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GENERAL INTRODUCTION 1

GENERAL INTRODUCTION

When a young child produces her first words and when at some point in her second year of life
the words start to gush out of her, we witness astonishing milestones of the seemingly effortless
process of language acquisition. While we were able to figure out her needs more or less easily
so far, communication now starts to move towards a new level. With more and more practice
and experience, the child will refine her articulation and soon produce segmentally correct
words intelligible also by people other than the closest caretakers. However, her language ac-
quisition is not at all completed yet: Besides substantial developments on the lexical, syntactic,
and pragmatic levels, her phonology and speech production process undergo important changes
as well.

In this dissertation, I investigate one of these changes of speech production after the
age of three years and address its implications for speech motor control, phonological develop-
ment, and characteristics of human’s phonological system. The process of interest is coarticu-
lation. Coarticulation refers to articulatory as well as acoustic contextual effects in speech, where
characteristics of one phonologically defined segment are reflected in the segments close-by.
Language is usually represented by discrete units, traditionally thought of as abstract phonemes,
while the speech stream does not provide clear-cut boundaries between those units but is pro-
duced in a smooth flow of articulatory movements. These continuous movements lead to con-
textual effects in both consonants (C) and vowels (V) that have been shown for tongue move-
ments (cf. Recasens, 1999), lip movements (cf. Farnetani, 1999), velar movements (cf.
Chafcouloff & Marchal, 1999), as well as laryngeal movements, i.e., voicing coarticulation (cf.
Hoole, Gobl, & Ni Chasaide, 1999), and work both from right-to-left (anticipatory coarticula-
tion) as well as from left-to-right (carryover coarticulation). Attempting to maintain the idea of
abstract phonological representations despite the challenging findings from newly developed
techniques for speech analysis, coarticulatory processes were accused of obscuring the relation-
ship between the assumptive underlying phonemes and the acoustic speech signal considering
them destructive (Hockett, 1955) and distorting (Ohala, 1981). However, current theories try
not to make a sharp distinction between phonetics and phonology but acknowledge that their
interweaving renders a separate understanding of each discipline impossible (Pouplier, 2011).

In this sense, coarticulation, a process at the intersection of phonology and phonetics, could
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instead be evidential for underlying atoms not to have an abstract and timeless character but to
be directly related to articulatory properties. This idea of articulatory gestures as atoms of speech
is fundamental to Articulatory Phonology (e.g., Browman & Goldstein, 1989, 1992a, 1986; C.
A. Fowler, 1980; for a review on phonological atoms: Pouplier, 2011). Gafos and Goldstein
(2012) characterize a gesture as a “functional unit of action that achieves a specified task (most
often in the case of speech, a vocal tract constriction task)” (p. 222). Importantly, a gesture’s
constriction task is abstractly defined while there are variable ways to achieve this task via co-
ordinative structures of different cooperating articulators and muscles (i.e., motor equivalence;
Kelso & Tuller, 1983; Perrier & Fuchs, 2015). The flexible motion of articulators allows for
context-dependent differences in achieving the abstract task. This approach challenged influen-
tial views on phonological as well as lexical representations within the generative framework
(Chomsky & Halle, 1968; Daniloff & Hammarberg, 1973) while partially reviving earlier ap-
proaches that had emphasized the dynamic character of articulation (e.g., Joos, 1948; Ohman,
1966). New value was attached to investigating coarticulatory processes (i.e., context-dependent
variation in speech), raising coarticulation to be one of the central issues in contemporary pho-
netics (Volenec, 2015).

While there is an ever-growing number of partially contradictory coarticulation models,
four of which will be summarized in chapter 1.3, we are far from a comprehensive understand-
ing of the various factors contributing to the degree' and temporal extent of coarticulatory pro-
cesses. In this dissertation, I follow the approach that studying the ontogenetic development of
speech and language can inform us about the human linguistic system in general. Taking a closer
look at ontogenetic changes of coarticulation may, therefore, shed new light on characteristics
of the production mechanisms of fluent speech as well as on the nature of phonological repre-
sentations. Children’s speech is not interpreted as a yet imperfect attempt to reach adult targets
but as part of a dynamically developing system providing insights into the complexity of human
language (e.g., Ferguson, 1986; Redford, 2015, 2019; Vihman & Croft, 2007).

Ongoing changes in the anatomy of children’s vocal tract (e.g., Vorperian et al., 2005,
2009), refinements in speech motor control (Green, Nip, & Maassen, 2010; Tuzzini-Seigel,
Hogan, Rong, & Green, 2015; Smith, 2006; Smith & Zelaznik, 2004) as well as developing rep-
resentations for speech and language (A. E. Fowler, 1991; Nittrouer, Studdert-Kennedy, &
McGowan, 1989) constitute a complex interplay of possible reasons for developmental changes

in speech production fluency, and therefore coarticulation. In addition to expanding our

1 While the synopsis as well as the first two empirical studies use the term coarticulation degree, in the third
paper, we speak about coarticulation amonnt. Both terms refer interchangeably to the qualitative strength of
coarticulatory processes.
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knowledge about the human speech production mechanism in general, studying coarticulatory
changes in typically developing children, therefore, also enables us to establish norms that may
help identify children with atypical speech developments, and get a better understanding of
specific clinical pictures (Nijland et al., 2002; Terband, Maassen, Guenther, & Brumberg, 2009;
W. Ziegler & Von Cramon, 1985). Especially in children older than three years who produce
most words correctly on a segmental level, finer phonetic details like coarticulatory patterns
may be relevant for proper diagnoses and clinical descriptions.

Some years later, when entering school around the age of six years, children are formally
introduced to written language. The acquisition of literacy constitutes a late milestone in lan-
guage development that was shown to impact substantially on how language is mentally repre-
sented as well as produced (Goswami, 2000; Perre, Pattamadilok, Montant, & Ziegler, 2009).
The discrete letters of alphabetic orthographies resemble the discrete phonological units as-
sumed in many theoretical frameworks — reading aloud may, therefore, reveal characteristics of
the conversion process from abstract units to fluently coarticulated speech, especially in begin-
ning readers. Within a framework highlighting the articulatory basis of phonology, children’s
reading fluency could reveal how phonological representations are restructured based on the
newly learned many-to-one mappings of variable articulatory movements to phoneme-like
graphemes.

As hinted at in the cover picture’, I explore what children’s tongues tell us about the
relation between phonological and phonetic information: I capture coarticulatory degree and its
systematic patterns in a large cross-sectional set of kinematic data. I look at the development of
different aspects of coarticulation across childhood and start to link findings to possible factors
responsible for the observations. In particular, I investigate developmental changes in long-
distance coarticulation towards the left (anticipatory coarticulation; chapter 2 of this
dissertation: Rubertus & Noiray, 2018) as well as towards the right (carryover coarticulation;
chapter 3 of this dissertation: Rubertus & Noiray, 2020) field of the utterance in children from
three to seven years of age, as well as in adults. My findings provide evidence that articulatory
specifications of the segments involved contribute to the degree of coarticulation highlighting
that changes in speech motor control may be responsible for some coarticulatory changes.
However, they also suggest that the coarticulatory changes across childhood cannot be ex-
plained without a representational component. In chapter 4, an empiric comparison of coartic-

ulation in read aloud versus repeated speech shows that early-stage readers’ shift of focus from

2 For this figure, my son Caspar helped me out, which not only made the figure nicer but also helped to
emphasize the developmental point of view of this thesis. Thank you, Caspat!
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the continuous auditory signal to discrete letters may be a driving force for reinterpreting lin-
guistic material and refining their articulation.

The three empirical investigations build the heart of this dissertation in chapters 2 to 4.
The remainder of chapter 1 embeds them within a broader context highlighting their corporate
value to the field: It first summarizes the most important steps of children’s early spoken lan-
guage acquisition (chapter 1.1) and introduces the long debated question of articulatory unit
size (chapter 1.2). Four different approaches on how to model coarticulation within the speech
production process are introduced in chapter 1.3. Chapter 1.4 then presents a reasoning for the
measure of coarticulation used in the presented studies and finally the aims and objectives in
chapter 1.5 lead over to the empirical chapters. In chapter 5, I summarize the three studies and
discuss the implications the presented findings have for the development of speech motor con-
trol as well as for changes in phonological representations. Importantly, several aspects of the
findings in this dissertation challenge speech production models built upon time-less abstract
phonological units. Their corporate implications on how to model human speech production

and its developmental changes instead, are the central theme of the general discussion.

1.1 Early developments in spoken language acquisition

Soon after birth most healthy infants start to cry (Moyo & Tetsiguia, 2020). While these first
vocalizations are not themselves linguistic yet, they were shown to carry intonational infor-
mation characteristic of the infants’ mothers’ language (Mampe, Friederici, Christophe, &
Wermke, 2009). Oller and Eilers (1992) described the following vocalic development in differ-
ent stages: The first two months after birth, the so-called phonation stage, are characterized by
crying and occasional productions of vowel-like sounds. Due to anatomical characteristics of
their vocal tract, infants’ articulatory potential is drastically limited: Infants’ larynx has a high
position and their oral cavity is very narrow due to a shallow palate and a proportionately large
tongue (e.g., E1 Mogharbel & Deutsch, 2007). The conversion of the oral cavity to a rectangular
two-tubes-system in month one to four allows the transition to the primitive articulation stage and
enables first articulations like proto-consonantal cooing sounds in the back of the mouth. When
the infant is about three to eight months old, she starts to expand and explore her vocal reper-
toire, modulating pitch, intensity, dynamics, and articulatory positions. The vocalizations in this
expansion stage usually exceed the length of adults’ syllables and do not indicate clear differentia-
tions between consonants and vowels. First syllable-like utterances, the marginal babbling, usu-

ally indicate formant transition durations longer than adults’.
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More controlled and speech-like productions are expected in the canonical phase that
starts between five and ten months of age. Infants’ babbling now consists of well-formed ca-
nonical syllables that contain at least one vowel-like and one consonant-like element and ap-
proach adults’ typical formant transition timing. At first, infants typically repeat the same sylla-
ble multiple times (reduplicated canonical babbling), and later, they start to combine different sylla-
bles within their babbling (variegated canonical babbling), rendering it more and more speech-like.
As Lle6, El Mogharbel, and Prinz (1994) showed, canonical babbling reflects language-specific
distributions of place of articulation. Because of the high frequency of coronal consonants in
German, for example, children often produce sequences like [dada] in German babbling. While
canonical babbling may contain sound sequences resembling or even matching real words in
the native language, the child is not yet aware of the attached meaning. Only around their first
birthday, when they transit from the pre-lexical to the lexical stage, first intentionally produced
words of their native language are expected.

As implemented in the DIVA model (Guenther, 1995; Guenther, Hampson, &
Johnson, 1998; Tourville & Guenther, 2011), it is likely that auditory feedback from the infant’s
own babbling productions plays a crucial role for learning the correspondences between motor
actions, somatosensory feedback, and acoustic consequences necessary for intelligible speech
production. There is growing empirical evidence for continuity between pre-speech utterances
and later word productions. Not only does the quantity of vocalizations at six months predict
expressive vocabulary at 12 months of age (Werwach, Mirbe, Schaadt, & Minnel, 2021), the
specific articulatory patterns of early babbling seem to impact on early word perception and
production as well. In reference to Piaget (1952), McCune and Vihman (1987) established the
term vocal motor scheme to refer to those articulatory patterns the individual child preferably pro-
duces: “The more often a baby produces the movements that shape the vocal tract to produce
particular sounds and sound sequences, the more automatic those movements become and ul-
timately the easier it is to execute them in producing words” (Stoel-Gammon, 1998, p. 96). The
idea is that frequently produced babbling patterns work like an “articulatory filter” (Vihman,
1993) of the child’s input, highlighting those sequences the child has a motoric representation
for. Upon detection of a phonetically close word in her input, the child may articulate her vocal
motor scheme and via enhancement by supportive external feedback establish word represen-
tations. The first words are, therefore, usually those that are very close to the articulatory rou-
tines the child knows from babbling (selected words), while in the following stage, adult word
forms more distant to babbling patterns are adapted to fit the infant’s vocal motor schemes

(adapted words). Published examples from observational research and diary studies can be



GENERAL INTRODUCTION 6

found in Elsen (1996), Vihman (1993, 2016), and Menn and Vihman (2011). In addition, the
examples in Table 1.1 are productions I detected in the speech of my daughter Helene. I noticed
that she consistently used the syllable /ba/ she had frequently produced in babbling to refer to
the phonetically related words Ball (‘ball” /bal/) and Bauch (‘belly’ /bavx/) when she was
around 1;6 (Y;M) years old. While these two may be interpreted as “selected words”, she then
started to use the same pattern (sometimes extended by a partially retroflex /1/) for the word
gefallen (‘fallen’ /gofalon/), indicating that she adapts adult words to fit her articulatory routines
(“adapted word”). Only with 1;9 years, Helene began to phonetically differentiate the three

words Ball, Bauch, and gefallen.

