio test: xz =137.94,df = 1, p < 0.001). In contrast, we did not find a signifi-
cant effect of nativeness on the pause-to-utterance ratio (likelihood ratio test: x> = 0.002,

df = 1, p = 0.965). Also, the effect of the interaction of reading tempo and nativeness was non-

significant (likelihood ratio test: x> = 0.14, df = 1, p = 0.709). Non-native speakers thus spent a
similar amount of time on pauses as native speakers.

Averaged over native and non-native speakers, the mean pause-to-utterance ratio was
22.62% for slow, 14.35% for casual, and 8.76% for fast reading aloud (Table 3; Fig 2B; random
effects: S9 Table). We used the following formulae for the back-transformation from the logit-
transformed model estimates (Table 3): odds = exp(- 1.79 + 1.11 * reading tempo + 0.01 *
nativeness— 0.05 * reading tempo * nativeness, and y = odds/(1+o0dds). Reading tempo and
nativeness were deviation coded: reading tempo was coded as a continuous predictor (fast =
-0.5, casual = 0, slow = +0.5), and nativeness was coded as a two-level factor (native = -0.5,
non-native = +0.5). The respective values for fast, casual and slow reading speeds were inserted
into the formulae to calculate the mean pause-to-utterance ratios. To get values averaged for
native and non-native speakers, we inserted 0 for nativeness.
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Table 3. Results of the linear mixed model exploring the effects of reading tempo and native language on pause-to-utterance ratio (logit-transformed). The table
reports estimated model coefficients, standard errors (SE) and lower and upper confidence intervals (CI), % values of likelihood ratio tests and respective degrees of free-

dom (df) and p-values (P).

Term Estimate SE lower CI upper CI 1 df P
Intercept -1.79 0.09 -1.96 -1.61 ? ? ?
Reading tempob 1.11 0.10 0.91 1.32 137.94 1 < 0.001
NativenessNonNative” 0.01 0.10 -0.20 0.21 0.002 1 0.965
Reading tempo: NativenessNonNative'” -0.05 0.12 -0.29 0.20 0.14 1 0.709

* not shown because of having a very limited interpretation

b Reading tempo and nativeness were deviation coded: reading tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and nativeness was

coded as a two-level factor (native = -0.5, non-native = +0.5); the indicated tests were obtained from likelihood ratio tests comparing the full with a reduced model
lacking reading tempo, nativeness and the interaction, respectively.

https://doi.org/10.1371/journal.pone.0230710.t003

The effects of reading tempo and nativeness on the duration of individual
pauses

The full model for the individual pause durations was significant compared to the null model
(likelihood ratio test: x* = 89.46, df = 3, p < 0.001, effect size for the full model: R*,, = 0.37,
R®. = 0.73). We found that there was a significant effect of reading tempo on the duration of
individual pauses (likelihood ratio test: x* = 87.53, df = 1, p < 0.001). Contrastingly, we did
not find a significant effect of nativeness on pause duration (likelihood ratio test: x> = 1.73,
df =1, p = 0.188). Likewise, the effect of the interaction of reading tempo and nativeness was
non-significant (likelihood ratio test: x> = 0.21, df = 1, p = 0.651), which indicates that native
and non-native speakers of English altered the duration of their pauses similarly in different
reading tempi.

The mean duration of individual pauses, averaged over native and non-native speakers, was
0.60 s in slow, 0.47 s in casual, and 0.37 s in fast reading aloud (Table 4; Fig 2C; random effects:
S8 Table). We used the following formula for the back-transformation from the log-trans-
formed model estimates (Table 4): y = exp(- 0.75 + 0.49 * reading tempo- 0.10 * nativeness—
0.04 * reading tempo * nativeness). Reading tempo and nativeness were deviation coded: read-
ing tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and
nativeness was coded as a two-level factor (native = -0.5, non-native = +0.5). The respective
values for fast, casual and slow speech were inserted into the formula to calculate the mean

durations. To get values averaged for native and non-native speakers, we inserted 0 for
nativeness.

Table 4. Results of the linear mixed model exploring the effects of reading tempo and native language on the duration of individual pauses (log-transformed). The

table reports estimated model coefficients, standard errors (SE) and lower and upper confidence intervals (CI), 3 values of likelihood ratio tests and respective degrees of

freedom (df) and p-values (P).

Term Estimate SE lower CI upper CI 1 df P
Intercept -0.75 0.06 -0.87 -0.63 N ? ?
Reading tempob 0.49 0.07 0.36 0.62 87.53 1 < 0.001
NativenessNonNative" -0.10 0.07 -0.24 0.05 1.73 1 0.188
Reading tempo: NativenessNonNative'” -0.04 0.08 -0.19 0.12 0.25 1 0.651

* not shown because of having a very limited interpretation

® Reading tempo and nativeness were deviation coded: reading tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and nativeness was

coded as a two-level factor (native = -0.5, non-native = +0.5); the indicated tests were obtained from likelihood ratio tests comparing the full with a reduced model

lacking reading tempo, nativeness and the interaction, respectively.

https://doi.org/10.1371/journal.pone.0230710.t004
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Table 5. Results of the logistic regression model exploring the effects of reading tempo, native language and in-text position on the occurrence frequency of pauses.
The table reports estimated model coefficients, standard errors (SE) and lower and upper confidence intervals (CI), > values of likelihood ratio tests and respective degrees
of freedom (df) and p-values (P).

Term Estimate SE lower CI upper CI x df P
Intercept 0.60 0.17 0.27 0.94 ? ? ?
PositionUnmarkedPhraseBoundary” -2.73 0.08 -2.89 -2.57 9759.82 1 < 0.001°
PositionOtherWordBoundary” -6.06 0.09 -6.25 -5.88

Reading tempob 2.20 0.15 1.91 2.48 906.75 1 < 0.001
NativenessNonNative” 0.54 0.20 0.14 0.94 7.05 1 0.008
Reading tempo: NativenessNonNative” 0.27 0.17 -0.06 0.60 2.59 1 0.11

* not shown because of having a very limited interpretation

® In-text position was dummy coded with the marked position being the respective reference category. Reading tempo and nativeness were deviation coded: reading
tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and nativeness was coded as a two-level factor (native = -0.5, non-native = +0.5); the
indicated tests were obtained from likelihood ratio tests comparing the full with a reduced model lacking in-text position, reading tempo, nativeness and the interaction
between reading tempo and nativeness, respectively.

¢ This is the overall effect of in-text position on the occurrence frequency of pauses. Considering the differences between the individual levels, the model revealed that at

unmarked phrase boundaries (z = -33.49, p < 0.001) and at other word boundaries (z = -65.17, p < 0.001), participants paused significantly less than at punctuation
marks.

https://doi.org/10.1371/journal.pone.0230710.t005

The effect of reading tempo, nativeness and position in the text on the
occurrence frequency of pauses

The full model for the occurrence frequency of pauses was significant compared to the null
model (likelihood ratio test: xz = 10186, df = 5, p < 0.001, effect size for the full model: R?, =
0.32, R%. = 0.34). We found significant effects of reading tempo (likelihood ratio test: x> =
906.75, df = 1, p < 0.001), of nativeness (likelihood ratio test: x> = 7.05, df = 1, p = 0.008) and
of in-text position (likelihood ratio test: x* = 9759.82, df = 1, p < 0.001) on the occurrence fre-
quency of pauses. Non-native speakers made more pauses than native speakers, and people
made more pauses the more slowly they read aloud. Also, people made more pauses at punctua-
tion marks than at unmarked phrase boundaries and at other positions in the text. However, the
effect of the interaction of reading tempo and nativeness was non-significant (likelihood ratio
test: x* = 2.59, df = 1, p = 0.11), which indicates that native and non-native speakers of English
altered the occurrence frequency of their pauses similarly in different reading aloud tempi
(Table 5). Regarding our random intercept of participant, the estimated standard deviation
among participants was 0.56 (S9 Table). This is smaller than the magnitude of effects of in-text
position and reading tempo, but similar to the magnitude of the effect of nativeness (cf. Table 5).
This indicates that the influence of participant variability and nativeness are comparable.

Native and non-native speakers’ predicted probabilities of making a pause in fast, casual
and slow reading at punctuation marks, unmarked phrase boundaries and other word bound-
aries are given in Table 6. The corresponding partial effects of our model are shown in Fig 3.
The overall numbers of pauses in each reading tempo and each native language are displayed
in Fig 2D.

Discussion

Our study evaluated whether pauses contributed to the speakers’ non-native L2 production by
examining whether native and non-native speakers of English differed in their pausing behav-
ior when reading aloud at different speech rates. Although there were some rare misclassifica-

tions in our native language recognition test, overall, all non-native speakers were identified as
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Table 6. Predicted probabilities (in %) of making a pause in fast, casual or slow reading at punctuation marks, unmarked phrase boundaries or other positions in
the text for native and non-native speakers of English.

Native® Non-Native®
Fast Casual Slow Fast Casual Slow
Punctuation mark 33.20 58.19 79.58 42.69 70.50 88.46
Phrase boundary 3.15 8.34 20.31 4.65 13.51 33.39
Other word boundary 0.12 0.32 0.90 0.17 0.55 1.76

*Values are derived from the estimates of our logistic regression model (see Table 5). We used the following formulae for the back-transformation from the logit-
transformed model estimates: odds = exp(0.60-2.73 * unmarked phrase boundary- 6.06 * other word boundary + 2.20 * reading tempo + 0.54 * nativeness + 0.27 *
reading tempo * nativeness, and y = odds/(1+odds). In-text position was dummy coded, with marked boundaries serving as the reference category. Reading tempo and
nativeness were deviation coded: reading tempo was coded as a continuous predictor (fast = -0.5, casual = 0, slow = +0.5), and nativeness was coded as a two-level factor

(native = -0.5, non-native = +0.5). The respective values were inserted into the formulae to calculate the predicted probabilities of pause occurrence.

https://doi.org/10.1371/journal.pone.0230710.t006

non-native by native English raters, and thus had clearly recognizable non-native accents.
However, our findings suggest that non-native pause patterns contributed little to the produc-
tion of these non-native accents, at least for our relatively proficient speakers (see below). This
supports the No Contribution hypothesis.

First, native and non-native speakers had similar pause-to-utterance ratios. Second, the
durations of their pauses were similar (in line with 25,33,but in contrast to 46). Third, for
native and non-native speakers, reading tempo had a similar significant influence on all of the
pause characteristics measured, and there were no interactions between nativeness and
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0.08 - Native Non-native -
0.6 7 i 0.06 | L
© ©
8 0.4 B 8 0.04 -
£ =
0 0
R R
— 0.2 L &=
8 9 0.2 L
C C
g g
5 5
|9 |9
9] O
o (@)
[} Q
()] %]
5 =]
© ©
o o
Punctuation Phrase Other word Fast  Casual Slow Fast  Casual  Slow
mark boundary boundary
In-text position Reading tempo

Fig 3. a) effect display of the significant main effect of in-text position, b) effect display of the significant main effects of reading tempo and nativeness. The effect of the
interaction of reading tempo and nativeness was non-significant. The y-axis displays the probability of occurrence of a word after a pause. Error bars and shaded areas
around the estimated effects represent 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0230710.9003
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reading rate. With an increasing reading tempo, native and non-native speakers made fewer
and shorter pauses, and with a decreasing reading tempo, they made more and longer pauses.
Thus, with changing reading tempo, native and non-native speakers altered both the duration
and the occurrence likelihood of pauses in a highly similar way. During fast reading, native
and non-native speakers’ probabilities of making a pause were below 5% at unmarked phrase
boundaries and below 0.2% at other unmarked positions in the text. Thus, almost only pauses
at punctuation marks remained, suggesting that the visually salient punctuation marks help
readers to structure their vocal output in similar ways.

Pause-to-utterance ratio changed with changing reading tempo (cf. similar findings in
speakers of Dutch, French and Italian; [26]), indicating that in fast reading, pauses were
reduced more compared to casual reading and in slow reading, pauses increased relative to
casual reading. A potential explanation is that when reducing pauses, there is less information
loss compared to reducing articulated sounds. If articulated sounds were deleted or shortened
too much, words would be distorted to intelligibility and semantic content would be lost. Simi-
larly, if segments were lengthened to an unnatural extent they would be difficult to produce
and perceive. These factors apply much less to shortened or lengthened pauses, and reducing
or increasing pause length is articulatorily simpler than varying the duration of vocal segments.
This may explain the similar results regarding reading tempo for native and non-native
speakers.

The only significant difference in pauses that may contribute to sounding foreign is the
higher likelihood of having a pause in L2 speech: non-native speakers made more pauses than
native speakers (in contrast to [25]). Although our non-native participants were highly profi-
cient in English, they might still need more time for cognitive processing when speaking their
L2 [46,82]. This might be reflected in their higher likelihood of occurrence of pauses (but inter-
estingly not in longer durations of pauses). However, the reason speakers need more process-
ing time for the foreign language might be rooted not in difficulties in adhering to target
language pause patterns, but to other aspects of the L2, such as difficulties pronouncing
L2-typical sounds. Further evidence that speakers need more time for cognitive processing in
their L2 than in their L1 is that non-native speakers had longer reading durations than native
speakers (cf. [83]). To rule out the possibility that non-native speakers have a slower reading
speed in general, the reading durations in their respective first languages would need to be
addressed in a follow-up study. Also, this would shed light on the influence of individual par-
ticipants’ reading proficiency on our results (see below).