Table 1.1

Examples for Schematic Word Adaptation and its Development Over Time in Helene’s Speech

1;6 years 1;8 years 1;9 years
Ball ‘ball’ /bal/ [ba] [ba], [bal] [bal]
Bauch ‘belly’ /bavx/ [ba] [ba], [bal] [bax], [bavx]
gefallen “fallen’ /gafalon/ [ba], [bal] [bala], [baln]

Phonological patterns that on the surface look like simplifications can characterize children’s
speech throughout the preschool years (A. V Fox & Dodd, 1999): Reduction, assimilation, stop-
ping, and epenthesis are frequent processes that may in fact still show the impact of the earliest
vocal motor schemes. While these variations in children’s early speech often seem to be unsys-
tematic, Studdert-Kennedy and Goldstein (2003) point out, that children’s choice of articulatory
organs for a given word is remarkably consistent. This finding as well as the evidence for vocal
motor schemes, already hint at the importance of articulatory actions when debating phonolog-
ical representations and their development that is a major aspect of this dissertation. Here, how-
ever, the focus lies on segmentally correctly produced words as they still differ from adult

speech in fine phonetic details like coarticulatory patterns for many years across childhood.

1.2 Coarticulation as an indicator of articulatory unit size?

One of the goals of research on speech production has been to delimit the domain of coartic-
ulatory influences both in space and time to infer the size of the organizational units the speech
motor system takes as input to produce fluent speech (see review in Noiray, Wieling, Abakarova,
Rubertus, & Tiede, 2019). Because substantial changes in coarticulatory degree were found
across childhood, many developmental studies on coarticulation have focused on the debate

about unit size and the implication its development has for the maturing speech production
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system. An important implication of the assumption of vocal motor schemes (McCune &
Vihman, 1987) is that children acquire complexes of combined articulatory gestures as unana-
lyzed wholes before systematically acquiring single speech sounds (Menn & Vihman, 2011).
Those well-practiced, holistic, undifferentiated patterns start to be used in early word produc-
tion. This view, therefore, predicts a developmental decrease of coarticulatory strength. The
child starts out with syllable-, or word-sized articulatory units and only gradually differentiates
and tunes specific articulatory gestures — a process that may take years (T. Gibson & Ohde,
2007; Goodell & Studdert-Kennedy, 1993; Studdert-Kennedy, 1987). There is empirical evi-
dence for a decrease of coarticulatory degree from which a decrease in articulatory unit size was
inferred, in vowel-to-consonant (CV) coarticulation, that is the anticipation of a vowel during a
preceding consonant (Nijland et al., 2002; Nittrouer et al., 1989; Nittrouer & Whalen, 1989), as
well as for the degree of long distance vowel-to-vowel (V-to-V) coarticulation across a conso-
nant (Boucher, 2007; Nijland et al., 2002).

However, other studies found evidence for a stable or increasing coarticulation degree
across childhood (CV-coarticulation: Katz, Kripke, & Tallal, 1991; Kent, 1983; Zharkova,
Hewlett, & Hardcastle, 2012; V-to-V coarticulation: Barbier et al., 2020; Goodell & Studdert-
Kennedy, 1993; Hodge, 1989; Nittrouer, 1993; Nittrouer, Studdert-Kennedy, & Neely, 1996;
Repp, 1986). These latter findings would instead support the idea that children start out with
segmental units and over time learn how to coordinate them to produce fluent speech. This
segmental view assumes an incremental development from specific articulatory goals to broader
phonological structures requiring precise coordination of multiple articulatory goals in space
and time. In Kent's (1983, p.73) words, children would master sequencing of segments before
mastering phasing. Support for this hypothesis is also taken from well-established findings from
perception studies highlighting the importance of segmental units that are often interpreted to
suggest segmental phonological representations during the first year of life: Infants have been
shown to be experts in discriminating native as well as non-native speech sounds and, im-
portantly, perceive them categorically from birth on (Eimas, 1975; Kuhl, 1991; Werker & Tees,
1984). In the course of the first year of life, the category boundaries shift towards the phonemic
system of their native language leading to a loss of discrimination abilities of non-native speech
sounds, often termed perceptual narrowing (Kuhl, Williams, Lacerda, Stevens, & Lindblom,
1992; Werker & Tees, 1984).

In previous work closely related to this dissertation, however, we have argued that it is
not sufficient to characterize developmental changes in speech fluency by either a general de-

crease or a general increase of articulatory unit size based on coarticulatory degree. Instead, in
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reference to the influential work of Recasens (e.g., 1984b, 1984a; Recasens, Pallares, &
Fontdevila, 1997), attention must also be given to the specific articulatory demands of the seg-
ments under consideration, as maturation of speech motor control may be a considerable factor
for the observed developmental changes in coarticulatory processes (Gestural hypothesis;
Noiray, Wieling, Abakarova, Rubertus, & Tiede, 2019). In this dissertation, I address changes
in coarticulatory degree across childhood while accounting for the specific articulatory require-
ments of the produced utterances. My empiric investigations support the notion that develop-
mental changes of coarticulation in children’s speech are associated with a representational as
well as an articulatory/speech motor component. However, whether they imply differences in
organizational unit size is critically discussed in chapter 5.2.5. In fact, the relevance of the ques-
tion about organizational unit size highly depends on the theoretical framework one assumes.
The following chapter describes four influential approaches on how to model and, relatedly,

where to locate coarticulatory processes within the time course of speech production.

1.3 Modeling coarticulatory processes

To produce fluent speech, a balance between efficient articulatory movements and the achieve-
ment of phonetic targets ensuring their intelligibility must be found. Depending on the nature
of the underlying primitives a theory of speech production assumes, predictions about how this
trade-off is found, differ substantially. Four influential models shall be introduced: The feature-
spreading account (Daniloff & Hammarberg, 1973), the window model (Keating, 1988), the
directions into velocities of articulators model (DIVA, Guenther, 1995), and the coproduction
framework (C. A. Fowler, 1980).

Many models of coarticulation aim to account for the lack of equivalence between the
abstract representation and the articulated speech stream, as the latter on the surface contains
neither clear-cut nor invariant segments. Standard generative grammar (Chomsky & Halle,
1968), for example, ascribes purely assimilatory processes to phonological rules of featural
changes but, importantly, outsources all other aspects of coarticulation to physical processes of
speech production. This view, however, supposes a dichotomy between intent and execution
that researchers like Daniloff and Hammarberg (1973) aim to overcome. They embed the whole
process of coarticulation into the phonological instead of the phonetic/atticulatory system at-
guing for a mechanism of phonological feature spreading between segments that ultimately
provides a very detailed input to the speech production mechanism that includes all aspects of
allophonic variation. Daniloff & Hammarberg (1973) hence, view coarticulation as a deliberate

process that is part of phonological planning. Only for carryover coarticulation, they consider
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additional mechanic-inertial aspects possible. In line with Henke (1966), coarticulation in the
feature-spreading account is analyzed as a look-ahead mechanism that scans upcoming seg-
ments for their binary featural specification and spreads a given feature to all preceding seg-
ments that are in that respect unspecified. The top row in Figure 1.1 exemplifies this process
for the feature [+round] in the word ‘screw’.

A coarticulatory mechanism built upon assigning binary features to unspecified seg-
ments, however, cannot account for the graded nature of coarticulation, shown for example in
partially nasalized vowels (Ushijima & Sawashima, 1972) and gradual differences of coarticula-
tory resistance of liquids (Bladon & Al-Bamerni, 1976). In her window model, Keating (1988)
addresses this issue accounting for graded coarticulatory processes with phonetic instead of
phonological rules. The phonological representation is specified via (possibly spread) binary
teatures, crucially however, these binary features are not static but are associated with a range
of possible values, the window. The width of this window is delimited by the minimum and
maximum allowed position of an articulator and, therefore, reflects how contextually variable a
given segment is in the physical dimension(s) related to the particular feature. On the phonetic
level, a path through these windows that is as smooth as possible, reflecting minimal articulatory
effort, is to be constructed. The large windows for segments /s/, /k/, and /1/ in the second
row of Figure 1.1 indicate that they can be articulated with a wide range of lip positions, while
/u/ has a very narrow window indicating rounded lips. The straight line through all windows
(in blue) stands for the least effort, leading to lip rounding in all four segments.

The DIVA model (Guenther, 1995; Guenther et al., 1998; Tourville & Guenther, 2011)
elaborated on the idea of partially variable targets by describing and computationally modeling
speech production via approximately straight lines through multidimensional convex regions.
However, variability in targets is not limited to the dimension of a phonological binary feature.
Instead, the convex regions indicate continuous variations in orosensory space. These regions
start to be specified during the babbling phase. Similar to the window model (Keating, 1988),
the maxim of economy of effort leads to movements from one convex region to the closest
acceptable point in the convex region of the following sound, generating coarticulation. As
illustrated in the third row of Figure 1.1, for the example word ‘screw’, the segments’ convex
regions defined by lip protrusion and tongue body height have very different sizes, indicating
how variably they can be produced. Importantly, they all overlap at the location of the vowel’s
convex region, which leads to protruded lips and a relatively high tongue body position through-

out the whole word.
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While the feature spreading as well as the window and the DIVA model assume context-
sensitive underlying representations to be changed or specified in the course of the speech pro-
duction process, Articulatory Phonology assumes invariant underlying atoms, the articulatory
gestures (e.g., Browman & Goldstein, 1986). Coarticulation, hence, is no adjustment of ideal
canonical segments to their context but happens because of overlapping production of invariant
intrinsically-timed gestures (C. A. Fowler, 1980). How these action units are combined from a
speech motor perspective, is further described in Task Dynamics (Goldstein, Nam, Saltzman,
& Chitoran, 2009; Saltzman, 1986; Saltzman & Byrd, 2000). Here, the apparent dichotomy be-
tween static, abstract, phonological representations and the continuous speech signal is not re-
solved by any kind of translation or specification mechanism but denied by the assumption that
continuous speech does in fact consist of discrete units (C. A. Fowler, Shankweiler, & Studdert-
Kennedy, 2016). They are just not separable by clear vertical lines perpendicular to the time axis
in the acoustic signal because they overlap as their activation is not either on or off, but waxes
and veins gradually (Byrd & Saltzman, 1998). The bottom row of Figure 1.1 illustrates how the
overlap of gestures’ activation or prominence curves can explain the anticipatory lip rounding
in the word ‘screw’. Articulatory Phonology assumes phonological atoms to be complemented
with a timing component, allowing “the ideal or canonical form [...] to be executed unaltered
in an utterance” (C. A. Fowler, 1980, p.131). In this coproduction framework, coarticulation,
therefore, happens only during the implementation in the vocal tract, hence at the last stage of
the speech production process. Variations of coarticulatory strength are explained by articula-
tory specifics of the coproduced segments, that is the strength of gestures and the question of
how many articulators they share, i.e., spatial in addition to temporal overlap (C. A. Fowler &
Saltzman, 1993). How strongly a vowel or a consonant impedes on others and how likely it is
to resist others’ articulatory demands depends on the requirements imposed on the active artic-
ulator. The Degree of Articulatory Constraint model specifies those demands for the tongue

(DAC; Recasens, 2002; Recasens, Pallares, & Fontdevila, 1997).
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Figure 1.1

Models of Coarticulation
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Note. Simplified sketches of the main mechanisms accounting for coarticulation in the feature spreading
(Daniloff & Hammarberg, 1973), the window (Keating, 1988), the DIVA (Guenther, 1995), and the coproduc-
tion model (C. A. Fowler, 1980). In the example word ‘screw’ /skiu/, there is anticipation of the vowel’s lip
rounding. In addition, the left part of the figure indicates at what stage of the speech production process the
theory locates coarticulatory processes.

With regard to language acquisition, Browman and Goldstein (1989) point out that the assump-
tion of articulatory gestures as phonological atoms enables the description of infants’, children’s,
and adults’ vocal behavior within the same theoretical framework. This is beneficial for the aim
to describe speech production development as a continuous process across lifespan. Concern-
ing changes in coarticulation across childhood, Redford (2019) notes that theories assuming
discrete, non-overlapping articulatory goals, like the feature-spreading account, the window, and
the DIVA model, require computationally intensive mechanisms to account for coarticulation.
She argues that this would in turn predict a developmental increase of coarticulation degree,
while a theory of overlapping gestural activation may explain a developmental decrease.

Changes in coarticulatory degree across childhood are, therefore, not only relevant for the
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question of articulatory unit size itself but may be indicative of the core functions of the human
speech production system.