There are several possible explanations why, overall, our non-native speakers did not
appear to produce pauses ‘with a foreign accent’. Pauses may be easier to acquire than other
aspects of language because they are perceptually salient (Matzinger, Ritt, Fitch, in prep) and
pausing is articulatorily easy, relative to phonemes or intonation patterns. Alternatively, pauses
might not contribute to non-native speech production because the pause patterns in the speak-
ers’ L1 and L2 might be similar and speakers simply transfer their L1 pause patterns to their
L2. Such a transfer might imply that pauses result from very general cognitive mechanisms
[53] and thus have a more universal character than other aspects of language. However, to sub-
stantiate this hypothesis, non-native English speakers of a typologically diverse set of lan-
guages, including many other native languages than German and Serbo-Croatian, would need
to be tested in a larger-scale study. If such L2 speakers still pause with a native-like accent
when speaking English, this would be evidence for a language universal character of pause
patterns.

If pauses result from basic cognitive mechanisms, L2 speakers should also pause with a
non-native accent in other second languages than English.
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Although our study controls for many aspects necessary to investigate foreign speech pro-
duction, there are some aspects that it does not address, but that could be addressed in poten-
tial follow-up experiments. Our study tested the role of pauses of highly proficient L2 speakers.
Certainly, L2 proficiency might have an influence on the realization of pauses [8,34]. L2-typical
pause patterns might be acquired rapidly (and should thus not contribute to non-native
accents in any proficiency level), slowly but still more quickly than e.g. phonemes (and should
thus only contribute to non-native accents in beginners), or not at all (and should thus con-
tribute to non-native accents in any proficiency level). Therefore, testing L2 speakers of differ-
ent proficiency levels in a follow-up experiment might reveal more about the cognitive
constraints associated with speaking an L2, which might contribute to non-native speech pro-
duction. Our present finding that pauses contribute little to the acoustic peculiarities of L2 pro-
duction would be further corroborated if a comparable study with less proficient non-native
speakers yielded similar results.

Furthermore, we caution that our relatively small sample size of 41 participants, although
clearly adequate to reveal multiple statistically significant effects, might potentially be inade-
quate to reveal more subtle differences of smaller effect size. Thus, like any null result, our “no
difference” findings should be viewed with some caution. However, the considerable time and
effort required to derive, annotate and manually check pause data (more than 26,000 data
points of which more than 2,700 were pauses comprise our current dataset) would remain a
challenge for gathering much larger samples of participants.

We only included academically educated participants, from which a similarly high level of
reading proficiency could be assumed. Testing people with a high reading proficiency might
have contributed to the fact that, overall, we found similar pause patterns in native and non-
native speakers. Highly proficient readers might be able to override challenges in foreign
speech production when reading, but not when speaking freely (see below). Less proficient
readers might not be able to mask difficulties in non-native speech production when reading,
which might result in different pause patterns between native and non-native speakers. A
potential follow-up study could explicitly test participants’ reading proficiency and include it
as a predictor for pause patterns.

The text that the participants read out in our study contained punctuation marks. Punctua-
tion marks are salient visual cues that might prime participants’ pause patterns [84]. We used a
text containing punctuation marks to make the procedure as close to real-life reading situa-
tions as possible. How much punctuation contributes to adopting the pause patterns of an L2
in read speech could easily be tested in a follow-up study with texts without punctuation
marks. Similar results using texts without punctuation marks could evaluate the possibility
that the realization of pauses is determined by basic cognitive processes, because in such cases
participants would not be primed by visual cues.

Results of our study on read texts might not be entirely transferrable to spontaneous speech,
because pauses in reading aloud might also reflect reading difficulties or spelling-to-sound dif-
ficulties. In contrast, pauses in spontaneous speaking might reflect difficulties in conceptualiz-
ing the message or in linguistic formulation. Still, we argue that testing speakers during
reading aloud has ecological relevance because it occurs in several real-life contexts, such as
when reading aloud to children or in the (language) classroom. Especially during second lan-
guage learning, reading aloud is a commonly practiced exercise [85]. Furthermore, reading is
ideal for our purposes since it captures difficulties in articulation which are highly relevant for
non-native speech production. Further, reading a complete story also captures pauses in lon-
ger stretches of speech, as opposed to reading or repeating isolated sentences (e.g. [8]). Thus,
we feel that our paradigm adds a rigorous and useful new method to the existing literature on
spontaneous speech.
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One crucial point that our procedure cannot address is whether it is a transfer from L1
pause patterns that either hinders (because L1 and L2 pause patterns are different) or facilitates
(because L1 and L2 pause patterns are similar) the acquisition of L2 typical pause patterns.
Testing similarities or differences of different native languages’ pause patterns is almost impos-
sible: even if speakers of different L1s are tested on similar tasks, such as reading out texts
matched in syntax and content, translations can never be fully identical in syntactic structure
or small nuances of content. Such minute differences might already shape pause patterns in a
way that makes it difficult to determine these potential differences’ contribution to L2 accents.
Nonetheless, testing the same speakers in their L1 and L2 would be useful to address the effect
of individual speaking style on pause patterns [47].

Conclusions and future work

We asked native and non-native speakers to read the same English text, thus excluding poten-
tial L1-specific morpho-syntactic factors from influencing the vocal output. We found that
speakers inserted pauses into the reading stream in similar ways and at similar locations, and
changed this pattern in similar ways at different reading tempi, regardless of their native lan-
guage. The only difference between pause patterns in native and non-native speakers was that
the non-native speakers made more pauses than the native speakers. This might reflect cogni-
tive processing constraints in an L2 that result from other aspects of the L2 than pausing
behavior per se. Overall, we conclude that in reading aloud, the influence of nativeness on the
realization of pauses is marginal, suggesting that pauses play little role in the production of for-
eign accents in this context
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S1 Results of cross-linguistic studies on pauses

S1 Table. Results of cross-linguistic studies suggesting that the numbers and durations
of pauses in different languages are similar.

English = French = Italian = Romanian = Spanish

Characteristics Results References

considered

Number of pauses | English = French = Spanish (1)
French = English 2)
English = Croatian 3)
adjustments to different speech tempi: Dutch ~ English = French 4
=~ Italian = Romanian = Spanish

Duration of English = French = Spanish 1)

pauses English = Croatian 3)
English = Chinese %)
durational adjustments to different speech tempi: Dutch = 4

S2 Results of cross-linguistic studies on pauses

S2 Table. Results of cross-linguistic studies suggesting that the numbers and durations
of pauses in different languages are different.

Characteristics
considered

Results

References

142




Number of pauses | English > French (6,7
Spanish > English (8)
English > Turkish 9
French > German (10)

Duration of French > English (2,6)

pauses Russian > English (11)
French > German (10)
Spanish > English = French =~ German > Italian (12)
durational change in older age: German > French (13)

S3 Results of studies on pauses in L2 speech

S3 Table. Results of studies on the numbers and durations of pauses during L2 speech.
Results in the table concern comparisons between pauses in speakers’ L2s and these speakers’
L1s (as opposed to L1 speakers of the target L2).

Characteristics | Results L1 L2 References
considered
Number of L2=L1 Russian? Ukrainian, English (14)
pauses/Pause Mandarin :
rate Japanese English (15)
L2>1L1 Russian English (intermediate (11)
and high proficiency)
Thai English (16)
French English 17
German French (2,10)
French German (2,10)
English, Turkish Dutch 9)
Number of L2=L1 English, Turkish Dutch (18)
pauses between
utterances
Number of L2>L1 English, Turkish Dutch (18)
pauses within German French (10)
utterances French German (10)
“a range of different L1 English (19)
backgrounds”
Duration of L2=L1 Russian? Ukrainian, English (14)
pauses Mandarin '
Japanese English (15)
Russian English (intermediate (11)
proficiency)
French English 17
L2>L1 German French 2)
Turkish, English Dutch (18)
German English, French (20)
English, Turkish Dutch 9)
L2<L1 German French (10)
French German (2,10)
English Russian (high (11)
proficiency)

143




Duration of L2=L1 English, Turkish Dutch (18)
pauses between
utterances

Duration of L2>L1 English, Turkish Dutch (18)
pauses within
utterances

S4 Results of studies on pauses in L2 speech

S4 Table. Results of studies on the numbers and durations of pauses during L2 speech.
Results in the table concern comparisons between pauses in speakers’ L2s and L1 speakers of
the target L2.

Characteristics | Results L1 L2 References
considered

Number of L2=L1 Russian English (high proficiency) 1D
pauses/Pause L2>L1 Russian English (intermediate proficiency) | (11)

rate Korean English (21)

L2=L1 Russian English (high proficiency) 1D
L2<Ll1 Russian English (intermediate proficiency) | (11)

Duration of
pauses

S5 Appendix. Post-experiment questionnaire.

Questionnaire for participants

ID:
Age: Date:
Gender: Nationality:

PLEASE ANSWER THE FOLLOWING QUESTIONS:

Part I: Your language(s)

1) What is your first language (please include not only the standard but also non-standard
variety (i.e. your “dialect”)?
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2) Did you grow up bilingually? If so, what are your first languages?

3) Which other languages do you speak (please specify estimated proficiency level)?

Part Il: Taking a closer look at your English (only for participants whose first
language is not English)

1) At what age did you start learning English?

2) Which variety of English do you aim to speak?

3) Have you ever taken English pronunciation classes? Please specify (For which variety? For
how long? etc.)

4) Do you aspire to have native-like pronunciation?

5) Which other influences might have shaped the way you speak English (i.e. for example
having lived in an English-speaking country for a period of time, media exposure, etc.)?

S6 Native language recognition ratings.

S6 Table. Results of a native language recognition test for our pool of speech samples of
English, German and Serbo-Croatian native speakers (S1-S41) reading an English text.
T = native English raters identified the speakers’ nativeness status correctly. F (gray) = native
English raters misclassified the speakers’ nativeness status. Four German native speakers
were misclassified as being English native speakers by one or two of the raters each, but
correctly identified as being non- native by the other raters. Four English native speakers were
misclassified as being non-native speakers of English by one or two of the raters each, but
correctly identified as native speakers by the other raters.
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English native speakers

S1|S2|S3|S4|S5|5S6|S7|S8|S9 |S10|S11|S12|S13
Rater1| T (T | T | T | T | T|T|T|T|T|T|T]|T
Rater2| T (T | T | T | T | T|T|T|T|T|T|T]|T
Rater3| T | T | T | T | T |T|F | T|T|T|T|T]|T
Rater4| T | T | T | T | T |T|T|T|F|T|T|T]|T
Rater5| T | F | T | T | T | T|F [T |T|F|T|T]|T

German native speakers

S$14|S15|S16|S17|S18|S19|S20|S21|S22|S23|S24 |S25|526 |S27|528 | S29|S30 | S31
Rater1| T | T | T | T |T|(T|T|T|T|T|T|T|T|T|T|T|T]|F
Rater2| T (T |T|F |(T | T |T|T|T|T|T||F|T|T|T|T|T]|T
Rater3| T | T | T | T |T|T|T|F|T|T|T|T|T|T|T|T|T]|T
Rater4| T (T | T | T |T | T |T|T|T|T|T|T|T|T|T|T|T]|T
Rater5| T (T |T|F |T | T|T|F|T|T|T||F|T|T|T|T|T]|T

Serbo-Croatian native speakers

$32|533|S34|535|S36|S37|S38|S39|540 | 541
Rater1| T | T | T | T | T | T | T|T|T|T
Rater2| T | T | T | T | T | T | T|T|T|T
Rater3| T | T | T | T | T | T |T|T|T|T
Rater4| T | T | T | T | T | T | T | T|T|T
Rater5| F | T | T | T | T | T|T|T|T]|T

S7 Appendix. Annotated text The boy who cried wolf.

For determining the positions of pauses, we used the following classification:

[MA] pauses occurring at punctuation marks
[UM] pauses occurring at unmarked clause or phrase boundaries

Pauses at other positions in the text (e.g. between “There” and “was”, or between “was” and
“once”), were classified as “other” and are not indicated in the text below. In total, 76.29 % of
all pauses made occurred at punctuation marks, 15.13 % occurred at unmarked clause or
phrase boundaries, and 8.58 % occurred at other positions in the text.

The Boy who Cried Wolf
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There was once a poor shepherd boy [UM] who used to watch his flocks [UM] in the fields
[UM] next to a dark forest [UM] near the foot of a mountain. [MA] One hot afternoon, [MA]
he thought up a good plan [UM] to get some company for himself [UM] and also have a little
fun. [MA] Raising his fist in the air, [MA] he ran down to the village [UM] shouting ‘ [MA]
Wolf, [MA] Wolf.” [MA] As soon as they heard him, [MA] the villagers all rushed from their
homes, [MA] full of concern for his safety, [MA] and two of his cousins even stayed with
him for a short while. [MA] This gave the boy so much pleasure [UM] that a few days later
[UM] he tried exactly the same trick again, [MA] and once more he was successful. [MA]
However, [MA] not long after, [MA] a wolf [UM] that had just escaped from the zoo [UM]
was looking for a change [UM] from its usual diet [UM] of chicken and duck. [MA] So,
[MA] overcoming its fear of being shot, [MA] it actually did come out from the forest [UM]
and began to threaten the sheep. [MA] Racing down to the village, [MA] the boy of course
cried out even louder [UM] than before. [MA] Unfortunately, [MA] as all the villagers were
convinced [UM] that he was trying to fool them a third time, [MA] they told him, * [MA] Go
away [UM] and don’t bother us again.” [MA] And so the wolf had a feast.