In addition to the diverging predictions for developmental changes in coarticulation
degree, predictions regarding analyses of coarticulatory directions differ between the ap-
proaches as well. An influential assumption is that anticipatory and carryover coarticulation
effects arise from fundamentally different mechanisms: While processes of anticipatory coartic-
ulation are ascribed to planning on the phonological or phonetic level, carryover processes are
explained by mechanical constraints and muscle inertia (e.g., Lindblom, 1963). Guenther (1995)
emphasizes that in the DIVA model, carryover coarticulation “results solely from the dynamics
of moving between targets” (p. 34), neither from pre-planning, nor from purely mechano-iner-
tial factors. However, he still maintains the notion of different underlying processes to be re-
sponsible for coarticulatory effects in the two directions. In the coproduction framework, on
the other hand, both coarticulatory directions result from the simple overlap of gestural activa-
tion. The present dissertation investigates both coarticulatory directions to address possible dif-

ferences and commonalities in their development across childhood.

1.4 Methodological considerations

To shed light on changes of coarticulatory organization from early childhood to adulthood, we
chose to directly investigate movements of the tongue. To produce fluent speech, several artic-
ulators need to be precisely coordinated with each other. Mobile articulators that are under
active control are the jaw, the lips, the tongue tip, the tongue body, the velum, and the glottis.
They are labeled in the vocal tract sketch in Figure 1.2 that illustrates the anatomical differences
between adults (on the left) and children (on the right). The tongue is a muscular hydrostat that
is “highly mobile and deformable, with a virtually infinite number of mechanical degrees of
freedom” (Sanguineti et al.,, 1997, p.11). It can form constrictions and frictions at different
places within the vocal tract and shapes the air chambers to modulate the acoustic signal pro-
duced by the vocal cords. Therefore, the tongue is essential for producing all vowels as well as
most consonants. This makes the tongue an especially relevant organ for investigations of coar-
ticulation. However, most of the tongue is not visible from the outside but is hidden in the oral
cavity. Recording its shapes and movements hence requires more sophisticated techniques than

for example the lips.
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Figure 1.2

The Vocal Tract

Tongue tip

Tongue body

(

/
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Note. The vocal tract of an adult (left-hand side) with indications of the active articulators. The right-hand
side displays the vocal tract of an approximately 4-year-old child.

Traditionally, the acoustic speech signal was investigated via spectrographic analysis. Indeed,
the first (F1) and the second formant (F2) of the acoustic signal roughly reflect vertical and
horizontal tongue movements, respectively (Fant, 1970). Measures of locus equations of F2
(Lindblom, 1963) enabled important findings of CV coarticulation in adult (e.g., Sussman et al.,
1991) as well as in child speech (e.g., Gibson & Ohde, 2007). However, inferring the tongue’s
shapes and positions from acoustics remains an estimation and falls short of the complexity of
tongue movements - among others because of equifinality, i.e., the tongue reaching specific
goals context-dependently by using a variety of different muscles and possible trajectories (e.g.,
Kelso & Tuller, 1983; Perrier & Fuchs, 2015). Electropalatography (EPG) provides an oppor-
tunity to access previously invisible tongue positions by visualizing the place of tongue-palate
contact (Hardcastle, Jones, Knight, Trudgeon, & Calder, 1989). As investigations with EPG are
limited to questions of place of contact, though, vocalic tongue movements are out of scope.
Electromagnetic articulography (EMA) provides three-dimensional movement patterns of sev-
eral previously determined points of the tongue surface contour. Although it does not display
the whole tongue contour, EMA has the big advantage of being able to follow single parts of
tissue precisely through space and time, which neatly enables investigations of the tongue tip

and the tongue body separately, for example (e.g., Hoole & Nguyen, 1999; Saito, Tomaschek,



GENERAL INTRODUCTION 14

& Baayen, 2020). EMA, however, is not very suitable for investigating the speech of young
children as gluing the receptor coils on the tongue can be a time-consuming and unpleasant
procedure. For investigating children with language and speech disorders (Goozée et al., 2007;
Murdoch & Goozée, 2003; Nip, Arias, Morita, & Richardson, 2017) as well as older typically
developing children (Terband, Van Brenk, Van Lieshout, Nijland, & Maassen, 2009), EMA has
been successfully applied, though.

In past years, the technique of ultrasound tongue imaging has gained popularity for
investigating speech because it is non-invasive, portable, and relatively cheap. When the ultra-
sound probe is positioned below the chin as visualized in Figure 1.3, pulses of ultrasonic wave-
lengths are sent out along the midsagittal plane and are reflected when reaching the tissue-air
boundary at the tongue surface. Via the temporal difference between sending the pulse and
receiving its echo, the ultrasound device calculates the distance to the boundary and visualizes
the strength of the reflection by image brightness. This way, the midsagittal tongue surface
contour is visualized as a white line on dark background. In Figure 1.3 the resulting ultrasound
image is superimposed on a participants’ profile to illustrate this mechanism as well as relations

between the probe, the tongue, and the face.

Figure 1.3

Ultrasound Tongue Imaging

Note. An ultrasound image of the tongue surface contour superimposed on a participant’s profile.
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To obtain a reliable image of good quality, a stable relation between the ultrasound probe and
the tongue is necessary — otherwise the sound pulses may be sent out along other planes and
the resulting image would not display the midsagittal tongue surface contour. For this reason,
it is common to use devices fixating the probe to the head via a helmet or use external head
stabilization (review in Noiray et al., 2020; Stone, 2005). In the data collection process for this
dissertation, however, we abstained from using a helmet or external fixation to allow for maxi-
mally natural speech conditions and not constrain oral cavity opening. To make the procedure
as pleasant as possible for children, we instead helped participants to maintain a stable head
position via visual fixation points, a child-friendly story, reminders, and if necessary, adjusting
their head position manually. In addition, our recording platform includes a post hoc movement
correction procedure. All the details about our Sonographic and Optical Linguo-Labial Articu-

lation Recording system (SOLLAR) were published in Noiray et al. (2020).

1.5 Aims and objectives of this dissertation

This dissertation dissects the speech production mechanism to investigate developmental
changes in coarticulatory patterns. Importantly, I address coarticulation both from a quantita-
tive perspective (how strong are the articulatory context effects?), as well as from a qualitative
perspective (what are the specific articulatory requirements of the utterances under investiga-
tion?). Developmental changes in coarticulatory degree have often been interpreted to imply
changes in the size of organizational units of speech production (i.e., phoneme, syllable, word).
My main motivation for studying coarticulatory patterns in children, specifically age-related
changes and contrasts to adults’ patterns, is twofold: First, considering the articulatory demands
of the produced utterances, they can inform us about aspects of speech motor control devel-
opment across childhood. Second, coarticulation as a process at the intersection between pho-
nology and phonetics can teach us more about the nature of our phonological representations
and their changes across development. Are the atoms of speech to be thought of as abstract
phonemes? Or are our findings more adequately explained within a theory built upon articula-
tory gestures? As outlined in chapter 1.3, any model assuming a clear distinction between pho-
nological representations and the continuous speech stream requires a computationally complex
translation mechanism which cannot easily explain a developmental decrease of coarticulation
degree. Similarly, investigating both anticipatory as well as carryover coarticulation can provide
evidence for one or the other model: Clear differences between the coarticulatory directions

would speak for different underlying mechanisms (planning vs. mechanics) as assumed in look-
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ahead models, while similar patterns would provide evidence for coarticulation to be rather a
byproduct of articulatory implementation as envisioned in gestural overlap.

Previous studies on developmental changes of coarticulation present us with a puzzling
picture of conflicting results calling for a more comprehensive, well-controlled, methodologi-
cally sound, and statistically powerful investigation of coarticulation in a wide age range across
childhood. My work is part of a research program on speech development within which we
developed a platform to record ultrasound imaging data of tongue movements in children from
as young as three years of age as well as in adults (Noiray et al., 2020). This allowed us to collect
the hitherto largest cross-sectional corpus of kinematic data built of neatly controlled pseudo-
utterances by more than 120 speakers in seven age cohorts, enabling the investigation of various
research questions on speech production in children and adults. In contrast to many previous
studies, I recorded children in tightly sampled age cohorts ranging from three to nine years of
age. Moreover, our set of stimuli was thoroughly controlled and the number of participants per
age cohort allowed for high statistical power. Using ultrasound tongue imaging, we could track
articulatory positions and movements directly instead of inferring them from the acoustic signal.

In all three empirical studies of this dissertation pseudo-utterances of the same format
are used, but different coarticulatory processes are addressed. The first study (chapter 2,
Rubertus & Noiray, 2018) looks at anticipatory V-to-V coarticulation from a stressed vowel to
the preceding schwa. We addressed the change of coarticulatory degree across age as well as
impacts of the articulatory demands of the specific segments involved. In the second study
(chapter 3, Rubertus & Noiray, 2020), we posed the same questions for coarticulatory processes
towards the right instead of the left side, hence carryover V-to-C and V-to-V coarticulation.
While both studies on their own allow for inferences about the atoms of speech, the combina-
tion of the anticipatory and the rarely considered carryover direction in addition provides new
insights into underlying mechanisms responsible for coarticulation as well as their temporal
integration within the speech production process.

The third study (chapter 4) addresses one potential reason for the developmental
changes observed in the first two studies of this dissertation as well as in other related publica-
tions within the research program (Noiray et al., 2018; Noiray, Wieling, Abakarova, Rubertus,
& Tiede, 2019). After Popescu & Noiray (2021) found the degree of coarticulation in spoken
language to be correlated with participants’ level of reading skill, we directly addressed coartic-
ulation in oral reading in German second and third graders as well as in adults. A new dataset
allowed us to compare anticipatory coarticulation between read aloud and repeated stimuli in

both children and adults. This further advances our knowledge about the developmental change



GENERAL INTRODUCTION 17

of coarticulation degree and its driving forces and provides insights into mechanisms of literacy
acquisition. Figure 1.4 sketches the stimuli used in the three empirical studies. The stressed
vowel is indicated in blue while the segments investigated for coarticulatory effects in each study
are colored light blue. On the right-hand side, it is indicated that study 1 and 2 dealt with acous-
tically presented speech only, while study 3 drew comparisons between speech elicited via or-

thographic (oral reading) and speech elicited via acoustically presented (repetition) stimuli.

Figure 1.4

Schematic Study Overview

1. atn= CVCa #ifpilpdn

2. amna CVCa s

3. VCa Q
A

o

Note. Sketch of the stimuli of the three empirical studies of this dissertation. The phonetic material is pro-
vided, and blue indicates the stressed vowel while light blue indicates the segments investigated for vocalic
coarticulation effects. The soundwaves indicate acoustic and the monitor written stimuli.
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ON THE DEVELOPMENT OF GESTURAL ORGANIZATION:
A CROSS-SECTIONAL STUDY OF

VOWEL-TO-VOWEL ANTICIPATORY COARTICULATION?

2.1 Abstract

In the first years of life, children differ greatly from adults in the temporal organization of their
speech gestures in fluent language production. However, dissent remains as to the maturational
direction of such organization. The present study sheds new light on this process by tracking
the development of anticipatory vowel-to-vowel coarticulation in a cross-sectional investigation
of 62 German children (from three to seven years of age) and 13 adults. It focuses on gestures
of the tongue, a complex organ whose spatiotemporal control is indispensable for speech pro-
duction. The goal of the study was threefold: 1) investigate whether children as well as adults
initiate the articulation for a target vowel in advance of its acoustic onset, 2) test if the identity
of the intervocalic consonant matters and finally, 3) describe age-related developments of these
lingual coarticulatory patterns. To achieve this goal, ultrasound tongue imaging was used to
record lingual movements and quantify changes in coarticulation degree as a function of con-
sonantal context and age. Results from linear mixed effects models indicate that like adults,
children initiate vowels' lingual gestures well ahead of their acoustic onset. Second, while the
identity of the intervocalic consonant affects the degree of vocalic anticipation in adults, it does
not in children at any age. Finally, the degree of vowel-to-vowel coarticulation is significantly
higher in all cohorts of children than in adults. However, among children, a developmental
decrease of vocalic coarticulation is only found for sequences including the alveolar stop /d/
which requires finer spatiotemporal coordination of the tongue's subparts compared to labial
and velar stops. Altogether, results suggest greater gestural overlap in child than in adult speech
and support the view of a non-uniform and protracted maturation of lingual coarticulation call-
ing for thorough considerations of the articulatory intricacies from which subtle developmental
differences may originate.

2.2 Introduction

In spoken language, speech segments overlap with each other. These coarticulatory effects have
been detected in the acoustic output of speech as well as in the shapes, positions, and move-
ments of the active articulators of speech, the lips, the tongue, the velum, and the larynx (for a

review see Hardcastle & Hewlett, 2000). The present study focuses on lingual coarticulatory

3 Chapter 2 of this dissertation was published as:

Rubertus, E., & Noiray, A. (2018). On the development of gestural organization: A cross-sectional study
of vowel-to-vowel anticipatory coarticulation. PlS One, 13(9), ¢0203562. doi: 10.1371/jout-
nal.pone.0203562.

Adaptations were made regarding citation style, figure embedding, and cross references.
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processes and aims to outline their maturation across childhood. In adults, the positioning and
shaping of the tongue is not only determined by the segment currently under production but
shows characteristics of neighboring speech segments at the same time. These gestural overlaps
exist in heterorganic sequences employing different articulators for achieving the consonantal
and vocalic gestures (e.g., /ba/ where the tongue body anticipates a low back position for /a/
during the production of /b/) as well as in homorganic sequences involving the same primary
articulator for both gestures (e.g., the point of contact between the tongue body and the palate
ot velum for /g/ vaties with the frontness of the following vowel) (e.g., Recasens, 1985). The
domain a vowel can influence this way is not restricted to its adjacent neighbors but can span
several segments in an utterance (e.g., Magen, 1997). While a still growing body of literature has
described adults' lingual anticipatory processes extensively, similar scrutiny for the maturation
of this organizational scheme in childhood has lacked. Most developmental studies have fo-
cused on coarticulatory processes within the syllabic domain (intrasyllabic coarticulation; e.g.,
T. Gibson & Ohde, 2007; Nittrouer et al., 1996; Noiray, Ménard, & Iskarous, 2013; Sussman,
Duder, Dalston, & Cacciatore, 1999; Zharkova, 2017). Yet, research on intersyllabic processes
is crucial because it tackles a broader organization of speech production processes and therefore
addresses questions about the interplay between cognitive (e.g., phonological planning, gestural
phasing) and motor domains (the physical implementation).

To begin to fill this gap, the present study tracked the maturation of vowel-to-vowel
(V-to-V) coarticulation in four groups of German children (from three to seven years of age)
in comparison to adults. Before presenting our data, we first briefly review existing evidence of
V-to-V coarticulation in adults as well as suggested implications for planning and motor pro-
cesses and provide an overview of the existing body of literature in the developmental field that
the present study aims to augment. Finally, we relate our findings to previous literature and
discuss whether the outcome pattern could be explained by differences between children's and

adults’ gestural organization.

2.2.1 Vowel-to-vowel coarticulation in adults

Adults begin to produce the vowel for a forthcoming syllable during a preceding syllable. Mul-
tiple studies have provided evidence for coarticulatory effects of V; in the domain of the trans-
consonantal vowel V; in vowel;-consonant-vowel, (ViCV3) sequences. This lingual anticipation
has been either measured in the acoustic signal by comparing formant values (e.g., Beddor,
Harnsberger, & Lindemann, 2002; C. A. Fowler, 1981; Modarresi, Sussman, Lindblom, &
Burlingame, 2004; Ohman, 1966; Recasens, 1987) or (additionally) in the articulatory signal by
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directly observing changes in tongue positioning (e.g., x-ray: Browman & Goldstein, 1992;
Ohman, 1967; electropalatography: Butcher & Weiher, 1976; Recasens, 1984; electromagnetic
articulography: C. A. Fowler & Brancazio, 2000). The magnitude of these V-to-V coarticulatory
effects, however, was shown to vary with several factors: Among others, data from Beddor et
al. (2002) and Manuel (1990) suggest a language dependency according to which vowels from
dense inventories are anticipated to a lower degree than those from relatively sparse inventories.
Suprasegmental factors also impact on the degree of vocalic anticipation with stressed vowels
being less affected by contextual effects than unstressed vowels (C. A. Fowler, 1981). One of
the main characteristics of unstressed vowels being a reduction of articulatory strength ap-
proaching schwa (e.g., Lindblom, 1963), it follows logically that schwa is more malleable and
therefore affected to a higher degree by coarticulatory processes than full vowels (for a discus-
sion, see Browman & Goldstein, 1992).
The role of the intervocalic consonant. Finally, another influencing factor of particular in-
terest for the current study is the nature of the intervocalic consonant. In measures of vowel
anticipation during the preceding consonant itself (i.e., V-to-C-coarticulation), there are con-
sistent effects of a consonant-specific property (Recasens, 1984a, 1985; Recasens & Rodriguez,
2016): “Coarticulatory resistance” (Bladon & Al-Bamerni, 1976) refers to how likely a segment's
articulatory gestures are to be coproduced with those of another. As conceptualized in the De-
gree of Articulatory Constraints model (DAC), the more the tongue dorsum is constrained dur-
ing the production of a segment, the less likely this segment is to coarticulate with its neighbors
(Recasens et al., 1997). Accordingly, labial consonants were shown to display lower coarticula-
tory resistance and therefore more lingual coarticulation with following vowels than alveolar
consonants (Iskarous, Fowler, & Whalen, 2010; Recasens, 1984a; Sussman, Hoemeke, &
McCaffrey, 1992). Palatal consonants like /n/ on the other hand, put mote constraints on the
tongue dorsum and were found to be even more resistant to vocalic influences than alveolar
consonants (e.g., Recasens & Rodriguez, 2016). Howevert, velar consonants like /g/ display a
rather low coarticulatory resistance despite of employing the tongue dorsum (Recasens, 1985),
because the location of tongue body contact with the palate is relatively flexible (Ladefoged &
Johnson, 2014). Consequently, /g/'s exact place of articulation usually varies along the front-
back dimension according to its vocalic context.

This differing permeability of consonants can be attributed to mechanisms ensuring the
achievement of phonetic targets and their intelligibility. However, whether those mechanisms
are implemented in the speech production system at a rather early level adjusting the speech

plan with regard to contextual variation (e.g., look-ahead models / feature-spreading models)
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or at a later stage of physical implementation in the vocal tract (e.g., coproduction models) is a
matter of dispute (cf. Farnetani & Recasens, 1999 for overview and discussion). While the for-
mer theories assume variable gestural plans (e.g., Keating, 1988; Whalen, 1990), the latter build
on temporally invariant underlying gestures (C. A. Fowler & Brancazio, 2000; C. A. Fowler &
Saltzman, 1993).

Expanding the concept of coarticulatory resistance and context sensitivity to ViCV;
sequences, one could hypothesize high resistant consonants to also limit V>'s influence on V.
Indeed, among others, Recasens (1984b, 1987), and C. A. Fowler & Brancazio (2000) found
influences of the intervocalic consonant's resistance on the degree of V-to-V coarticulation.
However, in none of these three studies results were entirely consistent. First, within the rather
limited sets of participants, there were some speakers whose V-to-V coarticulation was not at
all affected by the intervocalic consonant's resistance. And second, instances of ViCV; se-
quences were found that indicated anticipatory V-to-V coarticulatory effects but at the same
time no V-to-C effects (C. A. Fowler & Brancazio, 2000; Recasens, 1984b). Despite high re-
sistant consonants' articulation not being affected by the vocalic gestures themselves, they did
thus not always attenuate V,'s influence on the preceding vowels. These occasional findings of
discontinuous coarticulatory effects were interpreted as evidence for a speech production model
assuming gestural plans of relatively invariant phasing and activation curves to be combined
and coproduced in fluent speech (C. A. Fowler & Brancazio, 2000; C. A. Fowler & Saltzman,
1993). According to C. A. Fowler & Saltzman (1993), it is implausible for these discontinuous
effects to be part of a speech plan because there is no reason to start, stop, and restart producing
a vocalic gesture. Within the coproduction framework the sequencing of consecutive gestures
in the planning phase of an utterance is predetermined and quasi blind to contextual variations.
Consequently, coarticulatory effects are not part of the speech plan (as contrarily suggested by
Whalen, 1990) but occur only during the physical implementation of the gestures in the vocal
tract.

Taken together, the literature on V-to-V lingual coarticulation in adults shows that vow-
els are initiated already during the production of preceding segments. The strength of this vo-
calic anticipation seems to depend on several factors, one of which is the coarticulatory re-
sistance of the intervocalic consonant. How and in which conditions exactly the consonant's
resistance modulates V-to-V coarticulation, however, is not consistently deducible from existing

studies yet.
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2.2.2 Coarticulatory processes in children

Intrasyllabic coarticulation. Turning to the maturation of coarticulatory processes in chil-
dren's speech, previous studies have almost exclusively focused on measures of intrasyllabic V-
to-C coarticulation. The overarching aim of most of these studies was to infer the unit size of
gestural organization and control at different ages. While a low degree of coarticulation between
consecutive segments is in that respect interpreted to indicate a segment-driven language or-
ganization, a high degree of coarticulation suggests control units larger than the segment. How-
ever, diverging results were found: An increasing or stable coarticulation degree across age in
some studies (e.g., Katz et al., 1991; Kent, 1983; Zharkova et al., 2012) as well as a decreasing
coarticulation degree with age in other studies (e.g., Nijland et al., 2002; Nittrouer et al., 1989,
1996; Noiray et al., 2018). Hence, there is a large discrepancy in the theoretical propositions of
researchers ranging from theories suggesting that organizational units grow from the size of a
segment to (at least) syllable size with age and language experience, to views suggesting a reduc-
tion of unit size with language development such that children initially organize their speech in
broad (possibly syllabic) units and develop finer and more differentiated control for single seg-
ments only later.

In previous analyses of the present sample of German participants, we noted a decrease
of intrasyllabic coarticulation degree from three years of age to adulthood (Noiray et al., 2018).
This finding raised the question whether vocalic anticipation in young children extends beyond
the syllabic domain. Furthermore, we found consistent effects of the consonant's coarticulatory
resistance on the degree of V-to-C-coarticulation with the vowel's tongue position being antic-
ipated most during /b/, to an intermediate degree during /g/, and least during the production
of /d/. This result provided a main incentive for the present investigation of consonant-related
differences in intersyllabic coarticulation effects.
Intersyllabic coarticulation. In the literature addressing coarticulation across syllable bound-
aries in child speech, findings are as inconsistent as they are for intrasyllabic coarticulation. The
early studies measured second formant frequencies in syllable-final schwas followed by a syllable
with a full vowel nucleus (Hodge, 1989; Repp, 1986). Repp (1986) reported V-to-V coarticula-
tion from the full vowel to the preceding schwa in an English-speaking adult as well as in his
nine-year-old participant but not in his four-year-old participant. In a more extensive study of
10 participants per age cohort, Hodge (1989) reached similar results with an age-related increase
in coarticulatory degree from vowels to preceding schwas in “a stee” and “a stew” utterances:
three-year-olds showed a non-significant trend towards V-to-V coarticulation, and five-year-

olds anticipated the upcoming vowel to alesser degree than nine-year-olds who in turn exhibited
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less coarticulation than adults. While these results suggest that V-to-V coarticulation becomes
stronger with age, other studies provided evidence that young children already exhibited a mag-
nitude of V-to-V coarticulation similar to that of adults: three-, five-, and seven-year old children
and adults displayed significant effects of the vowel's second formant frequency on that of
schwa in English schwa-C-V (oCV) sequences (Nittrouer, 1993; Nittrouer et al., 1996). The
magnitude of this V-to-V coarticulation did not vary with age. Interestingly, across Nittrouer's
(1993) whole data set the effect of the vowel on the schwa interacted with the factor stop con-
sonant identity. Expanding Recasens' (1984b, 1987) and C. A. Fowler & Brancazio's (2000)
findings, her results therefore provide evidence for vowel anticipation during schwa to be
stronger in /k/ contexts than in /t/ contexts. In a longitudinal study, Goodell and Studdert-
Kennedy (1993) compared acoustic coarticulatory effects of different segments in English
CoCV sequences between children at 22 and 32 months of age and adults. While the absolute
formant values suggested a decrease of anticipatory V-to-V coarticulation with age, after a nor-
malization procedure accounting for the differences in vocal tract size, group differences dis-
appeared for utterances ending in /i/, and for those ending in /a/ only 22-month-olds remained
to show significantly greater V-to-V coarticulation than 32-month-olds and adults.

Contradicting these findings, there is also evidence that children show stronger acoustic
effects of vowel anticipatory coarticulation than adults do: In a study comparing typical to atyp-
ical speech production development in Dutch, the typically developing five- to seven-year-olds
exhibited stronger V-to-V coarticulation than the adult control group (Nijland et al., 2002).
Similar to the previously reported studies, they looked at measures of schwa's second formant
in oCV utterances. The hypothesis that this pattern could be specific to the Dutch language, is
called into question by another study on English-speaking children providing evidence for
stronger V-to-V coarticulation in three-, four-, and five-year-olds than in adults as measured in
first and second formant frequencies of English oCV sequences (Boucher, 2007).