S8 Results of the random effects of the linear mixed model exploring the
effects of reading tempo and nativeness on the total reading time.

S8 Table. Estimated variance components and standard deviations for the random
intercept of participant of the full model exploring the effects of reading tempo, and
nativeness on the total reading time.

Random effect Term Variance Standard deviation
Participant Intercept 0.01 0.08
Residual 0.01 0.11

S9 Results of the random effects of the linear mixed model exploring the
effects of reading tempo and native language on pause-to-utterance ratio.

S9 Table. Estimated variance components and standard deviations for the random
intercept of participant of the full model exploring the effects of reading tempo and
nativeness on pause-to-utterance ratio.

Random effect Term Variance Standard deviation
Participant Intercept 0.07 0.27
Residual 0.07 0.26

S10 Results of the random effects of the linear mixed model exploring the
effects of reading tempo and native language on the duration of individual
pauses.

S10 Table. Estimated variance components and standard deviations for the random
intercept of participant of the full model exploring the effects of reading tempo, and
nativeness on the duration of individual pauses.

| Random effect | Term | Variance | Standard deviation |
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Participant

Intercept

0.04

0.20

Residual

0.03

0.17

S11 Results of the random effects of the logistic regression model exploring
the effects of reading tempo, nativeness and in-text position on the

occurrence frequency of pauses.

S11 Table. Estimated variance components and standard deviations for the random
intercept of participant of the full model exploring the effects of reading tempo,
nativeness and in-text position on the occurrence frequency of pauses.

Random effect Term Variance Standard deviation
Participant Intercept 0.32 0.56
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Phonotactically probable word shapes represent attractors in the
cultural evolution of sound patterns

Keywords

frequency effects; sound change; Middle English; Open Syllable Lengthening; cultural
evolution

Abstract

Words are processed more easily when they have canonical phonotactic shapes, i.e. shapes
that are frequent both in the lexicon and in word usage. We hypothesized that words with
such shapes have a selective advantage in cultural evolution and favour sound changes that
(re-)produce words with the same shapes. We tested this hypothesis in a quantitative corpus
study on the Middle English sound change known as Open Syllable Lengthening (OSL). OSL
lengthened vowels in disyllables such as ME /ma.ko/ make, but more or less only when they
became monosyllabic and when their vowels were non-high. We predicted that word shapes
produced by this implementation pattern should correspond to the shapes that were most
common among morphologically simple monosyllables and disyllables at the time when OSL
occurred. Our results largely confirmed this prediction: monosyllables produced by OSL did
indeed conform to the shapes that were most frequent among already existing monosyllables.
Similarly, the failure of OSL to affect disyllables (such as body) prevented them from
assuming shapes that were far more typical of morphologically complex word forms than of
simple ones. This suggests that the actuation and implementation of sound changes may be
more sensitive to lexical probabilities than hitherto suspected.

1 Introduction

This paper deals with the hypothesis that the cultural evolution of sound patterns is constrained
by a preference for probable word shapes because their relative frequency makes them
predictable and easier to identify and process. This implies that word shapes that already are in
the majority, should be selected for and get even more frequent, whereas word shapes that are
in the minority should be selected against and get less frequent.

1.1 The role of majority patterns in the cultural evolution of sound patterns

Our starting point is the observation that speakers are sensitive to the probability of phonotactic
patterns in the lexical inventory (Wedel 2006; Blevins 2009; Mailhammer, Kruger, and
Makiyama 2015; Divjak 2019a, 2019b), and exploit it in the perception and the production of
speech (Gibson et al. 2019). Word forms whose shapes are probable — i.e. represent majority
patterns — are identified more easily (Kelley and Tucker 2017), learnt and memorized more
easily (Storkel 2001), and produced more accurately (Goldrick and Larson 2008) than less
frequent and less probable forms. Since word forms that are more easily recognized,
memorized, and used, will also be transmitted more easily, word forms with more probable
shapes ought to be historically more stable than word forms with rare or exceptional shapes.
Thus, word form shapes that happen to be probable in a specific language will select for word
form variants that conform to them, and function as attractors in phonological evolution
(Blevins 2006, 2009). This implies that they ought to favour sound changes that (re-)produce
them and thus stabilize or even bolster their own majority. This will further increase the
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advantages they afford in terms of the recognition, processing, and use of words. Crucially, this
ought to be the case even if preferences for majority patterns are weak, since language history
reflects the outcome of massively parallel and iterated transmission processes, which are known
to amplify even very weak biases (Fehér, Wonnacott, and Smith 2016; Kirby, Griffiths, and
Smith 2014; Smith et al. 2017; Reali and Griffiths 2009).

To test the hypothesis that probable word shapes represent attractors in the diachronic
development of sound patterns, we investigate whether it predicts the lexical implementation
of a specific Middle English sound change, namely Open Syllable Lengthening (henceforth
OSL; Ritt 1994; Minkova 1982; Luick 1964). OSL was a sound change which lengthened
vowels in open syllables and which, as a result, produced forms such as Late Middle English
/ma:k/ make or /be:.vor/ beaver from earlier /ma.ko/ and /be.vor/. We show that the words in
which the change was regularly implemented did indeed get shapes that represented majority
patterns. However, in words where it would have produced minority patterns, OSL was
implemented only sporadically. Therefore, our paper provides evidence for the theory that the
actuation and implementation of sound changes may be conditioned by the statistical
distribution of word-shapes in the lexicon. Additionally, it deepens our understanding of OSL,
a sound change with a complex implementation pattern.

1.2 The test case: Middle English Open Syllable Lengthening

We investigated the lexical implementation of Middle English Open Syllable Lengthening and
asked if it reflected a preference for probable sound patterns. We chose this particular sound
change because it has an interesting implementation pattern, which has been well described but
not fully explained. Thus, choosing OSL as a test case for our study, we not only test a general
hypothesis on the cultural evolution of sound patterns, but also contribute to explaining a
specific and widely discussed sound change in the history of English (Ritt 1994; Minkova 1982;
Mailhammer, Kruger & Makiyama 2015, Minkova & Lefkovitz 2020).

OSL occurred between the 13" and 14" centuries and lengthened short vowels in stressed open
syllables in disyllabic words, such as make (/ma.ko/ > /ma:k/), hope (/ho.pa/ > /ho:p/), name
(/na.ma/ > /na:m/), or beaver (/be.vor/ > /be:.var/) (Ritt 1994; Minkova 1982; Mailhammer,
Kruger & Makiyama 2015, Minkova & Lefkovitz 2020). However, there were crucial
restrictions on its implementation. First, OSL did not regularly affect words with high vowels,
such as sin (/si.na/ > */si:n/)!. Second, the implementation of OSL depended on the phonotactic
structure of the words it affected: it affected those words consistently that were originally
disyllabic, but became monosyllabic through the loss of their final syllable (a change known as
schwa loss, as in /ma.ka/ > /ma:k/), which occurred roughly at the same period as OSL (Tab. 1;
Minkova 1991, Minkova & Lefkovitz 2020, Minkova forthc.). In contrast, it affected words
that remained disyllabic only rarely. Most of the few stable disyllables that were lengthened
had sonorants in their second syllable (e.g. beaver, bacon), and a single one an obstruent
(naked). Other stable disyllables — like body or many — were never lengthened (Tab. 1). Thus,
the only items in which the change was implemented nearly categorically were disyllables that
— like make, name or hope — had non-high vowels and became monosyllabic due to final schwa
loss.

! Some rare exceptions that were lengthened despite their high vowels are door (/du.ra/ > /do:r/), beetle (/bi.tol/
> /be:.tal/), or evil (/y.val/ > [e:.val/).
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Table 1. Implementation patterns of OSL, depending on the phonotactic structure of words (C
= consonant, V = vowel, . = syllable boundary, o = schwa, R = sonorant, T = obstruent;
reproduced from Minkova and Lefkowitz 2020)

Phoneotactic structure Examples Percentage of implementation
CV.Co make, hope, name 95.1%
CV.CVR beaver, hammer 22.9%
CV.CVT habit, naked 2.5%
CV.CV body, many 0%

A question that has intrigued historical linguists about this implementation pattern is why OSL
appears to have been implemented primarily in words where the phonological conditions that
motivated the lengthening in the first place, i.e. the open syllables, were lost. After all, when
OSL was completed, the vowels in lengthened make /ma:k/, name /na:m/ or hope /ho:p/ were
no longer in open syllables at all.> Thus, it seems as if OSL affected vowels only in such open
syllables that were in the process of becoming closed through the loss of final schwas. The
conclusion that has been drawn from this perfectly adequate observation is that the lengthening
must have been compensatory, i.e. it made up for the weight loss induced by schwa loss
(Minkova 1982; Bermudez-Otero 1998; Minkova and Lefkowitz 2020). This hypothesis
receives support from the fact that stable disyllables in which schwa loss was at least optional
(e.g. beaver could be realized as /be:.vr/ or /be:.var/) were also occasionally lengthened (Tab.
1). Although this account is descriptively adequate, it still raises the question why compensation
should have occurred, because the existence of forms such as man /man/ and god /god/ suggests
that realizations with short vowels such as */mak/, */nam/ and */hop/ would have been just as
viable as the long realizations /ma:k/, /na:m/ and /ho:p/.

2 Hypotheses and predictions

2.1 General hypotheses

We explore the possibility that compensatory lengthening occurred in words of the make-type
but not (or much less so) in the beaver/habit/body-type for statistical reasons. Specifically, we
hypothesize that phonotactic patterns similar to the ones of lengthened /ma:k/ should have been
more frequent among already existing morphologically simple monosyllabic words than
patterns similar to the ones of hypothetical unlengthened */mak/. If that was the case, the
lengthened variants of make-type items could have been selected and historically stabilized for
that very reason. While unlengthened realizations like */mak/ would not have been strictly
speaking unviable, the higher probability of their lengthened competitors would have made
lengthened forms easier to identify and process, so that they were ultimately selected.
Conversely, the opposite should have applied to OSL outputs that remained disyllabic. In their
case, the shapes of lengthened items such as hypothetical body */bo:.dij/ or habit */ha:.bit/
should have been less representative of morphologically simple disyllables than unlengthened
variants such as the attested /bo.dij/ and /ha.bit/.

If both of these hypotheses turn out to be true, then the implementation of OSL would have
increased the frequency of word forms with prototypical shapes. This would have facilitated
the identification, processing and use not only of the OSL reflexes themselves, but also of all

2 Note that vowels in words like man or god, which had never been in an open syllable, had not lengthened. So it
is indeed strange that open syllables should have motived vowel lengthening, but only if they were becoming
closed.
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other words that shared the same phonotactic shapes, so that the overall efficiency of the lexicon
would have risen. Thus, the implementation of OSL could ultimately be explained as being
conditioned by (a) the frequency distribution of word form shapes in the lexicon, and (b) a
universal preference for that distribution to be skewed in favour of prototypical shapes.

In order to find out if our hypotheses were plausible, we categorized and counted the
phonotactic shapes of monosyllabic and disyllabic wordforms attested in Early Middle English.
We analysed if the frequencies of existing Early Middle English monosyllables with shapes
similar to OSL outputs were higher than those of monosyllables with shapes different from
OSL outputs. Similarly, we compared the frequencies of various phonotactic shapes of existing
Early Middle English disyllables. For these tasks, several theoretical decisions had to be taken,
which will be described in the following sections.

2.2 Theoretical considerations and predictions for Early Middle English
monosyllables

An important theoretical question was which phonotactic shapes of existing Early Middle
English word forms (Tab. 2b) should be counted as being ‘similar’ or ‘dissimilar’ to the ones
of lengthened OSL outputs (Tab. 2a). The patterns of already existing Early Middle English
word forms can be compared with those of OSL outputs in two ways: either in terms of their
vowel length, i.e. long (VV) vs. short (V), or more broadly in terms of their syllable weight, i.e.
heavy (VVC, VCC, VVCC) vs. light (VC; Tab. 2). The chosen level of comparison has
consequences for the predictions that follow.

Table 2. Phonotactic structure of a. monosyllabic OSL outputs, and b. already existing Early
Middle English word forms that act as candidates for comparison.? Final consonants are
counted as extrametrical.

a. Lengthened b. Existing Early Middle English monosyllabic
OSL outputs word forms
make-type god-type | mood-type land-type
Phonotactic CVVC CVC CvvC CcvcCC CVVvCC
shape
Pronunciation /ma:k/ /god/ /mo:d/ /land/ /gru:nd/
Vowel length long short long irrelevant for our
classification
Syllable heavy light heavy heavy
weigth

Regarding syllable weight, and considering final consonants as extrametrical, god-type items
count as light, and mood-type and land-type items as heavy (Tab. 2b). OSL outputs, i.e. make-
type items, count as heavy (Tab. 2a) and would thus be ‘similar’ in their syllable weight to all
other heavy monosyllables. Following our general hypothesis, we therefore predict that at the
time when OSL and schwa loss set in, heavy Early Middle English monosyllables (mood-type
and /and-type items) were in the majority compared to light ones (god-type items; see Fig. 1,
Prediction 1). If this were the case, these frequency patterns would select for heavy and thus
lengthened OSL outputs, and against unlengthened competitor variants such as the hypothetical
light */mak/.