All developmental studies reported so far have employed acoustic measurements of
lingual V-to-V coarticulation. While articulatory data can provide more direct insights into
speech production mechanisms, most articulatory data collection techniques are not suitable
for young children due to their invasiveness (e.g., articulography, MRI). In the last two decades
however, ultrasound imaging has become a popular method for observing and collecting tongue
data in the young age (e.g., in kindergarten: Ménard & Noiray, 2011; Noiray et al., 2018, 2013;
in toddlers: Song, Demuth, Shattuck-Hufnagel, & Ménard, 2013). Barbier and colleagues (2013)
report on one of the few studies investigating the maturation of long-distance coarticulation

with articulatory in addition to acoustic measurements. They compared Canadian French four-
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year-old's articulation of VCV sequences to that of adults. While significant lingual V-to-V coar-
ticulation was observed in adult speakers, only some of the children exhibited vocalic anticipa-
tion. The authors therefore concluded that as a group, children were unable to anticipate a
vowel's tongue configuration during the production of transconsonantal vowels. It should be
noted however, that contrary to the previous studies, they did not investigate the vowel's effect
on a preceding schwa but on full vowels (/e/ and /a/).

In summary, while most studies showed that children anticipate a vowel during a pre-
ceding schwa at least to some extent, there is conflicting evidence for all three possible scenarios
of the V-to-V coarticulation degree's development: A decrease with age, an increase with age,
or a similar coarticulation degree throughout development. Several reasons may (in part) explain
the discrepancies in results found for both intrasyllabic and intersyllabic coarticulation. First,
decisions about the design of the study such as the utterance type and the data collection tech-
nique (e.g., method, measurement time point) might be a source of contradiction. In addition,
a shortcoming of especially the early studies is the very limited number of participants and its
impact on statistical power. Given the fast and multi-faceted developments taking place in the
anatomical, cognitive, and speech motor control domains during childhood, the speech of chil-
dren is known to be highly variable both within and between speakers. It is therefore important

to investigate large samples of children and narrow the age range within a cohort to a minimum.

2.2.3 Goal and research questions

The overarching goal of this study is to uncover the development of V-to-V coarticulation in
German children. In combination with other studies within our research agenda, we aim to
provide insights into the underlying mechanisms of typical speech production to be used for
diagnostic and potentially therapeutic purposes among German children with speech impair-
ments. We hope to overcome some of the restrictions of previous research outlined above by:
a) Investigating four larger age cohorts across childhood and one cohort of adults. Each age
cohort includes at least 13 participants within a narrow age range to minimize age-related vari-
ability within the cohorts and therefore increase statistical power. b) Employing a well-con-
trolled set of stimuli varying in place of articulation to investigate differences in coarticulatory
degree between phonetic contexts. ¢) Recording speech material with ultrasound tongue imag-
ing, a non-invasive technique allowing for direct access to tongue positions rather than their
estimation via acoustic measures.

To assess whether children differ from adults in how strong vocalic gestures are acti-

vated and coproduced with a preceding schwa, measures of the vowel-related change in the
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horizontal position of the highest point of the tongue body during schwa in schwa-C-V se-
quences were analyzed according to the following three research questions: First, do we observe
anticipatory V-to-V coarticulation in children of every age investigated as well as in adults? If
the horizontal tongue body position during schwa varies as a function of tongue position during
the following vowel, it will provide evidence for anticipatory V-to-V coarticulation. Although
its magnitude varied tremendously in previous studies, evidence for anticipatory V-to-V coar-
ticulation in children was found in most studies. We therefore expect every cohort to anticipate
the upcoming vowel during schwa. Second, is the degree of anticipatory V-to-V coarticulation
modulated by the resistance of the intervocalic consonant? If so, less V-to-V coarticulation
should be found in cases in which consonantal resistance is higher (i.e., alveolar context) than
when resistance is lower (i.e., labial context). However, predictions are hard to formulate be-
cause this question has been addressed only sparsely in adults providing complicated outcome
patterns (C. A. Fowler & Brancazio, 2000; Recasens, 1984b, 1987) and was only investigated on
the margins for children so far (Nittrouer, 1993). Based on Nittrouet's (1993) findings, we ex-
pect a higher degree of V-to-V coarticulation in sequences with low resistant intervocalic con-
sonants (here /b/ and /g/) than in sequences with high resistant consonants (here /d/). The
flexibility of the place of palate contact for /g/ might trigger vowel-related fronting or backing
of the tongue during schwa resulting in a high (but ‘mediated’) V-to-V coarticulation degree.
And third, are there developmental changes in terms of coarticulation degree and consonantal
effects? This question will be addressed by investigating differences between age cohorts. Again,
the conflicting results of previous investigations prevent a clear formulation of predictions. Yet,
the considerable decrease of V-to-C-coarticulation degree with age in the previous analysis of
this data corpus (Noiray et al., 2018) leads us to predict the same direction for the current

investigation of V-to-V coarticulation.

2.3 Method

2.3.1 Participants

In total, 75 participants of five different age cohorts were recorded: 19 three-year-old children
(10 females, age range: 3;05 - 3;09 (Y;MM), mean: 3;00), 14 four-year-old children (seven fe-
males, age range: 4,04 - 4,08, mean: 4;05), 14 five-year-old children (seven females, age range:
5;04 - 5;07, mean: 5;06), and 15 seven-year-old children at the end of their first or beginning of
their second grade in primary school (10 females, age range: 7;00 - 7;06, mean: 7;02). The adult

cohort included 13 adults (seven females, age range: 19 - 28 years, mean: 23). All participants
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were from monolingual German families and none of them reported any language-related, hear-
ing-related, or visual problems. Adult participants as well as the parents of the child participants
gave written informed consent for participation in the study, and all were provided with the
option to stop participation at any time without negative consequences. The study was approved

by the Ethic Committee of the University of Potsdam.

2.3.2 Stimulus material

Trochaic pseudowords of the form consonant;-vowel-consonant,-schwa (C;VC,9) that were
recorded by a native German female adult speaker served as model stimuli for a repetition task.
The consonants used in both positions were /b/, /d/, and /g/. The three places of articulation
were chosen because they vary in coarticulatory resistance. The vowel set consisted of the tense
and long vowels /i/, /y/, /u/, /a/, /e/, and /o/ which represent the German vowel space
quite adequately. C;Vs were designed as a fully crossed set of Cs and Vs to which the second
syllable was added, C, was never the same as C;. These pseudowords were embedded in a carrier
phrase with the German female atticle /ama/ resulting in utterances such as for example /aino
bi:de/. Anticipatory V-to-V coarticulation was measured between the full vowel of the
pseudoword and the preceding schwa in the article.

The total number of trials per child varied with group because four- and seven-year-
olds' stimulus sets included the additional C; /z/ which is not analyzed here. Repeating every
word three times, three- and five-year-olds ended up with 108 trials and four- and seven-year-
olds with 138 trials. For all cohorts of children, trials were presented in six semi-randomized
blocks. Adults' stimulus set included /z/ in both consonant positions adding to a total number
of 216 trials, which were presented in nine randomized blocks. Mispronounced trials were noted
down by the experimenters and if possible repeated at the end of the block. A table summarizing

the number of trials used for the present analyses per consonant context per age cohort is pro-

vided in Appendix A. 1.

2.3.3 Experimental procedure

All recordings took place at the Laboratory for Oral Language Acquisition (LOLA) at Univer-
sity of Potsdam (Germany). Participants were asked to repeat a series of pre-recorded auditorily
presented stimuli while they were recorded within the SOLLAR-platform (Sonographic and
Optical Linguo-Labial Articulation Recording system (Noiray et al., 2015)). This child-friendly
setup allows for simultaneous recordings of tongue motion using ultrasound imaging (Sonosite,

st.: 48Hz), labial movement via video recording (camera SONY, sr.: 50Hz) and the audio speech
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signal (microphone Shure, sr.: 48kHz). For the recording, adult participants sat in a comfortable
chair and children in a car-seat adjustable in height. The ultrasound probe was positioned
straight below the participant's chin between the maxillary bones to record the tongue surface
contour in the midsagittal plane. It is fixed on a custom-made probe holder to be flexible in the
vertical dimension following natural speech-related vertical jaw movements but prevents mo-
tion in lateral and horizontal translations. Additional head-to-probe stabilization was not em-
ployed to maximize the naturalness of speech and make the recording comfortable for young
children. Instead, a sparkling golden star conforming to the experimental decoration was placed
right above the camera helping the children to keep their head stable and look straight. Trials
during which participants moved were discarded subsequent to the recordings via visual inspec-
tion of the video data.

Teams of two experimenters conducted the recordings. The first one familiarized the
participant with the SOLLAR platform and introduced the children to the story the production
task was embedded in. She maintained a face-to-face connection with the participant through-
out the recording, controlled for head movement as well as correct pronunciation, and
prompted the audio stimuli. The second experimenter operated SOLLAR's recording equip-
ment from a desk not visible to the participant. S/he controlled for the quality of the data
collection by thoroughly monitoring both video and audio streams and interrupted if necessary.

The recording room was decorated in a universe theme allowing the experiment to be
introduced to children as a spaceship journey during which they had to repeat foreign words
from other planets' languages. This stimulated their interest and engagement in the task. Except
for the chair, the setup was the same for children and adults, however, the adults were not

introduced to the planet story.

2.3.4 Data processing

The acoustic signal was recorded both in relation to the ultrasound device and the video camera,
enabling the generation of a common time code for the three streams. A cross-correlation func-
tion within MATLAB (2016) was used to synchronize the streams (cf. Noiray et al., 2008; Noiray
etal., 2013).

Acoustic data served as a reference to define the relevant time points in the ultrasound
signal. Therefore, target utterances and segments were first phonetically labeled using Praat
(Boersma & Weenink, 2016). For adults, the detection of target words and segments was done
semi-automatically using WebMAUSBasic (Kisler et al., 2012) and manual correction when nec-

essary. For children, native speakers of German identified and manually labeled the target words
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for subsequent detection and manual labelling of the target segments. A stable periodic cycle in
the oscillogram as well as a stable formant pattern, especially a clearly detectable second for-
mant, were used as indices for vocalic segments. The first ascending zero-crossing in the oscil-
logram at the beginning of the periodicity was accordingly used as schwa and vowel onset, the
first ascending zero-crossing after the end of periodicity and disappearance of F2 as the begin-
ning of the following consonant. From the resulting intervals, the relevant time stamps for the
current analysis, the temporal midpoint of the schwa and the temporal midpoint of the vowel
were automatically extracted.

Repetitions that did not correspond to the model speaker's word were discarded from
further analysis, except for those of three-year-olds. Here, the approach was to use as many
correctly produced first syllables as possible, so words were kept as long as oC,V corresponded
to the model speaker and C; did not differ in place of articulation from the model word (e.g.,
/a1nd ba:ta/ was kept for model /aina ba:da/). This way, two instances of words with C; = /k/
were kept for /g/, 17 with C, = /t/ for /d/, and 10 with C; = /v/ for /b/.

Ultrasound frames of interest were selected based on the corresponding time stamps of
the acoustic data. For each relevant frame, tongue contours were semi-automatically detected
with scripts custom-made for MATLAB (2016) as part of the SOLLAR platform. A spline was
automatically fit to reference points that were manually placed on the visible midsagittal tongue
surface contour for each frame individually. X- and y-coordinates for each of 100 points of
these splines were automatically extracted (see Appendix A. 2 for an illustration). For the pre-
sent analyses, we used only the x-coordinate, hence the horizontal position, of the highest point

of the tongue body surface contour as a representation of frontness of the tongue body.

2.3.5 Data analysis
We used R (2015) and Ime4 (Bates et al., 2014) to investigate the three research questions. Our
first research question addressed whether children in all age cohorts as well as adults anticipated
the lingual position of the vowel during the preceding schwa. Because of previous evidence for
the degree of V-to-V coarticulation to be modulated by the intervocalic consonant's resistance,
each consonant context was checked separately for each cohort. More specifically, we investi-
gated whether the horizontal position of the highest point of the tongue body during the schwa
midpoint (X,) varied systematically depending on the position of the highest point of the tongue
body during the vowel midpoint (Xv).

To address this and the other two research questions, we fitted a linear mixed effects

model regressing X, on Xy, consonant context (Consonantl), and Cohort with their



ANTICIPATORY V-TO-V COARTICULATION 29

interactions. The random effect structure was selected following Bates and colleagues' sugges-
tions to use principal component analysis (PCA) for checking the dimensionality of the model
and likelihood ratio tests for assessing its goodness of fit (Bates et al., 2015). Starting from the
tull random effects structure by subject and word, smallest variance components were dropped
step by step until convergence was reached and the PCA showed that the number of dimensions
was supported by the data. This procedure resulted in a random effect structure including in-
tercepts for subjects and words as well as by-subject random slopes for the effect of the conso-
nant and by-word random slopes for the effect of cohort. The model's assumptions were
checked via visual inspection of residual plots and outliers were checked individually to either
be removed (experimental errors) or corrected (processing errors). This did not change the
outcome pattern.

The second research question focused on possible differences in V-to-V coarticulation
degree between the three consonant contexts (/b, d, g/) within each cohort. We applied pair-
wise comparisons of the interactions between Xy and Consonantl using generalized linear hy-
pothesis tests with adjusted p-values (glht, multcomp package (Hothorn et al., 2008), p-value
adjustment followed the truncated closed test procedure from Westfall (1997)). All pairwise
comparisons for the Xy:Consonantl interaction were obtained by manually setting the contrast
matrix.