3 Note that *CV was ungrammatical for major class items already in Middle English.
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A stricter and more specific comparison would focus on vowel length as the only relevant
variable, and would disregard items that are heavy just because they end in consonant clusters.
Thus, this stricter comparison only considers god-type and mood-type items and discards land-
type items. On this stricter criterion, our hypothesis would be corroborated if words with long
vowels, i.e. phonotactic shapes like mood were more frequent in Early Middle English than
words with short vowels like god (see Fig. 1, Prediction 2).

Finally, an even stricter comparison would also take vowel height into account. Recall that high
vowels were affected by OSL only very sporadically. Thus, our hypothesis predicts that words
from the mood-type should only be more frequent than words from the god-type, when these
words had mid or low vowels such as /a/, /e/, /o/ or /o/. In contrast, among words with high
vowels such as /i/ or /u/, long vowels should not be more frequent than short ones (see Fig. 1,
Prediction 3).

In our study we applied all three types of measure. In summary, the weakest version of our
hypothesis was that the majority of monosyllables in our data should be heavy, the stronger
version was that we should find more monosyllables with long than short vowels, and the
strongest version was that we should find more items with long vowels only among words with
non-high vowels, but not among words with high ones (Fig. 1).

Figure 1. Summary of predictions for monosyllables.

Predictions for Early Middle English monosyllables

Among monosyllables, the majority of items was heavy,
i.e. belonged to the mood-type or land-type.

Among monosyllables ending in single consonants, the majority
of items had long vowels or diphthongs, i.e. belonged to the
mood-type.

Prediction 2 was only true for items with mid or low vowels,
but not for items with high vowels.

ORONC,

2.3 Theoretical considerations and predictions for Early Middle English disyllables

In the case of disyllables, we again had to decide if we should focus on the syllable weight or
just on the vowel length of their first syllables, when we counted them as being ‘similar’ to
disyllabic OSL reflexes whose first syllable got lengthened (beaver-type items; Tab. 3a) or
remained short (habit-type items; Tab. 3a). Once again, we worked with both measures: when
focusing on syllable weight, we included heavy but closed first syllables (finger-type items;
Tab. 3b) in the comparison. When exclusively focussing on open first syllables, we merely
counted how many of them had long vowels or diphthongs (bailiff-type items) and how many
of them short ones (mother-type items; Tab. 3b).

Additionally, however, we also had to take the morphological structure of the disyllables into
account. Many disyllables were in fact morphologically complex, such as doom-es ‘doom.GEN’,
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drench-es ‘drink.PL’, or sorh-en ‘sorrow.PL’. In this respect, they were unlike the lengthened or
unlengthened reflexes of OSL inputs, which — like beaver — were all simple. Thus, the question
was not only how probable the shapes of OSL outputs and their unlengthened variants were as
exponents of words, but how probable each of the two were as exponents of morphologically
simple words. Morphologically simple word forms with shapes like complex ones invite
unwarranted decomposition, and delay identification and processing (Post et al. 2008). This
affects not only the ease with which word forms are acquired but also their historical stability,
which has been shown in various studies in the area of morphonotactics (Dressler and
Dziubalska-Kotaczyk 2006; Calderone et al. 2014; Korecky-Kroll et al. 2014; Ritt and
Kazmierski 2015; Baumann and Kazmierski 2018; Baumann, Promer, and Ritt 2019).
Therefore, morphologically simple disyllabic OSL outputs that were shaped like
morphologically complex disyllables would not be identified and processed more easily
because of that similarity. On the contrary, their similarity with complex disyllables would
make their identification and processing more difficult and would therefore be select against.
Thus, in general, we expected morphologically simple disyllabic OSL outputs to have shapes
similar to existing Early Middle English morphologically simple disyllables and dissimilar to
morphologically complex ones.

Table 3. Phonotactic shape, syllable structure and syllable weight of the first syllable (1) as
well as examples of a. disyllabic reflexes of OSL inputs and b. already existing Early Middle
English disyllables that act as candidates for comparison.

a. Disyllabic reflexes of b. Existing Early Middle English
OSL inputs disyllabic word forms
lengthened | unlengthened
(rare) (frequent)
beaver- habit-type mother- bailiff- finger-type
type type type
Phonotactic Cvv Cv Ccv Cvv CVC
shape of o1
Morphologically | bea.ver ha.bit mo.ther bai.liff fin.ger
simple examples bi.shop mer.cy
an.gel
Morphologically | irrelevant | irrelevant for ta.l-es doo.m-es dren.ch-es,
complex for our our study no.m-en sor.h-en
examples study
Syllable open open open open closed
structure
Vowel length long short short long irrelevant for
our
classification
Syllable weight heavy light light heavy heavy

In sum, when we categorized the disyllables that existed at the time when OSL set in, we
therefore had to distinguish not only between their phonotactic shapes, i.e. between words with
light and therefore short open first syllables (such as mo.ther), words with heavy open long first
syllables (such as bai.liff), and words with closed (and therefore heavy) first syllables (such as
fin.ger), but also — on the morphotactic level — between simple words like mo.ther or bi.shop,
and complex words like doo.m-es, or dren.ch-es.
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Recall that only a minority of morphologically simple OSL inputs that remained disyllabic was
lengthened (such as bea.ver) and the majority remained short (such as ha.bif). Therefore, we
predicted that (a) the majority of Early Middle English disyllables with light, i.e. open short
first syllables would have been simple (such as mo.ther; see Fig. 2, Predictions 1 & 3) and that
(b) that the majority of disyllables with heavy first syllables (or with long open ones, depending
on the chosen measure) would have been complex (such as doo.m-es or dren.ch-es; see Fig. 2,
Predictions 2 & 4). If this prediction turned out to be true, this would mean that morphological
simplicity of disyllables was indicated by light first syllables and morphological complexity by
heavy or long first syllables. This would support that the reason why habit-type items were not
affected by OSL was that OSL in those items would have made perception less intuitive.

Another aspect that we had to consider in the case of disyllables was the directionality of
correlations. On the one hand one can ask how likely it is that a specific phonotactic shape
stands for either a simple or a complex word (Tab. 4a; and as outlined in the previous
paragraph), and on the other hand one can ask how likely it is for a simple or complex item to
be represented by a specific phonotactic shape (Tab. 4b).

Table 4. Directionalities of correlations

What language users encounter >  what language users can infer from that
or expect

a. light first syllable (e.g. mo.ther) - high probability that the item is simple
heavy first syllable (e.g. doo.mes) >  high probability that the item is complex
9

b. simple item (e.g. {mother}) high probability that the first syllable is light
complex item (e.g. {doom}+{es}) > high probability that the first syllable is heavy

Both directionalities affect the identification and the processing of words and their morphotactic
structures. For the relationship in Tab. 4a, this is obvious: if language users know that most
items with light first syllables stand for simple words, this will help them to identify such shapes
as simple words when they hear them. However, also the correlations in Tab. 4b are helpful for
language processing. This is because perception is influenced by expectations (McClelland and
Elman 1986; Cole, Mo, and Hasegawa-Johnson 2010; de Lange, Heilbron, and Kok 2018). For
example, if context makes listeners expect a morphologically simple word (e.g. the base form
of'a noun such as bishop), and if they know that simple words are more likely to have light than
heavy first syllables, it will be easier for them to perceive this word when it has indeed a light
first syllable.

Therefore, our hypothesis will be corroborated most strongly, if all directionalities in Tab. 4 are
supported by our data. This means that the majority of items with a light first syllable should
be simple and the majority of items with a heavy first syllable should be complex (Tab. 4a; Fig.
2, Predictions 1, 2, 3 & 4). Similarly, the majority of simple items should have a light and short
first syllable and the majority of complex items should have heavy (or long) first syllable (Tab.
4b; Fig. 2, Predictions 5, 6, 7 & 8).

Figure 2. Summary of predictions for disyllables.
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Predictions for Early Middle English disyllables

Proportions of simple and complex items among
disyllables with different shapes of first syllables

Disyllables with light first syllables (mother-type) were more often
simple than complex.

Disyllables with heavy first syllables (bailiff-type and finger-type
combined) were more often complex than simple.

Disyllables with short open first syllables (mother-type) were more
often simple than complex.*

Disyllables with long open first syllables (bailiff-type) were more
often complex than simple.

Proportions of different shapes of first syllables among
simple and complex disyllables

Among simple disyllables, first syllables were more often light
(mother-type) than heavy (bailiff-type and finger-type combined).

Among complex disyllables, first syllables were more often heavy
(bailiff-type and finger-type combined) than light (mother-type).

Among simple disyllables, first syllables were more often short
(mother-type) than long (bailiff-type).

Among complex disyllables, first syllables were more often long
(bailiff-type) than short (mother-type).

@O OO

* Note that prediction 3 is essentially the same as prediction 1 because light and
open short syllables are per definition identical. Still, to make the distinction
between syllable weigth and vowel length explicit, we list prediction 3 separately.

2.4 Type vs. token frequencies

When counting frequencies of words with specific phonotactic patterns and morphological
structures, we took both type and token frequencies into account. This is because the
production, perception and processing of sound shapes may be influenced both by the number
of types, i.e. different word forms that have these sound shapes, and the number of tokens, i.e.
utterances in which they occur (Berg 2014). Type frequencies have been shown to be better
predictors for phonological and morphological pattern learning than token frequencies
(Richtsmeier 2011; Pierrehumbert 2016; Baumann, Promer, and Ritt 2019; Bybee 1995 — but
see Baumann and Kazmierski 2018 for counterevidence). We therefore predicted that types
would show more distinctive majority patterns than tokens.

3 Methods
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3.1 Data collection

To test if the frequency patterns of phonotactic shapes and morphological structures in Early
Middle English word forms follow our predictions, we used Early Middle English corpus data
from the LAEME corpus (The Linguistic Atlas of Early Middle English; Laing 2013). We chose
LAEME because it covers the period in which schwa loss and OSL began to unfold (1150-
1325), and also because it is lemmatized and grammatically tagged at a high level of detail.

For our analysis of monosyllables, we extracted all monosyllabic nouns, verbs and adjectives
that were not potential outputs of OSL. Then, we categorized them with regard to their metrical
weight and prosodic structure into words of the land-type (heavy, ending in a consonant
cluster), the mood-type (heavy, long vowel) and the god-type (light, short vowel). Finally, we
determined their vowel height (high vs. non-high) and counted their type and token frequencies.

For disyllables, we proceeded similarly, except that we worked with a sample rather than the
complete set of attested forms. Once again, we extracted nouns, verbs and adjectives that were
not potential OSL outputs and categorized them according to the structure of their first syllables
into words of the finger-type (heavy, closed first syllable), the bailiff-type (heavy, long first
syllable) and the mother-type (light, short first syllable). In addition, we determined their
morphological structure (simple or complex). Then, we counted type and token frequencies of
each combination of weight/prosodic structure and morphological structure.

3.1.1 Monosyllables

For our data set of monosyllables, we extracted from the LAEME corpus all monosyllabic word
forms on the basis of their spelling (6394 nouns, 8809 verbs, 2411 adjectives). This data needed
additional processing: first, we excluded items with open syllables (such as fe ‘fee, livestock’,
dai ‘day’, or fa ‘foe’) because these were not comparable to OSL outputs, which were all closed.
Second, we excluded items whose coda was an inflectional suffix (such as see+s ‘sea.PL’, sai+d
‘say.PT’, seo+d ‘see.3SGPRES’, or ga+n ‘go.INF’). Third, we excluded grammaticalized high
frequency items because — due to their grammaticalization — they were not prototypical
representatives of their word classes and were hypothesized not to serve as prototypical mental
templates for newly emerging word shapes. The items excluded were the noun man (which also
functioned as an indefinite pronoun), forms of be, have, or do, the modal verbs may, will, shall,
can, the numeral adjectives all, each, such, some, and which. Finally, we excluded items that
represented monosyllabic spellings of early OSL outputs, such as nom ‘name’, sac ‘sake’, or
meet ‘meat’. Potentially monosyllabic OSL outputs that were still spelt with final <e> or other
vowel graphs were of course also excluded. After this processing, our final dataset for
monosyllables included 2612 nouns, 1606 verbs and 735 adjectives.

3.1.2 Disyllables

For our dataset of disyllables, we first extracted all disyllabic word forms (33693 nouns, 39642
verbs, 12630 adjectives), and selected pseudo-random samples of 2000 nouns, verbs and
adjectives each. We made sure that the mix of items with high and low token frequency in our
samples reflected the token frequency mix of the complete dataset, except that we excluded
hapax legomena. From our samples, we then excluded remaining items with transcription errors
and items with ambiguous morphological structure, syllable weight or vowel length. Also, we
excluded items whose final syllable was <-e>, since we could not determine if in our target
period (1150-1325) final -e was still pronounced as /e/, reduced to schwa, or already lost
completely. Also, exactly these items were the inputs of OSL, which may have been shaped by
the majority patterns that we were interested in. Therefore, it would be unjustified to include
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these items in our dataset. The remaining dataset included 925 nouns, 1134 verbs and 700
adjectives that entered our analysis.

3.2 Data preparation and qualitative analysis

3.2.1 Preliminary remarks

The LAEME corpus provided us with lists of Early Middle English word forms attested in
written texts. For each attested spelling variant, LAEME provided a lemma, a morpho-syntactic
tag, and the token frequencies of this variant. The phonological information we needed to derive
from the written forms, was (a) syllable boundaries, (b) syllable weight, (c) the phonological
length of vowels, and (d) the height of vowels if they were monophthongs. The morphological
information that we needed to derive for disyllabic items was whether they were simple or
complex.

Inevitably, our categorizations involved a substantial degree of philological interpretation and
were not always straightforward. This is because spelling does not represent pronunciation
faithfully, and Middle English spelling was particularly variable. Also, the large number of
examples we had to characterize made it impossible to consider all aspects that a careful
philological interpretation would normally require. So, not all our categorizations may stand up
to close philological scrutiny. However, in cases where we found it difficult to decide between
alternative interpretations, we tried to make sure to settle for the one that was less favourable
to our predictions, in order to counteract the effects of a possible confirmation bias.

In the following, we describe and illustrate the basic principles we applied in our analysis. A
detailed discussion of the decisions that we made during our categorizations, including further
examples, can be found in the supplementary material.

3.2.2 Syllable boundaries and syllable weight

To determine syllable weight, we identified syllable boundaries (in the case of disyllables) and
syllable codas. For that, we interpreted consonant graphs as representing phonological
consonants more or less faithfully. On that basis, we took syllabification to be onset maximal.
Thus, we would syllabify a form such as knictes ‘knight.PL’ as knic.tes, and a form like bagges
‘bag.PL’ as ba.gges.

On the basis of these syllabifications, we determined syllable weight. In the case of
monosyllables, we counted all syllables as heavy that had more than a single coda consonant,
irrespectively of the length of their vowel (e.g. mauht ‘might’ or milc, ‘milk’). In the case of
disyllables, a single coda consonant in the first syllable counted as sufficient for making this
syllable heavy (e.g. knic.tes ‘knights’, al. mes ‘alms’, or an.gel ‘angel’). For more detailed
information, see the supplementary material.

3.2.3 Vowel quantity and vowel height

We determined vowel length and vowel height, i.e. vowel quality, by considering vowel length
and quality in Old English or Modern English reflexes, and by consulting dictionaries such as
the Oxford English Dictionary (https://oed.com/), the Middle English Dictionary
(https://quod.lib.umich.edu/m/middle-english-dictionary/dictionary), or the Dictionary of Old
English (https:/tapor.library.utoronto.ca/doe/). For more detailed information, see the
supplementary material.
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3.2.4 Morphotactic analysis

For the morphotactic analysis we could rely on the grammatical tags provided in LAEME. For
example, the form comed ‘come’ is tagged as a second person plural imperative. Since the
imperative has an evident phonological exponent, namely -ed, we confidently classified comed
as morphologically complex, and proceeded in the same way with all other cases.

3.3 Quantitative data analysis

To analyse the proportions of different phonotactic shapes and morphological patterns, we
counted both type and token frequencies. Our basis for establishing what should count as a
single type were unique combinations of sound shape, lemma and grammatical tag. For
example, the seven spellings of land in Tab. 5 counted as two different types because — even
though they shared the same sound shape and represented the same lemma — three spellings
represented the nominative form, and four the oblique form (n>pr, i.e. noun forms preceded by
prepositions). For token frequencies, we used those reported in LAEME.

Table 5. Classification of types with regard to spelling, sound shape, lemma and grammatical

tag.

Type Spelling Sound shape Lemma Tag

1 lond CvCC land n
long CVCC land n
lont CvCC land n

2 lond CVCC land n<pr
land CVCC land n<pr
loand CvCC land n<pr
lono CVCC land n<pr

To compare the proportions of phonotactic shapes and to establish which of them represented
the majority, we calculated 95% confidence intervals. Confidence intervals that do not overlap
with one another indicate significant differences between groups. Additionally, confidence
intervals that do not include the 50% mark indicate that a pattern is either in the majority (above
50%), or in the minority (below 50%; Cumming 2014; Cumming and Finch 2005; Cumming
2012).

For disyllables, we additionally operationalized the relationship between morphological
structure and sound shapes by calculating chi-squared tests and phi correlation coefficients,
which measure the correlation between two binary variables (Everitt and Skrondal 2010;
Warrens 2008; Yule 1912). A phi coefficient of 1 indicates a perfect correlation between
morphological structure and sound shapes. This would be the case, for example, if all
morphologically complex word forms had long vowels in their first syllables and all
morphologically simple word forms short vowels, or vice versa. A phi coefficient of 0 indicates
that there is no clear relationship between morphological structures and sound shapes and that
listeners will be unable to infer morphological structure from sound shapes and vice versa.
Commonly, phi coefficients around 0.3 indicate medium correlations and phi coefficients
around 0.5 strong correlations (Cohen 1992). — All calculations were done in R (version 3.6.0;
R Development Core Team 2018).
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4 Results: monosyllables

4.1 Syllable weight

Our analyses revealed that the proportions of heavy Early Middle English monosyllabic nouns,
verbs and adjectives clearly lay above 50%. This was true for word form types (nouns: 81.16%,
verbs: 83.75%, adjectives: 81.23%; ClIs do not include 50%; Fig 3a) and for word tokens
(nouns: 86.47%, verbs: 77.17%, adjectives: 86.72%; Cls do not include 50%; Fig. 3b). This
means that the clear majority of Early Middle English monosyllables was heavy. Therefore,
heavy monosyllables were much more probable as representatives of monosyllabic words than
light monosyllables, which matches prediction 1 (Fig. 1), our weakest prediction about
monosyllables.
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Proportion of heavy monosyllables
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Proportion of heavy monosyllables

0.00-

Nouns Verbs Adjs Nouns Verbs Adjs
n=2612 n=1606 n =735 n=19006 n=8654 n=3809

Word class Word class
Figure 3. Proportions of heavy monosyllable (a) types and (b) tokens in Early Middle English

nouns, verbs and adjectives. Error bars represent 95 % confidence intervals. The red line
indicates 50%, i.e. proportions at which sound patterns are maximally ambiguous.
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4.2 Vowel length

Our analyses revealed that the clear majority of monosyllabic nouns, verbs and adjectives that
ended in single consonants had long vowels or diphthongs, and only a minority had short
vowels. Again, these relations held for word form types (nouns: 67.93%, verbs: 68.97%,
adjectives: 70.07%; CIs do not include 50%; Fig 4a) and word tokens (nouns: 71.14%, verbs:
60.40%, adjectives: 78.29%; ClIs do not include 50%; Fig. 4b). Thus, words from the mood-
type were more typical representatives of monosyllabic words than words from the god-type,
which matches prediction 2 (Fig. 1), our stronger predictions about monosyllables.

a. Types b. Tokens
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£ £
0.00- 0.00-
Nouns Verbs Adjs Nouns Verbs Adjs
n = 1534 n = 841 n =461 n = 8908 n = 4990 n = 2331
Word class Word class

Figure 4. Proportions of monosyllable (a) types and (b) tokens with long vowels or
diphthongs in Early Middle English nouns, verbs and adjectives. Error bars represent 95 %
confidence intervals. The red line indicates 50%, i.e. proportions at which sound patterns are
maximally ambiguous.

4.3 Vowel length in high vs. non-high monosyllables

A comparison between Early Middle English monosyllables with high and non-high vowels
revealed also clear differences between these groups, which are roughly in line with prediction
3 (Fig. 1), our strongest prediction for monosyllables. The prediction is met unambiguously
insofar as the clear majority of non-high vowels was long (types: nouns: 69.60%, verbs:
71.65%, adjectives: 74.73%; CIs do not include 50%; Fig. 5a; tokens: nouns: 71.87%, verbs:
64.22%, adjectives: 79.06%; CIs do not include 50%; Fig. 5b). However, our prediction that
the majority of high vowels would be short, was borne out only partly. On the type level, the
proportion of short high vowels lay around 50% for verbs and adjectives, and in the case of
nouns, a narrow majority of high vowels was in fact long (nouns: 55.87%, verbs: 51.04%,
adjectives: 55.13%; Cls of verbs and adjectives include 50%; Fig. 5a). On the level of tokens,
the majority of vowels was short only for verbs, but not for nouns and adjectives (nouns:
61.79%, verbs: 31.86%, adjectives: 63.72%; Fig. 5b). Nevertheless, the proportion of long
vowels was always significantly greater among non-high vowels than among high ones (see
non-overlapping confidence intervals in Fig. 5 for noun, verb and adjective types and tokens),
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which is why, overall, our strongest prediction about monosyllables can still be considered to
be borne out.
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Figure 5. Proportions of monosyllable (a) types and (b) tokens with long vowels in Early
Middle English nouns, verbs and adjectives, distinguished by vowel height. Error bars
represent 95 % confidence intervals. The red line indicates 50%, i.e. proportions at which
sound patterns are maximally ambiguous.

5 Results: disyllables

5.1 Proportions of simple and complex items among disyllables with different
shapes of their first syllable

5.1.1 Syllable weight

Among disyllabic nouns and adjectives, the majority of word form types with light first
syllables were morphologically simple. This was true both for types (nouns: 59.19%, adjectives:
64.35% simple; Cls do not include 50%; Fig. 6a) and for tokens (nouns: 62.98%, adjectives:
85.18% simple; Cls do not include 50%; Fig. 6b). In contrast, the majority of word form types
with heavy initial syllables were complex. This also held on the level of types (nouns: 25.16%,
adjectives: 20.86% simple; CIs do not include 50%; Fig. 6a) and tokens (nouns: 24.79%,
adjectives: 45.62% simple; Cls do not include 50%; Fig. 6b). The medium to strong correlations
between morphological structure and initial syllable weight in nouns and adjectives (see results
of chi-squared tests and phi-correlation coefficients in Tab. 6 and 7) further support the
significance of these relationships. — Thus, our predictions 1 and 2 for disyllables (Fig. 2) were
borne out well among nouns and adjectives: disyllables with heavy open first syllables were
more often complex than simple, and disyllables with light open first syllables were more often
simple than complex.
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Since our dataset did not include a sufficient number of morphologically simple verbs (2 types
and 4 tokens), no conclusions about verbs can be drawn.
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Figure 6. Proportions of morphologically simple word forms in Early Middle English
disyllable noun, verb and adjective (a) types and (b) tokens with heavy and light initial
syllables. Error bars represent 95 % confidence intervals. The red line indicates 50%, i.e.
proportions at which sound shape patterns are least indicative for morphological structures.

Table 6. Number of word form types with heavy and light initial syllables in morphologically
simple and complex nouns, verbs and adjectives.

Word class Weight Simple Complex Correlation

Nouns Heavy 117 348 ¥’ =74.12,p <0.001,
Light 132 91 ¢=0.33

Verbs Heavy 0 532 v2=0.97,p=0.324,
Light 2 364 0 =0.03*

Adjectives Heavy 68 258 y2=71.67,p<0.001,
Light 74 41 0 =0.40

* Correlation of limited interpretability because of the low samples size of simple items in our dataset

Table 7. Number of word tokens with heavy and light initial syllables in morphologically
simple and complex nouns, verbs and adjectives.

Word class Weight Simple Complex Correlation

Nouns Heavy 766 2324 2 =755.85,p<
Light 1320 776 0.001, ¢ =0.38

Verbs Heavy 0 2694 x?=1.88,p=0.170,
Light 4 3071 ¢ =0.02%

Adjectives Heavy 1073 1279 2 =647.98,p<
Light 1425 248 0.001, ¢ =0.40

* Correlation of limited interpretability because of the low samples size of simple items in our dataset

5.1.2 Vowel length
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According to our prediction, among disyllabic nouns and adjectives with short vowels in open
first syllables, the majority were simple. This held among both types (nouns: 59.19%,
adjectives: 64.34% simple; CIs do not include 50%; Fig. 7a) and tokens (nouns: 62.98%,
adjectives: 85.18% simple; CIs do not include 50%; Fig. 7b). These numbers are identical to
those for disyllables with light first syllables (Fig. 6) because light syllables are per definition
identical to open short ones.

Among disyllables with long vowels in open first syllables, there was a difference between the
type level and the token level. On the type level, both nouns and adjectives were distributed as
we predicted. On the type level, the majority of both adjectives and nouns with long vowels in
their open first syllable were complex (nouns: 18.65%, adjectives: 30.06% simple; CIs do not
include 50%; Fig. 7a). On the token level, however, adjectives differed from nouns. Among
nouns, the majority of items with long vowels in open first syllables were complex (14.95%
simple; Cls do not include 50%; Fig 7b). Among adjectives, however, the majority were simple
(63.32% simple; ClIs do not include 50%; Fig 7b), although that majority was not as great as
among adjective tokens with short vowels in open first syllables. — In spite of the odd behaviour
of adjective tokens, however, the relationships between short and long vowels in open first
syllables and complex vs. simple word forms displayed medium to strong correlations between
morphological structure and initial vowel length in nouns and adjectives (see results of chi-
squared tests and phi-correlation coefficients in Tab. 8 and 9). Thus, our predictions 3 and 4 for
disyllables (Fig. 2) were on the whole borne out well: disyllables with long vowels in open first
syllables were more often complex than simple, and disyllables with short vowels in open first
syllables were more often simple than complex. Once again, it has to be pointed out, that the
low number of morphologically simple verb forms, did not allow us to draw any conclusions.
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Figure 7. Proportions of morphologically simple word forms in Early Middle English
disyllable noun, verb and adjective (a) types and (b) tokens with long and short initial
syllables. Error bars represent 95 % confidence intervals. The red line indicates 50%, i.e.
proportions at which sound shape patterns are least indicative for morphological structures.