Finally, age-related developmental differences in coarticulation degree within the three
consonant contexts were addressed using pairwise glht comparisons of the interactions between
Xv and Cohort that were again obtained with a manually set contrast matrix using Westfall-
adjusted p-values. Additionally, the three-way-interactions of Xy, Cohort, and Consonantl in-
dicated whether the differences of the consonant contexts' effects on coarticulation magnitude

(i.e., the coarticulation pattern) vary with age cohort.

2.4 Results

2.4.1 Vowel-to-vowel coarticulation in every age cohort

The effect of the tongue's horizontal position during the vowel on its position during the pre-
ceding schwa is significant for each consonant context in each age cohort (p < .001, see Ap-
pendix A. 3 for detailed model output). The coarticulation degree, however, differs between the
investigated age cohorts and consonant contexts as can be seen in the display of the regression
coefficients (Figure 2.1). Statistical relevance of these differences will be addressed in the fol-

lowing sections.
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Figure 2.1

Regression Coefficients for the Three Consonant Contexts /b, d, g/ per Cohort
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Note. Cohort abbreviations are C3 — three-year-old children, C4 — four-year-old children, C5 — five-year-old
children, C7 — seven-year-old children, and A — adults Error bars represent one standard error of the coeffi-
cients.

2.4.2 Consonantal impact only in adults

The results of the pairwise comparisons between the consonant contexts within each cohort
are summarized in Table 2.1. The intervocalic consonant only has an effect on the V-to-V coar-
ticulation degree in adults with ogV sequences allowing for more V-to-V coarticulation than
both obV and odV sequences. In none of the cohorts of children does the nature of the inter-
vocalic consonant significantly impact the degree of V-to-V coarticulation. There is only a trend
(p = .0834) for /g/-contexts to allow for more coarticulation than /d/-contexts in seven-yeat-

old children.
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Table 2.1

Results of the Linear Hypotheses Tests for Consonantal Differences Within Cohort

Cohort Hypothesis Estimate SE z p-value direction
b-d 0.039210 0.037024 1.059 0.539
C3 b-g 0.033378 0.035412 0.943 0.613
d-g -0.005832 0.038511 -0.151 0.987
b-d 0.02630 0.03214 0.818 0.691
C4 b-g 0.04617 0.03162 1.460 0.310
d-g 0.01988 0.03453 0.576 0.833
b-d 0.046438 0.033473 1.387 0.347
C5 b-g -0.004137 0.034414 -0.120 0.992
d-g -0.050574 0.034717 -1.457 0.312
b-d 0.02949 0.03115 0.947 0.6103
C7 b-g -0.04169 0.03166 -1.317 0.3855
d-g -0.07118 0.03340 -2.131 0.0834
b-d 0.00461 0.02317 0.199 0.97836
A b-g -0.08467 0.02345 -3.611 0.00087 ~ *** b<g
d-g -0.08928 0.02565 -3.481 0.00135 ** d<g

Note. Results were obtained via glht comparisons with Westfall p-value adjustment. Cohort abbreviations
are C3 —three-year-old children, C4 — four-year-old children, C5 —five-year-old children, C7 — seven-year-old
children, and A —adults. The last column indicates the direction of significant effects. Significance codes “***’:
p<.001; **:p<.01; *:p<.05 “:p<.1l.

2.4.3 Developmental decrease of V-to-V coarticulation magnitude

To assess differences in coarticulation degree between the cohorts, first, pairwise glht compar-
isons of the Xy:Cohort interactions were run (see Table 2.2). For every consonant context, the
degree of V-to-V coarticulation is significantly lower in the adult cohort than in each of the
cohotts of children. In the /b/ and /d/-contexts, there are additional statistically significant
differences between the three-year-olds and each of the seven-year-olds: The youngest partici-
pants show a higher degree of coarticulation from the vowel to the preceding schwa than the

oldest cohort of children for abV and adV sequences.
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Table 2.2

Results of the Linear Hypotheses Tests for Cohort Differences Within Consonant Contexts

Consonant  Hypothesis Estimate SE z p-value direction
A-C3 -0.489537 0.030386 -16.111 <0.001  *x* A<C3
A-C4 -0.422136 0.026773 -15.767 <0.001  Hx* A<C4
A-C5 -0.419119 0.026814 -15.631 <0.001  Hx* A<C5
A-C7 -0.365634 0.024724 -14.789 <0.001  *x* A<C7
C7-C3 -0.123903 0.031742 -3.903 <0.001  *** C7<C3
b C7-C4 -0.056502 0.026632 -2.122 0.208
C7-C5 -0.053484 0.027010 -1.980 0.273
C5-C3 -0.070419 0.032696 -2.154 0.196
C5-C4 -0.003018 0.029451 -0.102 1.000
C4-C3 -0.067401 0.030860 -2.184 0.184
A-C3 -0.45494 0.03406 -13.357 <0.001  #** A<C3
A-C4 -0.40045 0.03081 -12.998 <0.001  H#** A< 4
A-C5 -0.37729 0.02816 -13.396 <0.001  H#** A<C5
A-C7 -0.34075 0.02733 -12.469 <0.001  H#** A<C7
C7-C3 -0.11418 0.03531 -3.234 0.0105 * C7<C3
d C7-C4 -0.05970 0.03081 -1.937 0.2946
C7-C5 -0.03654 0.02898 -1.261 0.7127
C5-C3 -0.07765 0.03528 -2.201 0.1773
C5-C4 -0.02316 0.03237 -0.715 0.9524
C4-C3 -0.05449 0.03568 -1.527 0.5416
A-C3 -0.37149 0.03250 -11.429 <0.001  Hx* A<C3
A-C4 -0.29130 0.03063 -9.511 <0.001  Hx* A<C4
A-C5 -0.33859 0.02939 -11.519 <0.001  *x* A<C5
A-C7 -0.32265 0.02823 -11.431 <0.001  Hx* A<C7
C7-C3 -0.04884 0.03395 -1.439 0.601
8 C7-C4 0.03136 0.03047 1.029 0.841
C7-C5 -0.01593 0.02972 -0.536 0.983
C5-C3 -0.03290 0.03427 -0.960 0.872
C5-C4 0.04729 0.03245 1.457 0.589
C4-C3 -0.08020 0.03337 -2.403 0.113

Note. Results were obtained via glht comparisons with Westfall p-value adjustment. Cohort abbreviations
are C C3 — three-year-old children, C4 — four-year-old children, C5 — five-year-old children, C7 — seven-year-
old children, and A — adults. The last column indicates the direction of significant effects. Significance codes
KX p<.001; **:p<.01; *¥:p<.05;‘Vip<.l.

In a second step, coarticulatory patterns were compared between cohorts by running three-way-
interactions of the effects of Xy, Cohort, and Consonantl. Table 2.3 provides the model output
for those interactions that reached significance or indicated a trend. The difference in V-to-V
coarticulation degree between /b/- and /g/-contexts is different between adults and each of

the three younger cohorts of children (three-, four-, and five-year-olds). It is also different
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between seven-year-olds and the two youngest age cohorts (only marginally significant between
three-year-olds and seven-year-olds). Figure 2.1 visualizes these differences: While for adults
/g/-contexts allow for more coarticulation than /b/-contexts, the direction of the (non-signif-
icant) difference is the other way around for young children. Regarding the difference between
/d/-and /g/-contexts, adults' pattern only differs significantly from fout-year-olds' with a trend

in comparison to three-year-olds. In addition, four-year-olds differ from seven-year-olds.

Table 2.3

Summary of the Three-Way-Interactions of the Effects of Xv, Cohort, and Consonant1

Consonants Cohorts Estimate SE t-value p-value
A/C3 0.118045 0.042239 2.795 0.005513  **
A/ C4 0.13084 0.03920 3.338 0.001026  **

b/g A/ C5 0.08053 0.03874 2.079 0.037877 *
C7/C3 0.075065 0.044536 1.686 0.093453 .
C7/C4 0.087860 0.039424 2.229 0.026535 *
A/C3 0.08344 0.04610 1.810 0.071136 .

g/d A/ C4 0.10915 0.04293 2.542 0.011679 *
C7/C4 0.09105 0.04298 2.118 0.0348 *

Note. This table summarizes only the significant and marginally significant three-way-interactions of the ef-
fects of XV, Cohort, and Consonantl. Cohort abbreviations are C C3 — three-year-old children, C4 —four-year-
old children, C5 — five-year-old children, C7 — seven-year-old children, and A — adults. The last column indi-
cates the direction of significant effects. Significance codes “***’: p < .001; **": p <.01; *": p<.05; ‘.": p <.1.

2.5 Discussion

Long-distance coarticulatory processes have been shown to provide valuable information about
general speech production mechanisms. However, after Ohman's (1966) work on lingual vowel-
to-vowel coarticulation's implications for principles of the speech production process, extensive
investigations of the topic have been scarce. Similarly, while a substantial number of studies
have compared children's intrasyllabic coarticulation to adults' (e.g., in the acoustic domain:
Katz et al., 1991; Nittrouer et al., 1996; in the articulatory domain: Noiray et al., 2018, 2013;
Zharkova et al., 2012), coarticulation beyond the syllabic frame has been the topic of only a
handful of developmental studies so far. Yet, longer distance coarticulatory processes can help
to elucidate what aspects of (co)articulation may be planned while others may rather reflect
byproducts of the gestures' implementation in the vocal tract. From a developmental stand-
point, this is a highly relevant question because it can shed light on the maturation of spoken

language fluency and tease apart the factors that may impact this process.
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The current study aimed to contribute to this endeavor by thoroughly investigating lin-
gual vowel-to-vowel coarticulation in a larger participant pool of adults than previously exam-
ined as well as in four different age groups across childhood. In addition to testing for the
presence of V-to-V coarticulation in each age cohort, we examined the potential impact of in-
tervocalic consonants on the degree of V-to-V coarticulation. Most importantly, we compared
coarticulatory patterns (both in terms of degree and consonantal impact) between age cohorts
to unveil the maturation of these aspects of the speech production process. The discussion

section is framed along these three main questions.

2.5.1 Vocalic gesture's anticipation

Results from this study provide strong evidence that adults anticipate a full vowel's horizontal
tongue position during a preceding schwa in oCV sequences. This finding extends previous
research (Beddor et al., 2002; Browman & Goldstein, 1992b; Butcher & Weiher, 1976; C. A.
Fowler, 1981; C. A. Fowler & Brancazio, 2000; Manuel, 1990; Modarresi et al., 2004; Ohman,
1966, 1967; Recasens, 1987, 1984b) with a larger sample of adult participants and provides in-
sights into V-to-V coarticulatory patterns in German, a language whose coarticulation patterns
have not been extensively investigated (e.g., Butcher & Weiher, 1976; Recasens, Fontdevila, &
Pallares, 1995).

A second main finding is that all four cohorts of children exhibited strong vowel antic-
ipation across syllable boundaries as well. This result is in line with the majority of studies ad-
dressing children's V-to-V coarticulation (Boucher, 2007; Goodell & Studdert-Kennedy, 1993;
Nijland et al., 2002; Nittrouer, 1993; Nittrouer et al., 1996) and augments previous evidence
with data from German. However, this result conflicts with those of three existing studies. In
particular, Repp (1986) and Hodge (1989) did not find any significant vocalic effect on the
preceding schwa in four- and three-year-olds respectively, but only in their older participants
(Repp (1986): nine years, Hodge (1989): five & nine years). On the contrary, our data show that
at 3.5 years of age, German children do anticipate the tongue body position for target vowels
well ahead of their acoustic onsets. Note that Repp's (1986) results are based on a single speaker
per age group only, which prevents strong conclusions. Hodge's (1989) sample size of 10 chil-
dren per age cohort, however, yields greater statistical power and generalizability. Yet, in con-
trast to other studies including ours, she used utterances containing /st/ clusters (“a stew” ver-
sus “a stee”) instead of singleton intervocalic consonants. It is well known that stable produc-
tions of consonant clusters are achieved relatively late in childhood (for a review, see McLeod,

Van Doorn, & Reed, 2001). For example, Smit and colleagues (1990) reported that English-



ANTICIPATORY V-TO-V COARTICULATION 35

speaking children do not reach 75% production accuracy for /st/ clusters before the age of
4;06. Given this protracted maturation, studies addressing coarticulatory degree in sequences
containing clusters and those testing singleton consonants are not directly comparable.