Table 8. Number of word form types with long and short vowels in their initial syllables in
morphologically simple and complex nouns, verbs and adjectives. Note that the data for items
with short initial vowels is identical to the data for light initial syllables in Tab. 6.

Word class Vowel length Simple Complex Correlation
Nouns Long 36 157
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Short 132 91 x?=68.95,p<0.001,
¢ =041
Verbs Long 0 292 v2=0.30,p=0.581,
Short 2 364 ¢ =0.02*
Adjectives Long 49 114 v2=130.76,p < 0.001,
Short 74 41 ¢ =0.33

* Correlation of limited interpretability because of the low samples size of simple items in our dataset

Table 9. Number of word tokens with long and short vowels in their initial syllables in
morphologically simple and complex nouns, verbs and adjectives. Note that the data for items
with short initial vowels is identical to the data for light initial syllables in Tab. 7.

Word class Vowel length Simple Complex Correlation

Nouns Long 152 865 v?=631.83,p<
Short 1320 776 0.001, ¢ =0.45

Verbs Long 0 1465 v2=0.72,p=0.398,
Short 4 3071 ©=0.01%

Adjectives Long 977 566 v2=201.71,p<
Short 1425 248 0.001, 9 =0.25

* Correlation of limited interpretability because of the low samples size of simple items in our dataset

5.2 Proportions of different first-syllable shapes among simple and complex
disyllables

5.2.1 Syllable weight

Among morphologically complex disyllabic adjectives and nouns, the clear majority of word
forms had heavy first syllables. This was true both for types (nouns: 79.27%, adjectives:
68.29% heavy; ClIs do not include 50%; Fig. 8a) and for tokens (nouns: 74.97%, adjectives:
83.76% heavy; Cls do not include 50%; Fig. 8b). Among morphologically simple disyllabic
adjectives and nouns, the proportions of heavy first syllables were lower. For types, the
proportions of heavy first syllables were around 50% (nouns: 46.99%, adjectives: 47.89%
heavy; Cls include 50%; Fig. 8a) and for tokens, they were below 50% (nouns: 36.72%,
adjectives: 42.95% heavy; CIs do not include 50%; Fig. 8b). For nouns and adjectives, this
relationship is also reflected in significant medium to strong correlations between the
morphological structure of words and the weight of their first syllables (see results of chi-
squared tests and phi-correlation coefficients in Tab. 6 and 7).

Among disyllabic verbs, the majority of complex word form types (59.38% heavy; Fig. 8a) had
heavy first syllables. However, among complex verb tokens the proportion of heavy first
syllables was slightly below 50% (46.73% heavy; Fig. 8b). About simple disyllabic verbs,
nothing can be said because there were hardly any of them in our sample (2 types, and 4 tokens,
which is not surprising since verbal inflection was still intact in Early Middle English). —
Overall, our data match our prediction 6 for disyllables (Fig. 2) well: first syllables were more
often heavy in complex word forms. Prediction 5 (Fig. 2) is also met, but not as clearly: first
syllables are indeed more often light in simple word form tokens, but for simple word form
types, the proportion of light syllables lies just around 50%.
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Figure 8. Proportions of disyllabic word forms with heavy initial syllables in morphologically
simple and complex Early Middle English noun, verb and adjective (a) types and (b) tokens.
Error bars represent 95 % confidence intervals. The red line indicates 50%, i.e. proportions at
which morphological structures are least indicative for sound shapes.

5.2.2 Vowel length

For disyllables with open first syllables, our results were very similar to those for syllable
weight. Among complex disyllabic nouns and adjectives with open first syllables, the clear
majority had long vowels in their first syllable. This was true both for types (nouns: 63.31%,
adjectives: 73.55% long; CIs do not include 50%; Fig. 9a), and for tokens (nouns: 52.71%,
adjectives: 69.53% long; Cls do not include 50%; Fig. 9b). In contrast, the majority of simple
word form types had short vowels in first syllables. Once again, this held for types (nouns:
21.43%, adjectives: 39.84% long; CIs do not include 50%; Fig. 9a) and tokens (nouns: 10.32%,
adjectives: 40.67% long; CIs do not include 50%; Fig. 9b).

These relations also manifest in significant medium to strong correlations between
morphological structure and vowel length in word-initial syllables (see results of chi-squared
tests and phi-correlation coefficients in Tab. 8 and 9). Thus, among nouns and adjectives, our
predictions 7 and 8 (Fig. 2) were borne out well: Among complex disyllables, the majority of
first syllables were long rather than short, while among simple disyllables, the opposite was
true.

Once again, the picture is less clear for verbs. In contrast to nouns and adjectives, the majority
of complex disyllabic verbs had short vowels in their first syllables, although for word form
types, the proportion of short vowels in initial syllables lies only marginally above 50% (verb
types: 44.51%; verb tokens: 32.30% long; Fig. 9). Again, we cannot say anything about simple
verbs.
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Error bars represent 95 % confidence intervals. The red line indicates 50%, i.e. proportions at
which morphological structures are least indicative for sound shapes.

6 Discussion

Evidently, our results see practically all our predictions borne out: at the time when OSL set in,
long and short vowels and heavy and light syllables were distributed among monosyllabic and
disyllabic word forms so that the way in which OSL was implemented stabilized or even
increased the probability of word form shapes that were already in the majority. Thus, the
regular lengthening of non-high vowels in the make-type increased the probability of
monosyllabic word forms to be heavy rather than light, and to have long rather than short
vowels if they did not end in consonant clusters. Likewise, the failure of high vowels to lengthen
in such cases matches the fact that high vowels in Early Middle English monosyllables were
typically not more often long than short.

Among disyllables, the failure of most vowels to undergo OSL corresponds to the fact that the
majority of simple disyllables had short vowels in light first syllables at the time when OSL set
in. In contrast, heavy first syllables (no matter of closed or open) were more frequent among
complex disyllabic word forms. That relationship also held the other way round: if a disyllabic
word had a light first syllable (i.e. a short vowel), then it would have been simple in the majority
of cases, and if its first syllable was heavy it would have been complex. Thus, the distribution
of long and short vowels among disyllables was a good indicator of their morphological
structure. The implementation of OSL not only helped to maintain this relationship by not
lengthening vowels in words of the habit-type, but it even increased that indicativeness further,
albeit indirectly, by lengthening vowels in words that became monosyllabic. This is because
any inflected forms of such words (e.g. maked ‘make 3.SGPRES’, or ‘names ‘name PL’) would
increase the already high probability of disyllables with heavy first syllables to be complex.
Our findings go hand in hand with a previous study showing that the voicing of the final /s/ in
English noun plurals had the effect of making these complex forms easy to distinguish from
morphologically simple items, among which final /z/ is very rare (Baumann, Promer, and Ritt
2019).

We take our results to be quite spectacular. It seems as if the distributions of heavy and light

syllables (and long and short vowels) among lexical monosyllables and disyllables would
predict the eventual implementation of OSL almost exactly, almost as if no other phonological

169



conditions were involved.* Of course, the correlations we have found are just that: namely
correlations. At the same time, they are so strong and so specific that they make it worthwhile
to discuss causalities they might reflect.

Like most sound changes, OSL is likely to have started on the phonetic level, by lengthening
the duration of vowels that were phonologically short. Thus, their duration would have become
ambiguous as an indicator of the intended short vowels, and these vowels may have been
reinterpreted as reflecting phonologically long ones. So, phonologically long and short variants
will have competed as phonological representations of OSL inputs. If words, and word forms
with probable phonotactic shapes are easier to identify and to learn than words with less
probable shapes, this may have selected for those variants that did have the more probable and
morpho-syntactically more indicative shapes. Among words of the make-type these were the
variants with long vowels, and among words of the beaver/habit-types they were the ones with
short vowels. As far as we see it, such an account would be logically consistent, and there is
much independent evidence for all the processes and preferences it needs to appeal to — both
from socio-historical phonology and from psycholinguistics. In particular, such an account
would clearly be compatible with, and support the general hypothesis that a preference for word
forms to assume probable shapes represents a possibly universal cognitive bias that may interact
with other factors to constrain the evolution of sound patterns (Bybee 2007; Ambridge et al.
2015; Diessel 2007; Ellis 2002; Divjak 2019a, 2019b).

Of course, the way in which preferences based on lexical statistics interact with other factors
may be complex. Consider for example the case of high vowels in monosyllables. While their
failure to implement OSL seems to be predictable by the fact that long items like wif ‘wife’
/wi:f/ or house /hu:s/ were not significantly more probable at the time when OSL set in than
short items like wit or full, it may equally well have been caused by the inherently shorter
duration of high vowels in comparison to non-high ones (House 1961; Delattre 1962; Lehiste
1970; Lisker 1974). Indeed, the inherent shortness may underlie both the relative rarity of wif-
type words and the failure of high vowels to undergo OSL at the same time. However, even if
that should be the case, the two factors may have mutually supported one another.

More generally speaking, the potential importance of lexical probabilities, which our findings
suggest, does not invalidate the importance of other phonological factors. These may be the
open syllable condition itself, the quality of the postvocalic consonants, or the structure of the
second syllable if it was retained. Since our focus has been on the potential impact of lexical
probability, we have not discussed the details of these phonological conditions on OSL (see e.g.
Ritt 1994; Minkova 1982; Bermudez-Otero 1998; Mailhammer, Kruger, and Makiyama 2015;
Minkova and Lefkowitz 2020; Minkova, forthc.; Lahiri and Dresher 1999 for in depth
discussions). Therefore, our findings are clearly not intended to compete with extant accounts
but rather to complement them.

A final aspect is that, overall, type level results were more strongly compatible with our
predictions than token level results. This is plausible because it is compatible with similar
insights on language acquisition and learning (e.g. Bybee 1995; Ellis 2002; Lieven 2010;
Endress and Hauser 2011). The correlations we have demonstrated involve abstractions on a
comparably high level, namely between syllabic structures that can be realized by a variety of
different segment sequences, and morphotactic structures that can likewise be realized by a
variety of different morpheme combinations. To learn that there is a statistical correlation

4 Of course, we are aware that other phonological conditions played an additional role and can explain why
lengthening occurred in the beaver-type but not in the habit-type (see Minkova & Lefkovitz 2020).
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between abstract phonotactic patterns such as an initial heavy syllable and abstract complex
morphotactic patterns such as stem+suffix is very likely to require exposure to many different
types of these patterns. A few types may not be enough, even if they are highly frequent in
terms of tokens. Thus, the fact that type-level results show clearer correlations than token-level
results is not surprising.

7 Limitations, conclusion and outlook

Although practically all our predictions have been borne out, it needs to be stressed that they
merely support the plausibility of the general hypothesis that lexical probabilities may constrain
the implementation of sound changes. They clearly do not prove it. Among other things this is
because our argumentation has been abductive. We have started from the observation that OSL
was regularly implemented among disyllables that had non-high vowels and became
monosyllabic, and that it was implemented only rarely among words with high vowels and
among words that retained their second syllable. We then defined the conditions under which a
preference for words with probable and morpho-syntactically indicative sound shapes would
predict the attested implementation pattern, and finally we enquired if these conditions held.
That we did indeed find the necessary conditions to hold, therefore merely suggests that our
hypothesis is plausible but does not prove that the causalities it implies were really involved in
producing the attested implementation pattern.

However, despite such limitations we take our findings to be interesting enough to warrant
further research. In particular, and even though our results concern only a single and quite
specific case of a sound change, they suggest that lexical probabilities may play a greater role
in the actuation and the implementation of phonological change than currently known. Given
the increasing availability of digitized corpora and dictionaries of historical language stages,
investigations of such a role may become more practicable than they have been and could also
be extended to languages beyond English and phenomena beyond OSL. Such research could
further support that sound changes are more likely to be actuated and implemented if they
stabilize or increase the probability of already probable sound patterns, which would
considerably advance our understanding of phonological evolution.
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Phonotactically probable word shapes represent attractors in the
cultural evolution of sound patterns

Supplementary material

1 Supplementary methods

1.1 Data preparation and qualitative analysis

For our analysis, we used data from the LAEME corpus, which includes Early Middle English
word forms attested in written texts. We expanded this database by deriving syllable
boundaries, syllable weight, vowel length and vowel height from the forms attested in the
LAEME corpus. It needs to be pointed out that the purpose of our categorizations required us
to apply abstractions, or idealisations, which paste over some of the fine distinctions that
differences between individual spelling variants of a word from suggest. In that respect, our
analysis does not do justice to the heterogeneity of different text languages that the LAME
corpus represents. Instead, we have treated our data as representing something like an average
Early Middle English, which represents an idealization that might not seem fully warranted
from a variationist point of view but was required for the purposes of the present study.

The basic principles that we applied to prepare and classify our data are described in the
methods section of the main paper. In this supplementary material, we illustrate our
methodological decisions in more detail and provide additional examples for our
classifications. Still, it would be impossible to discuss every single decision that we have
made. Nevertheless, we are confident that the description will convey a sufficiently clear idea
of our methods, and that the data base we prepared for quantitative analysis — while not free
of errors — was not systematically biased in favour of our predictions.

1.1.1 Syllable boundaries and syllable weight

To determine the syllable weight of our target syllables, we identified syllable boundaries (in
the case of disyllables) and the structure of syllable codas. For this task, it was relatively easy
to rely on spelling evidence: we could interpret consonant graphs as representing phonological
consonants more or less faithfully. Mostly, single consonant letters stood for single consonant
phonemes, except in well-known digraphs such as <th>, which could stand for /0/ or /6/, <ch>
or <cch>, which could stand for /tf/, etc. Also, we counted geminate graphs as single
consonants. On that basis, we took syllabification to be onset maximal and did not allow
ambisyllabicity. Thus, we would syllabify a form such as knictes ‘knight.PL’ as [knic]i[tes]2,
rather than [knic[t]ies]., and a form like bagges ‘bag.PL’ as [ba]i[gges]:, rather than

[bag]i[ges]>.

As far as letters like <u>, <i>, <y>, <v>, and <w>, which could represent both consonants and
vowels, were concerned, the decision was easy to make in the majority of cases. For example,
in deuel ‘devil’, the <u> stood for a /v/, and we syllabified the from accordingly as [de][uel].
In ambiguous cases we chose a syllabication that was unfavourable to our predictions. For
example, in the case of thowth ‘thought’, we could have counted the <w> as vocalic and
analysed the form as CVVC, or as consonantal and have analysed the form as CVCC. Since our
strongest prediction was that there should have been more CVVC items than CVC items in our
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data, we decided to analyse thowth as CVCC, in order to counteract the possible effects of a
conformation bias.

The relative ease of interpreting consonant letters also facilitated the identification of heavy
syllables. In the case of monosyllables, we classified all syllables as heavy that had more than
a single coda consonant, irrespectively of the length of their vowel (e.g. mauht ‘might’, mind,
or milc, ‘milk’). In the case of disyllables, a single coda consonant counted as sufficient for
making a syllable heavy (e.g. al.mes ‘alms’, an.gel, or cast.les). One of the measures we took
to counteract confirmation bias was to assume that geminate consonants had simplified to single
ones, both word-finally and also internally. Since vowels before originally geminate consonants
were short, this increased the proportion of CVC items, which was unfavourable to our
predictions.

1.1.2 Vowel quantity and vowel height

The determination of vowel length and vowel height, i.e. vowel quality, was a more challenging
task since these properties are notoriously badly represented in spelling. Also, the spellings in
LAEME reflect particularities of individual text languages, which we intended to abstract away
from. What we tried to reconstruct were vowel quantities and vowel heights that were most
probable at the time when OSL and schwa loss set in. We had to decide on them only in the
case of monosyllables with single consonants in their codas, and disyllables with open first
syllables, because all other items would be counted as heavy because of their codas, no matter
whether their vowels were long or short.

The principles that we applied in our classification were the following: the easiest cases were
items that had an Old English lemma in LAEME. This was the case for all words that had no
Modern English descendants. In Old English lemmas, vowel quantity was marked, and we
simply adopted the LAEME analysis. This happened for example in items such as agt,
‘property’, lemmatized as ‘ae:ht’, or frid ‘peace, freedom’, lemmatised as ‘friY’.

In cases where Modern English reflexes suggested the same quantity as Old English ancestors
(or reconstructible West Germanic ones), we assumed that the Middle English items would
share that quantity. Straightforward examples would be wif* ‘wife’, or ban ‘bone’, both with
diphthongs in Modern English and long vowels in West Germanic (cf. MHG Weib and Bein).

Some cases were not quite as straightforward, but could be decided on the same principles. For
example, although blood has a short vowel in Modern English, it can be reconstructed as
deriving from an Old English long /o:/ that was raised to /u:/ in the Great Vowel Shift and must
therefore have been long in Middle English as well. Thus, we classified forms like blod as
having had a long vowel, in spite of their spelling.

Finally, in cases where our own knowledge of historical English phonology failed us, we relied
on dictionaries such as the Oxford English Dictionary (OED: https://oed.com/), the Middle
English Dictionary (MED: https://quod.lib.umich.edu/m/middle-english-
dictionary/dictionary), or the Dictionary of Old English (DOE:
https://tapor.library.utoronto.ca/doe/).

As pointed out, we tried to choose the unfavourable analysis when we were in doubt. For
example, we analysed the vowel in com ‘came.3SGPT’ as short, because that was the quantity
of inherited ablaut-grade of class IV verbs in the 1% and 2" person singular of the past tense,
even though it was likely that that form would have adopted a long vowel through analogical
extension of the 2SG and PL forms.
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In order to determine what vowels qualified as monophthongs, and what their height was, we
relied on spelling, on our knowledge of historical English phonology, and on dictionaries. As
far as spelling is concerned, the most problematic letter was <o>, which could represent both
high /u(:)/ (as in son ‘son’) and non-high /o(:)/ or /2:/ (as in hom ‘home’). This ambiguity also
affected the diphthong spelling <ou> (/u:/ in forms such as bour ‘dwelling’, /ou/ in words like
douhter ‘daughter’).

As in the case of vowel length, we tried to triangulate the correct interpretation from Modern
English and Old English counterparts, and relied on dictionaries where we were in doubt. For
distinguishing diphthongs from monophthongs, we proceeded accordingly. Broadly speaking,
we classified vowel digraphs that ended in <i, y, u, v, w,> as rising diphthongs while we
assumed Old English centring diphthongs to have monophthongised, so that we interpreted
spellings such as <eo, ea, ie, etc.> as in breost ‘breast’, bread ‘breath’, or died ‘death’ as
monophthongs.
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Discussion

One of the core questions in the fields of comparative linguistics, cognitive linguistics,
biolinguistics and animal communication research is how biology and culture interact during
language acquisition, language change and language evolution. In this thesis, I explored what
prosody as a means of structuring vocal signals can contribute to this issue. Specifically, the
thesis provided insights into five questions at the intersection of biology and culture during
language learning, change and evolution, namely a) how prosodic cues differ across non-human
tetrapod vocalizations and various human languages, b) how successful different prosodic cues
are for segmenting words from a continuous speech stream, ¢) how aesthetic different prosodic
patterns are, d) how easily particular prosodic patterns are acquired in a second language, and
e) how occurrence frequencies of prosodic patterns can influence how languages change
diachronically. The following sections will outline what the findings of the thesis’ five projects
contribute to explaining the intersection of biological and cultural evolution during language

transmission and will suggest promising avenues for future research.

1. Main findings of the thesis

The first project explored the fact that vocal production and perception mechanisms of non-
human tetrapods are overall very similar to those of humans and that prosodic cues in animal
and human vocalizations only differ in their details. This indicates that similar biological and
cultural evolutionary pressures may have acted on the transmission of vocal signals across
species and languages, and suggests that prosodic modifications that are similar in their acoustic
realization across species and languages (such as final lengthening) may also be similar in the

structural meaning they encode.

The second project found that different prosodic cues differed in how helpful they were for
listeners when segmenting words from a continuous stretch of speech of an artificial language.
Unsurprisingly, pauses between words were very salient for listeners and facilitated speech
segmentation most. Interestingly, finally lengthened words were recognized almost as
successfully as words separated by pauses, whereas finally shortened words were not
segmented from continuous speech. Instead, shortened syllables were perceived as word-
medial, even though this went against the typical stress pattern of the participants’ native

language (German). This suggests that listeners preferably used cross-linguistically consistent
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(and thus possibly physiologically rooted) boundary cues such as final lengthening to recognize
words in continuous speech, whereas language-specific word-stress patterns were less
important. Final pitch increase and decrease did not affect speech segmentation greatly, which
points towards a more prominent role of durational modifications than pitch modifications for

speech segmentation.

The third project found that different prosodic patterns differed in their aesthetic appeal. More
precisely, finally lengthened words had a higher aesthetic appeal than finally shortened words.
This is perfectly in line with the findings of the speech segmentation study from my second
project, and points towards a possible link between language acquisition and aesthetic appeal.
Also, as in the speech segmentation study, cross-linguistically consistent prosodic boundary
cues had a special role: they were more aesthetically appealing than those prosodic patterns that

were cues to language-specific word stress in German.

The fourth project indicated that non-native speakers and native speakers of English paused
very similarly when reading an English text in different speech tempi. This suggests that salient
structural cues such as pauses are acquired easily by second language learners, and that more
cognitively demanding tasks such as speaking slowly or rapidly do not impede the successful
production of these prosodic patterns. One explanation of this result may be that very general
biologically driven production and processing biases led to highly similar pause patterns across
languages during cultural evolution and that these patterns can be easily transferred between

languages, even by second language speakers with noticeable foreign accents.

The fifth project found that one particular sound change in the history of English, Open Syllable
Lengthening, adapted the prosodic shapes of newly established word forms to the shapes that
were most frequent among already existing word forms. This suggests that highly frequent word
shapes act as attractors during language change, biasing new words to become more similar to
the majority of words in terms of their prosodic shapes. This may be because highly frequent
forms are more characteristic and reliable, and have a cognitive processing advantage. In turn,
this helps learners to segment the typical patterns more easily from continuous speech and to
acquire and memorize them more successfully. The attracting effect of frequent patterns was
not only found on the lexical but also on the morphological level, which shows that language
learners are sensitive to fine-grained statistical regularities between prosodic patterns and

structural meaning.
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2. Contributions to non-human animal communication research and

outlook to future research

Bioacoustics and non-human animal communication research provide an abundance of
descriptive accounts of prosodic variation in non-human animal vocal signals (e.g. Morton,
2017). However, how exactly non-human animals perceive and interpret the voice modulatory
cues that structure their vocal signals remains a major unresolved question in the field of non-

human animal communication research.

My thesis identified starting points for investigating this question. One promising approach is
to use prosodic patterns in human languages which listeners interpret as boundary signals cross-
linguistically, such as final lengthening, as first candidates to test if non-human animals
interpret these patterns similarly. The reason why particular prosodic patterns are interpreted
similarly across dialects and languages may be that their production is determined by
evolutionarily old physiological or energetic constraints, and as a result, these patterns signal
certain structures unambiguously. For example, when stopping an utterance before a pause, it
is physiologically easier to lengthen syllables before the pause instead of stopping abruptly
(Edwards, Beckman, & Fletcher, 1991; Friberg & Sundberg, 1999), which makes final
lengthening a very reliable and unambiguous boundary signal. Such unambiguous
correspondences between signals and meanings are easily acquirable and transmissible, which
may explain why prosodic patterns rooted in physiological biases are similar across dialects
and languages. Because of their phylogenetic similarity to humans, it is plausible that similar

mechanisms exist in non-human tetrapods (Toro & Crespo-Bojorque, 2021).

There is already some evidence for final lengthening in budgerigar vocalizations (Mann, Fitch,
Tu, & Hoeschele, 2021), which makes final lengthening an ideal prosodic candidate pattern and
budgerigars an ideal model species to conduct behavioral experiments testing the perception
and interpretation of prosodic patterns in non-human tetrapods. Such an experiment could look
similar to the speech segmentation experiment conducted in my second project, and may use
artificial or species-specific vocalizations as target signals, and reaction time measures or
touchscreen responses to collect behavioral choices. Using such comparative data, one can gain
interesting insights from non-human animal communication research into the phylogenetic

origins of speech processing.
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3. Contributions to language acquisition and the cultural transmission of

languages, and outlook to future research

A central problem in the investigation of language acquisition and language transmission is to
identify factors that make linguistic structures easily recognizable and reliably encode a
particular meaning. Such structures will be easily acquired, successfully culturally transmitted
to future speaker generations and stable over time. My thesis provided several insights into
which factors are responsible for the successful encoding of linguistic structure and interpreted
them with respect to the cross-linguistic and language-specific occurrence of particular prosodic

patterns.

Overall, the thesis showed that cross-linguistically consistent prosodic patterns had a special
role in encoding linguistic structure. They were more helpful for speech segmentation, more
easily acquirable in a second language and more aesthetically pleasing than language-specific
prosodic modifications. This may be linked to their acoustic salience and high occurrence

frequency, and therefore to their reliable and unambiguous signaling function.

First, the findings of the speech segmentation project supported the hypothesis that
physiologically grounded and thus cross-linguistically consistent cues such as final lengthening
(Fletcher, 2010; Tyler & Cutler, 2009) indicate structure unambiguously and are therefore
preferentially used for speech segmentation. In contrast, culturally evolved language-specific
cues to word stress, which could in theory also act as indicators of wordhood (as in Ordin,
Polyanskaya, Laka, & Nespor, 2017), were less relevant in our experiment. Determining and
memorizing language-typical prosodic patterns requires computing and constantly updating
occurrence frequencies of word stress patterns in the learners’ linguistic environment, which
may be more cognitively demanding than relying on less ambiguous physiologically grounded
cues that have high occurrence frequencies and apply across languages. To test the relationship
of using cross-linguistic and language-specific prosodic cues to structure further, future studies
could test listeners with other native languages, in particular those with different word stress
patterns than German, and explore if they also prefer cross-linguistically occurring boundary
cues over language-specific stress cues when segmenting speech. To some extent, such studies
exist already (e.g. Ordin et al., 2017; Tyler & Cutler, 2009), but these studies have not yet tested
if contrasting cues such as syllable lengthening vs. shortening differed in their contribution to

successful speech segmentation. In addition to testing contrasting cues in different languages,
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future research could expand the thesis’ research on contrasting prosodic cues in word-final

position to word-initial or word-medial positions.