In a more recent study using ultrasound tongue imaging, Barbier et al. (2013) reported
neither acoustic nor articulatory evidence for V-to-V coarticulation in four-year-old children.
This strong contradiction with our finding may stem from substantial methodological differ-
ences between the two studies (e.g., Vi being a full vowel versus a schwa, using the whole tongue
contour versus a point measure). Furthermore, the authors found a significant effect of vowel
anticipation in the acoustic (effect of V, on Vi's second formant) as well as in the articulatory
data (vocalic anticipation in the front-back dimension) of some four-year-old children. It is
therefore surprising that they did not elaborate on these results but instead suggested an “ina-
bility to anticipate V in V; during the production of V;-C-V; sequences” for four-year-olds (p.
4).

From our results, it is clear that like adults, children from at least 3.5 years of age antic-
ipate the horizontal tongue position of a full vowel during the production of a preceding schwa
across an intervocalic consonant. Whether this process should be interpreted as an “ability” or
rather as an inevitable byproduct of continuous speech will be discussed in more detail in the

following sections.

2.5.2 The impact of the intervocalic consonant

In line with previous evidence (Cole, Linebaugh, Munson, & McMurray, 2010; C. A. Fowler &
Brancazio, 2000; Ohman, 1966), we found a significant impact of the consonant context on the
degree of vocalic anticipation in adults: In ogV sequences, vowel anticipation was stronger than
in obV and in adV sequences.

Both ogV and odV are homorganic sequences because the tongue provides the primary
articulators involved in the production of both consonantal and vocalic gestures. However,
while the location of tongue body contact with the palate for /g/ is relatively flexible without
affecting intelligibility, the contact point for /d/ is more constrained in the alveolar region
(Ladefoged & Johnson, 2014). In a previous investigation of intrasyllabic coarticulation in our
cohort of adults, this strong difference in coatticulatory resistance between /g/ and /d/ was
replicated (Abakarova, Iskarous, & Noiray, 2017). The present finding of more vocalic antici-
pation in agV than in odV sequences is therefore neatly in line with the idea that the consonant's
resistance not only accounts for the degree of coarticulation during the consonant production

but also for the degree of interference with transconsonantal coarticulation processes. Yet, if
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the consonant's resistance were the only factor here, one would expect obV sequences to exhibit
the highest degree of lingual V-to-V coarticulation because the tongue body is not recruited for
the labial occlusion gesture and can therefore anticipate the upcoming vowel's gestures freely.
Many studies including our previous analyses found the predicted high degree of lingual antici-
pation during /b/ in intrasyllabic coarticulation (C. A. Fowler & Brancazio, 2000; Iskarous et
al., 2010; Noiray et al., 2018; Recasens, 1985; Sussman et al., 1992). The present findings in
intersyllabic coatticulation however, provide evidence for /b/ to allow V-to-V coarticulation
(only) to the same extent as the high resistant /d/ instead of being very permeable for trans-
consonantal vowel anticipation as expectable for low resistant consonants like /b/ and /g/. A
closer look at C. A. Fowler and Brancazio's (2000) data also reveals less V-to-V coarticulation
in /b/ than in /g/ sequences for tongue fronting in one of two speakers and for F2 changes,
both speakers exhibited less V-to-V coarticulation in /b/ contexts than in /g/ and /d/ con-
texts.

However, the origins of /b/'s and /g/'s low resistance ate certainly distinct and must
be acknowledged in order to understand their contrasting impact on V-to-V coarticulation:
While /g/ engages the same primary articulator as following vowels (the tongue body), abV
sequences are heterorganic with /b/ not actively recruiting the tongue body. So, while for gV
sequences, the position of the primary articulator is changed by coproduction with the following
vowel, gestural blending does not affect the primary articulator of /b/ (the lips) but an articu-
lator that is not actively controlled for the production of /b/. Although both consonants are
classified as low resistant because of the flexibility of the tongue body's hotizontal position, the
sources of this high degree of coarticulation are thus very different in nature.

Looking only at the change of the tongue body's position during the consonant, this
difference results in mote coatticulation during /b/ than during /g/ because an unspecified or
inactive articulator can be changed most flexibly. However, in long-distance processes like
vowel-to-vowel coarticulation across these consonants, the picture changes: The primary artic-
ulator of the consonant must start moving towards its target during the schwa to ensure the
correct place of contact. For /g/ this means that during schwa, the tongue body moves towards
a position in the velar or palatal region that will be more front in the case of following front
vowels or back for following back vowels. The process of vowel-to-vowel coarticulation in ogV
sequences could therefore be understood as being reinforced by /g/: because of the coproduc-
tion with the vocalic gesture, the contact point of the tongue body and the palate or velum is
changed for /g/; In addition to the direct vocalic anticipation, the initiation of /g/ therefore

increases the strength towards a front or back positioning of the tongue body during schwa.



ANTICIPATORY V-TO-V COARTICULATION 37

Yet, for /b/ the primary articulators are the lips, so they are the ones starting to move towards
each other during schwa in a obV sequence. There is no consonant-induced need however for
the tongue back to start moving towards a specific position because it is unspecified for /b/.
While during /b/ the vowel's tongue position is thus anticipated, there is only a weaker vowel-
related movement of the tongue towards that target during schwa.

Turning to children, in none of the investigated age groups did the nature of the inter-
vocalic consonant influence the degree of V-to-V coarticulation significantly. There is only a
marginally significant trend for seven-year-olds to coatticulate more in /g/- than in /d/-con-
texts similar to adults (p = .0834). Because previous developmental research has not focused on
consonantal effects on vowel anticipation, the lack of consonantal impact is an important find-
ing, especially given the sizeable difference found in comparison to adults. Although Nittrouer
(1993) examined the intervocalic consonant's effect on V-to-V coarticulation in her data set of
three-, five-, and seven-year old children and adults and found stronger vowel anticipation in
/k/ compared to /t/ contexts, her study was not designed to address developmental differences
of this effect. The age-related differences in the consonant's impact that we found in our study
as well as its implications for our understanding of the development of spoken language fluency

will be discussed in the following section.

2.5.3 Developmental differences

The overarching aim of the present study was to investigate the development of intersyllabic
V-to-V lingual coarticulation. Expanding on our earlier findings regarding the organization of
intrasyllabic V-to-C-coarticulation (Noiray et al., 2018), the present results provide strong evi-
dence for children to exhibit a much higher degree of V-to-V coarticulation than adults (cf.,
Figure 2.1). Children therefore seem to exhibit a larger extent of gestural overlap not only be-
tween the consonant and the following vowel but also earlier during the preconsonantal schwa.
This suggests that children initiate vocalic gestures earlier in comparison to adults. Kent (1983)
described developing (as well as impaired) speech production to follow a principle of “every-
thing moves at once” (p.70). A conceivable reason for this greater gestural overlap in children
compared to adults might be the lack of inhibitory control that is well attested in various cog-
nitive domains for young children (e.g., Bjorklund & Harnishfeger, 1990). A lower inhibition
level might accordingly lead to more simultaneously activated gestures and hence more articu-
latory overlap (cf. Tilsen, 2013).

Among the different cohorts of children, we also noticed a trend towards a develop-

mental decrease in coarticulation degree from three to seven years of age, but it only yields



ANTICIPATORY V-TO-V COARTICULATION 38

significance for the alveolar and bilabial context, not for the velar one. Indeed, for sequences
involving the resistant consonant /d/ the youngest group of children at three years of age ex-
hibits significantly more coarticulation than the oldest group. Both the alveolar stop /d/ and
the bilabial stop /b/ requitres a very fine spatiotemporal coordination of different articulators:
The tongue's subparts (e.g., the tongue tip and the tongue body) in adV sequences, the lips and
the tongue body in obV sequences. Whether a maturation of this coordination between three
and seven years of age is the reason for our preliminary finding should be investigated more
thoroughly with a larger set of consonants requiring fine lingual coordination (e.g., /d, t, z, s, |,
n, f, w, m, n/). Yet, this result accords well with previous reports on the non-uniform develop-
ment of articulatory controls for speech (lips and jaw: e.g., Noiray et al., 2010; Smith & Zelaznik,
2004, for the tongue: e.g., Noiray et al., 2013; Zharkova, Hewlett, & Hardcastle, 2011). It further
suggests that the developmental spurts and plateaus often reported for other articulators in the
literature (e.g., great change in lip movements variability between two and six years: Green,
Moore, & Reilly, 2002; variability plateau between seven and 12 years: Smith & Zelaznik, 2004)
should be carefully interpreted in relation to the speech material investigated and the complexity
of the gestural coordination involved. In practice, the differences in V-to-V coarticulatory de-
gree within childhood certainly call for more scrupulous investigations of coarticulatory patterns
in tightly clustered age groups. Such research would provide a description of gestural control
development across childhood preventing important transitions from remaining unnoticed. It
would further provide much needed normative data to disentangle coarticulatory differences
that reflect typical trajectories from those that may predict later articulatory disfluencies. This
may for instance be particularly relevant for the early assessment of children with developmental
apraxia of speech known to show impairments of speech motor control (see review in Terband,
Maassen, et al., 2009).

Interestingly, the developments of V-to-C and V-to-V coarticulation do not seem to go
uniformly hand in hand. While the present study unveiled a change in V-to-V coarticulation
degree during childhood only between the youngest and the oldest children for sequences in-
volving the alveolar stop /d/ and the bilabial /b/, our eatlier results on V-to-C coarticulation
provided evidence for significant differences between cohorts of children for /b/ (C3 > C7)
and /g/ (C3 > C7,C5 > C7) but not for /d/ (Noiray et al., 2018). This finding again highlights
the very different role the articulatory properties of a consonant play for inter- and intrasyllabic
coarticulation processes outlined above.

In our study, the gap in the magnitude of coarticulation between seven-year-olds and

adults remains tremendous across all consonants. Children at the beginning of primary school
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are therefore still developing the organization of lingual gestures for articulatory fluency. This
result supports previous research pointing at the protracted development of spatiotemporal
control of speech gestures (Smith & Zelaznik, 2004). Despite an increasing interest for address-
ing early language development in recent years, future research should include late childhood
investigations to locate transitions towards adult-like patterns of coarticulation and identify the
factors responsible for developmental differences across childhood. Note that the nature of
those factors may change over time. While age-related differences might initially be driven by
discrepancies in lexical knowledge (e.g., Edwards, Beckman, & Munson, 2004; Nicholson,
Munson, Reidy, & Edwards, 2015) and/or speech motor control, coarticulatory differences be-
tween older groups of children may be affected by the acquisition of new skills (e.g., inhibitory
control: Tilsen, 2013) or consolidation of recently acquired ones.

The second developmental difference found in our data is that the consonant's identity
impacts on the degree of V-to-V coarticulation in adults but (except for a marginally significant
trend for seven-year-olds) not in children. While we found adult-like patterns of consonants'
coarticulatory resistance in our previous analyses on children's intrasyllabic coarticulation
(Noiray et al., 2018), the strong discrepancy between ages in intersyllabic coarticulation seems
surprising at first glance. However, as predicted, adults' effects of the consonant's identity seem
to be stronger in intra- than in intersyllabic coarticulation. Being relatively subtle, consonantal
effects might therefore be concealed by the higher variability in children's intersyllabic coartic-
ulation. Taking the conducted three-way-interactions of the factors Xy, Cohort, and Conso-
nantl into account, it becomes obvious however, that the different behavior of adults and chil-
dren cannot solely result from too high variability: The /g/>/b, d/ pattern observed in adults
seems only to develop across the investigated age cohorts. While for three- and four-year-olds
both the relations between the /b/- and /g/-context and that between the /d/- and /g/-con-
text differ from that of adults, it is only the b-g relation that is different between five-year-olds
and adults. Seven-year-olds pattern in the same way as adults. Albeit the coarticulation degree
of seven-year-olds is still very different from that observed in adults, the coarticulatory pattern
regarding the relation of /b/, /d/, and /g/-contexts therefore is alteady approximating that of
adults.

Linking these findings, we see hints for the hypothesis that the diverging roles of the
intervocalic consonant in children's and adults' V-to-V coarticulation is based in their gestural
organization. As Ohman (1966) and C. A. Fowler and Brancazio (2000) argued, vocalic gestures
may be phased relatively invariantly with each other while the consonantal gesture occurs as a

temporally limited event during the broad vocalic movements. Given that young German
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children were reported to focus on stressed syllables (Hohle, Bijeljac-Babic, Herold,
Weissenborn, & Nazzi, 2009) and that due to their acoustic and prosodic properties vowels
seem to have a special status in an utterance, functioning as attractors and being very prominent
for children (Cutler & Mehler, 1993), articulatory gestures relating to V; (the stressed full vowel
in our stimuli) might be hardest to inhibit for children and therefore show especially broad
overlap with preceding gestures. Any subtle effect of the intervocalic consonant's resistance
might therefore not (only) be concealed by a high variability but by an underlying outstandingly
high prominence of vowels in child speech. In contrast to the idea of consonant-mediated V-
to-V effects in adult speech, V-to-V coarticulation in children would therefore be interpreted
as a pure coproduction of Vi and V because of the greater gestural overlap. Accordingly, while
the V-to-V coarticulation degree in velar contexts is especially high presumably because of the
stop /g/ mediating coarticulation, this context does not promote stronget coarticulation than
the others in young children's speech. The strong coproduction of Vi and V5 itself, results in
approximately the same coarticulation degree in all contexts.