Secondly, the study on the second language learning of pause patterns points towards a high
learnability of acoustically salient cues such as pauses. On the one hand, this may be because
pause patterns across dialects and languages have culturally evolved to be cross-linguistically
similar and these similar patterns can now be easily transferred from a native to a second
language. On the other hand, pause patterns may be easily learnable in a second language
irrespective of the native language’s pause patterns. In any case, acoustic salience and ease of
production of pauses are crucial factors in the encoding of linguistic structure. Using methods
inspired by second language acquisition research is novel in the study of the cultural evolution
of languages and can be useful to further investigate the learnability and transmissibility of
prosodic patterns in various languages that are otherwise difficult to compare. In a next step,
our study could be extended to more languages from different language families or to younger,
less proficient, learners to draw more wide-reaching and generalizable conclusions about the

cross-linguistic and language-specific usage of prosodic patterns as structural cues.

Finally, this thesis includes the first study to address the aesthetic perception of linguistic
features as a potential factor in the cultural evolution of languages. Interestingly, also in this
study, cross-linguistically occurring prosodic patterns were perceived as aesthetically more
appealing than language-specific prosodic patterns. In combination with our speech
segmentation experiment, this points towards a potential link between language acquisition and
aesthetic appeal. The findings of this thesis provide a foundation for future research in similar
directions. First, it is essential to test the aesthetic appeal of prosodic patterns in raters with a
different language background than German to see if the preferences established in our study
indeed hold cross-linguistically. Secondly, the setup introduced in the thesis also lends itself
well to testing the appeal of prosodic patterns other than temporal ones, for example patterns
varying in pitch or in a combination of different prosodic modifications. In the future, testing
aesthetic appeal may also be extended to other linguistic features such as phonological or
grammatical structures. Finally, our study makes the clear prediction that aesthetically pleasing
prosodic patterns should be acquired and transmitted more successfully than less appealing ones
and that they should thus be diachronically more stable. This could be tested, for example, in
an iterated learning study that uses the thesis’ findings as a baseline for quantifying aesthetic

appeal.
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While research in this thesis has mostly focused on prosodic patterns on the word level, future
research could be extended to investigations of cross-linguistic and language-specific
intonation patterns across larger chunks of speech than words (e.g. intonational phrases or
tunes; Crystal, 1969; Hirschberg & Pierrehumbert, 1986; Hirst & Di Cristo, 1998; Ladd, 1978,
2001; Pierrehumbert & Hirschberg, 1990). The production, processing, and perception of larger
intonational patterns may be more cognitively demanding than the production, processing, and
perception of individual words because larger intonational patterns usually contain more
information and per definition occur less frequently than shorter prosodic patterns. Also, in
larger prosodic patterns, information has to be retained in memory longer. Although, in general,
relations between cross-linguistically occurring and language-specific prosodic patterns during
speech segmentation (e.g. Christophe, Peperkamp, Pallier, Block, & Mehler, 2004; Sohail &
Johnson, 2016) or aesthetic perception are expected to be similar on the word level and across
larger chunks, future research in this direction may provide more thorough insights on the

matter.

4. Contributions to cognitive linguistics, historical linguistics and language

change, and outlook to future research

One of the crucial questions at the intersection of historical linguistics, psycholinguistics and
cultural evolution is whether findings on the synchronic ease of acquisition and transmissibility
of particular prosodic patterns can explain actual diachronic language changes. Linked to that,
one particularly hot topic in current cognitive linguistic research is the influence of occurrence
frequencies of linguistic patterns on cognitive processing (e.g. Divjak, 2019a, 2019b). Do
patterns that are frequent, and thus characteristic and reliable cues to linguistic structure get
even more frequent over time? Is there evidence for this hypothesis in actual diachronic
language data? While occurrence frequencies of lexical or grammatical items have been widely
investigated in this regard (e.g. Baayen, Milin, & Ramscar, 2016; Brysbaert, Mandera, &
Keuleers, 2018; Bybee, 2007; Diessel, 2007; Ellis, 2002; Lieberman, Michel, Jackson, Tang,
& Nowak, 2007; Pagel, Atkinson, & Meade, 2007), research on occurrence frequencies of
prosodic patterns has been lacking. By showing in diachronic corpus data that the occurrence
frequencies of prosodic patterns indeed influenced cognitive processing and in turn language
change, this thesis makes an innovative contribution to historical and cognitive linguistic

research.
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Since we only tested one particular sound change in one particular language, future studies
should perform similar investigations for other sound changes, including sound changes in other
languages than English. This could corroborate the hypothesis that attending to statistical
regularities between prosodic patterns and lexical or morphological structures results from a
general — and potentially evolutionarily old — cognitive bias that acts across dialects and

languages through time.

Methodologically, we showed that written historical corpus data can be used not only to answer
questions about lexical or grammatical changes, but also about sound changes, which are
challenging to extract from written data. This opens new avenues for future diachronic corpus
research on sound changes. Ideally, future studies will find a way to largely automatize
extracting and coding parameters that were hand-coded in this thesis, such as vowel length,

vowel height or morphological structure, using for example machine learning techniques.

Additionally, our study contributes to explaining Middle English Open Syllable Lengthening,
which is a widely described but not yet fully explained sound change in the history of English
(e.g. Mailhammer, Kruger, & Makiyama, 2015; Minkova & Lefkowitz, 2020). Our findings
provide a novel perspective on the implementation pattern of Open Syllable Lengthening,

which contributes to solving a long-standing problem in English historical linguistics.

5. Conclusion

Overall, the thesis showed that prosodic patterns were reliable and meaningful cues to linguistic
structure. Language learners could use those patterns to segment words and their associated
meanings from continuous speech for several reasons: either because they were acoustically
salient, aesthetically appealing or frequently occurring. All of these factors made prosodic
patterns easily cognitively processable, reliable and unambiguous. The thesis’ results indicate
that this had a direct influence on language transmission and in turn on diachronic sound
changes, which were implemented in a way that increased and stabilized the most characteristic

and reliable prosodic patterns.

The thesis points towards a special role of cross-linguistically consistent prosodic patterns for

speech segmentation, language learning, language transmission and language evolution.
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Especially, the cross-linguistically occurring prosodic pattern of final lengthening was found to
be a very reliable and salient cue to linguistic structure. Its cross-linguistic occurrence suggests
that final lengthening may be rooted in evolutionarily old physiological and/or cognitive
constraints that humans share with other tetrapod species. Thus, in sum, the thesis sheds light
on the interplay of biological and cultural evolutionary processes that led to the emergence of
the prosodic patterns in present-day languages, past language stages and non-human tetrapod

vocalizations, and opens the door to several new lines of research on these topics.
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Abstract

Spoken language is our main communication system, allowing us to share our thoughts and
ideas with others. There is a large variety of different dialects and languages, and human
language is strikingly different from non-human tetrapod vocal communication systems. Still,
when taking a closer look, there are also many linguistic features that are shared across dialects,
languages and species. This thesis addresses the question of which factors determine these

differences and similarities.

Current research explains linguistic diversity by how easily particular linguistic features are
acquired and transmitted to future generations of speakers. Differences in the learnability and
transmissibility of speech characteristics in individual communities may cause dialects and
languages to change and in turn to become distinct. In contrast, linguistic features that are
determined by evolutionarily old physiological or basic cognitive constraints, are likely to be

similar across languages and species.

One particularly interesting characteristic of spoken language, which is relatively similar across
languages and species, but still differs in its details, is prosody, the acoustic modulation of
speech. Prosody subsumes vocal features such as variations in pitch, duration, and speech

pauses.

This thesis investigates how prosodic patterns contribute to encoding structure in vocal signals,
thus facilitate language learning, and in turn influence language change and language evolution.
Reviewing prosodic patterns in human and non-human tetrapod vocalizations, chapter 1
suggests that prosodic patterns that occur cross-linguistically and thus possibly have
evolutionarily old origins may be processed similarly by humans and non-human tetrapods.
Chapter 2 investigates the effects of various prosodic patterns on speech segmentation, finding
that acoustically salient and cross-linguistically consistent cues such as pauses and final
lengthening are more relevant than language-specific stress patterns for recognizing and
acquiring words in continuous speech. Chapter 3 introduces differences in the aesthetic
perception of prosodic patterns as potential factors that may determine the learnability and
transmissibility of language. Chapter 4 reveals that native and non-native speakers of English
realize speech pauses very similarly, suggesting that general physiological and cognitive

processes lead to a high learnability of pauses across languages. Finally, chapter 5 shows that
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the learning biases addressed in the previous chapters manifest in actual diachronic language
change by demonstrating that the prosodic shapes of newly emerging words in the history of
English assimilated to the prosodic shapes of highly frequent, already existing words. Thus,
overall, this thesis helps to elucidate how biological and cultural pressures interact in language

learning, transmission, change and evolution.
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Zusammenfassung

Sprache ist das wichtigste Kommunikationssystem der Menschen und erlaubt ihnen, ihre
Gedanken und Ideen mit anderen zu teilen. Sprache ist vielféltig: es gibt eine grofe Fiille an
verschiedenen Sprachen und die menschliche Sprache unterscheidet sich deutlich von
tierischen vokalen Kommunikationssystemen. Dennoch gibt es einige sprachliche Merkmale,
die alle menschlichen Sprachen und sogar tierische Kommunikationssysteme gemeinsam
haben. Diese Dissertation untersucht, welche Faktoren diese Unterschiede und

Gemeinsamkeiten bestimmen.

Linguistische Diversitdt wird in der aktuellen Forschung oft dadurch erklért, wie leicht
bestimmte sprachliche Merkmale gelernt und an nachfolgende Generationen weitergegeben
werden konnen. Unterschiede in der Lernbarkeit und Weitergebbarkeit von sprachlichen
Merkmalen in verschiedenen Sprachgemeinschaften konnen dazu fiihren, dass sich Sprachen
verdandern und in weiterer Folge immer mehr unterscheiden. Im Gegensatz dazu dhneln sich
linguistische Merkmale in verschiedenen Sprachen und Tiervokalisationen oft, wenn sie durch
evolutiondr alte und demnach grundlegende physiologische und kognitive Eigenschaften

beeinflusst werden.

Ein besonders interessanter Aspekt der vokalen Kommunikation, welcher sich in menschlichen
Sprachen und tierischen vokalen Kommunikationssystemen dhnelt, ist Prosodie
(Sprachmelodie). Unter Prosodie werden vokale Modifikationen wie zum Beispiel Variationen

in der Silbenlinge, in der Tonhohe oder in Sprachpausen zusammengefasst.

Diese Dissertation erforscht, wie Muster in der Sprachmelodie dazu beitragen, Strukturen in
LautduBerungen zu schaffen, auf diese Weise das Sprachenlernen erleichtern und in weiterer
Folge Sprachwandel und Sprachevolution beeinflussen. Kapitel 1 stellt sprachmelodische
Muster in menschlichen und tierischen Vokalisationen gegeniiber und erldutert, dass
spracheniibergreifend vorkommende sprachmelodische Muster vermutlich evolutiondr alte
Urspriinge haben und von allen Landwirbeltieren dhnlich verarbeitet werden. Kapitel 2
untersucht die Effekte von unterschiedlichen sprachmelodischen Mustern auf das Wortlernen.
Akustisch prominente und sprachiibergreifend vorkommende sprachmelodische Muster, wie
zum Beispiel die Verldngerung von Silben am Phrasenende, waren relevanter fiir das Erkennen

von Wortern in einem kontinuierlichen Sprachfluss als sprachspezifische Betonungsmuster.
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Kapitel 3 fand, dass verschiedene sprachmelodische Muster als unterschiedlich schon
wahrgenommen werden. Dies legt nahe, dass die dsthetische Wahrnehmung von linguistischen
Merkmalen beeinflussen kann, wie leicht diese Merkmale gelernt und an andere Personen
weitergegeben werden konnen. Kapitel 4 fand, dass Personen, die Englisch als Zweitsprache
sprechen, ihre Sprachpausen sehr dhnlich machten wie Personen, die Englisch als Erstsprache
sprechen. Dies weist darauf hin, dass allgemeine physiologische und kognitive Prozesse zu
einer hohen Lernbarkeit von Pausen unabhingig der Sprache fiihren. Kapitel 5 zeigt, dass sich
die Unterschiede in der Lernbarkeit von verschiedenen sprachmelodischen Merkmalen, die in
den vorherigen Kapiteln experimentell untersucht wurden, auch in tatséchlichen
Sprachwandelprozessen zeigen. In der englischen Sprachgeschichte passten sich namlich die
sprachmelodischen Formen von neu entstchenden Wortern an die Formen von héufig

vorkommenden und dadurch leicht lernbaren schon existierenden Wortern an.
Zusammenfassend informiert die Dissertation also dariiber, wie biologische und kulturelle

Faktoren beim Sprachenlernen, der Weitergabe von Sprache, dem Sprachwandel und der

Sprachevolution zusammenspielen.
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