Another factor possibly influencing the maturation of coarticulatory processes during
childhood is the anatomical development of the vocal tract. While it is well known that physio-
logical characteristics can affect articulation (e.g., Vorperian et al., 2005, 2009), evaluating the
precise impact of those anatomical changes on developmental differences in lingual coarticula-
tion remains an empirical challenge. To overcome difficulties in anatomical measurements of
the vocal tract or the tongue, the growing research on articulatory modelling may provide better

estimates (e.g., Ménard, Schwartz, & Boé, 2004; Story, 2005).

2.6 Limitations and perspectives

Investigating lingual coarticulation in the first years of life has become increasingly significant
for the early detection of spoken language deviancies. However, collecting quantitative tongue
data from young children is not exempt of methodological challenges (e.g., limited attention
span, intolerance to invasive methods and too long data collection sessions). In this study as in
previous research, a few compromises were therefore necessary to meet our research goals.
First, we used a customized probe holder designed to not impede natural jaw move-
ments and collect data that approximate natural speech conditions more faithfully than if we
had used a helmet (e.g., Zharkova et al., 2012). We employed three strategies to prevent head
movement artefacts: 1) the SOLLAR recording platform included a car seat with seatbelts; 2) a
bright star was positioned in front of the child as a visual fixation point; 3) one of the experi-

menters sat in front of the child to maintain visual contact and monitor the child's position.
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Finally, post-recording examination using video data was conducted to discard data in which
children moved.

Second, following up on previous research (e.g., Noiray et al., 2018, 2013), this study
employed measurements of the highest point on the tongue body to assess variation in the
gestural organization of V-to-V coarticulation. While the approach to use a single point measure
is certainly convenient for the investigation of large samples, it is not optimal for fine-grained
distinctions between the subparts of the tongue (e.g., tongue root) as in studies considering the
full tongue contour (e.g., Recasens & Rodriguez, 2016). However, it is important to
acknowledge that the reliability of the latter approach highly depends on the quality of the
tongue imaging at the two ends of the tongue contour (cf. Noiray et al., 2018 for a more detailed
discussion). In previous studies the measure employed here has provided meaningful results as
to developmental differences in coarticulatory overlap (e.g., Iskarous et al., 2010; Noiray et al.,
2018, 2013). Most acoustic studies used measurements of F2 as an estimate of the tongue posi-
tion along the antero-posterior dimension and the resulting cavities (e.g., adults: Beddor et al.,
2002; C. A. Fowler, 1981; Modarresi et al., 2004; Ohman, 1966; Recasens, 1987; children:
Boucher, 2007; Goodell & Studdert-Kennedy, 1993; Hodge, 1989; Nijland et al., 2002;
Nittrouer, 1993; Nittrouer et al., 1996; Repp, 1986). The highest point on the tongue body is
the most salient for vowel constriction and therefore provides a more direct access to those
parameters. Future studies of lingual coarticulation will gain in designing methodologies that
integrate measurements of fixed-point parameters and of the full tongue contour. With such a
combinatorial approach, it will be possible to unveil subtle developmental differences in coar-
ticulatory patterning, due for instance to discrepancies in coordinative control of the tongue's
functional subparts.

Finally, we are well aware that assessing vocalic anticipation via single time point anal-
yses is not optimal because the method does not fully capture coarticulation dynamics (e.g.,
Scobbie, Lawson, & Stuart-Smith, 2012). The optimization of analytical approaches assessing
change over time to ultrasound research will be necessary to unveil the complexity of gestural

dynamics (e.g., Winter & Wieling, 2010).

2.7 Conclusion

This study was the first which addressed the maturation of lingual long-distance coarticulatory
processes in a cross-sectional investigation of five age cohorts using articulatory measurements.
Taken together, our findings provide evidence for children to exhibit stronger vocalic anticipa-

tion than adults suggesting a maturational decrease of gestural overlap with age. Across the
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period from three to seven years of age, no general, but a consonant context-specific decrease
of vocalic anticipation was found, which is a signh of non-uniform maturation of gestural organ-
ization possibly driven by differences in articulatory complexity. The tremendous disparity in
coarticulation degree between the oldest children investigated and the adults indicates that the
development of adult-like gestural organization continues during late childhood. Our study
therefore highlights the importance of investigations of older children's and adolescents' speech
to uncover factors that might lead to a compression of articulatory gestures, hence an adult-like

lower gestural overlap.
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VOCALIC ACTIVATION WIDTH DECREASES
ACROSS CHILDHOOD:

EVIDENCE FROM CARRYOVER COARTICULATION?

3.1 Abstract

This study is the first to use kinematic data to assess lingual carryover coarticulation in children.
We investigated whether the developmental decrease previously attested in anticipatory coat-
ticulation, as well as the relation between coarticulatory degree and the consonantal context,
also characterize carryover coarticulation. Sixty-two children and 13 adults, all native speakers
of German, were recruited according to five age cohorts: three-year-olds, four-year-olds, five-
year-olds, seven-year-olds, and adults. Tongue movements during the production of 2.CV.Ca
utterances (C = /b, d, g/, V = /i, y, e, a, 0, u/) were recorded with ultrasound. We measured
vowel-induced horizontal displacement of the tongue dorsum within the last syllable and com-
pared the resulting coarticulatory patterns between age cohorts and consonantal contexts. Re-
sults indicate that the degree of vocalic carryover coarticulation decreases with age. Vocalic
prominence within an utterance as well as its change across childhood depended on the post-
vocalic consonant’s articulatory demands for the tongue dorsum (i.e., its coarticulatory re-
sistance): Low resistant /b/ and /g/ allowed for more vocalic perseveration and a continuous
decrease, while the highly resistant /d/ displayed lower coarticulation degrees and discontinu-
ous effects. These findings parallel those in anticipation suggesting a similar organization of
anticipatory and carryover coarticulation. Implications for theories of speech production are
discussed.

3.2 Introduction

The investigation of coarticulatory effects, that is, the overlap of articulatory units in spoken
language, served as a window to speech planning and execution mechanisms in adults over the
last 60 years (for a review see Recasens, 2018). However, only in the last decade, non-invasive
measurement techniques such as ultrasound tongue imaging were administered to young chil-
dren and hence shed new light on speech motor developments as well as their interactions with
cognitive aspects relevant for speech production (e.g., Barbier et al., 2020; Ménard & Noiray,
2011; Noiray et al., 2013; Song et al., 2013; Zharkova, 2017; Zharkova et al., 2011). The present

study focuses on the development of lingual carryover coarticulation across childhood, the

4 Chapter 3 of this dissertation was published as:

Rubertus, E., & Noiray, A. (2020). Vocalic activation width decreases across childhood: Evidence from
carryover coarticulation. Laboratory Phonology: Journal of the Association for Laboratory Phonology, 11(1), 7. doi:
http://doi.otg/10.5334/labphon.228.

Adaptations were made regarding citation style, figure embedding, and cross references.
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overlap of a speech segment with following ones after its target was reached. While anticipatory
coarticulation has often been described as a sign of speech planning, carryover coarticulation
was ascribed to mechanical inertia constraints (e.g., Recasens, 1984b) and was therefore largely
understudied. We suggest that both anticipatory and carryover coarticulation are the conse-
quence of the overlap of gestural activation. The parallelism of the development of carryover
coarticulation as found in the present study and anticipatory coarticulation as previously re-

ported, provides evidence for this hypothesis.

3.2.1 The development of anticipatory coarticulation

In our previous kinematic analyses of lingual anticipation of a stressed vowel in German chil-
dren, we provided evidence for a developmental decrease of coarticulation degree in intrasyl-
labic vowel-to-consonant coarticulation (Noiray et al., 2018), in intersyllabic vowel-to-vowel
coarticulation (Rubertus & Noiray, 2018), as well as in the temporal unfolding of the vocalic
gesture within the left field of an utterance of the form 9.CV.Ca (C-consonant, V-vowel; Noiray,
Wieling, et al., 2019). This finding is in line with several previous investigations on intra- (e.g.,
Katz et al, 1991; Kent, 1983; Zharkova et al., 2012) and intersyllabic coarticulation (e.g.,
Goodell & Studdert-Kennedy, 1993; Nijland et al., 2002; Nittrouer, 1993; Nittrouer et al., 19906),
but contrasts with others that found an increasing degree of coarticulation with age (intrasyl-
labic: Nijland et al., 2002; Nittrouer et al., 1989, 1996; intersyllabic: Barbier et al., 2020; Hodge,
1989; Repp, 1980).

3.2.2 The development of carryover coarticulation

Carryover coarticulation in children’s speech has been investigated in only very few studies that
focused on different speech articulators. Neither Flege (1988), who examined nasal coarticula-
tion, nor Goffman, Smith, Heisler, and Ho (2008), who focused on labial coarticulation, provide
systematic evidence for a developmental decrease in carryover coarticulation degree. The only
study addressing children’s lingual carryover coarticulation we know of is Baum and Waldstein
(1991). Using three different types of measures, they compared coarticulation degree in VC
syllables (/if, uf, it, ut, ik, uk/) between English-speaking hearing-impaired and age-matched
normally hearing children in two age groups: six to seven and nine to 10 years of age. No dif-
ference between the age groups was found within the cohorts in any of the measures, so they
were grouped in the analysis. The first measure of consonant durations did not differ signifi-
cantly between the normally hearing and the hearing-impaired group. The measure of mean

centroid values (in fricatives and stop bursts) demonstrated stronger carryover coarticulation in
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normally hearing as compared to hearing-impaired children at consonant onset. At consonant
midpoint, however, both cohorts exhibited the same degree of coarticulation based on this
measure. In the syllables /if/ and /uf/ the thitd measure of F2 peaks at vowel offset and frica-
tive revealed a higher coarticulation degree in normally hearing than in hearing-impaired chil-
dren again. The authors concluded that it is not the temporal domain of carryover coarticulation
but its magnitude within this time frame that differs between the two cohorts. Interestingly,
measures of anticipatory coarticulation in the same group of children (Waldstein & Baum, 1991)
had indicated shorter temporal domains of anticipation for hearing-impaired than normally
hearing children. Baum and Waldstein (1991) interpreted this discrepancy as well as an overall
larger degree of carryover compared to anticipatory coarticulation as evidence for different
mechanisms underlying the two coarticulatory directions. According to the authors, a significant
age difference found in anticipatory but not in carryover coarticulation may either be due to the
close and relatively advanced ages studied or provide additional support for carryover coarticu-

lation to depend on mechanical-inertial properties that need not be learned.

3.2.3 Decrease of coarticulation as compression of vocalic activation

curves
According to the broad framework of articulatory phonology (Browman & Goldstein, 19806),
articulatory gestures have invariant goals and are planned and phased to each other context-
independently. In contrast to suggestions that context-dependency is part of the speech plan
and actively changes articulatory goals (e.g., Henke, 1966; Keating, 1988; Wickelgren, 1969),
articulatory phonology interprets contextual variation to be introduced only upon execution by
the blending of individual gestures’ influences on the vocal tract with those of other ongoing
ones (e.g., C. A. Fowler, 1980; C. A. Fowler & Saltzman, 1993; Gafos & Goldstein, 2012). Here,
coarticulation is seen as the coproduction of invariant articulatory gestures. The more the acti-
vation of gestures overlaps, the more coarticulation may take place. The higher degree of antic-
ipatory coarticulation in children than in adults (Noiray et al., 2018; Noiray, Wieling, et al., 2019;
Rubertus & Noiray, 2018) can therefore be interpreted as greater overlap of vocalic gestures
with preceding ones in the young age. The developmental decrease in coarticulation would in
turn be a developmental compression of vocalic activation curves (cf. Nittrouer, 1993; Noiray,
Wieling, et al., 2019).

Following Nittrouer (1993, p. 961), the sketch of the prominence, that is, the strength
of activation, of an utterance’s segments over time in the style of C. A. Fowler and Smith (1980),

in Figure 3.1 illustrates the larger overlap of articulatory gestures for neighboring segments that
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would result from broader vocalic activation curves in children’s (left side) than adults’ speech
(right side). The segment with the highest prominence at a given time point dominates the
acoustic signal. Changes in the dominance and therefore acoustic segmentations within the ut-

terance are indicated by vertical lines.

Figure 3.1

Segments’ Hypothesized Prominence over Time in Utterances of the Form aCVCa

Children Adults

Prominence

| )
Schwal ‘ Vowel ‘ ‘ Schwa2 Time Schwal ‘ ‘ Vowel ‘ ‘ Schwa2 ‘ Time
Consonantl Consonant2 Consonantl Consonant2

A reason for children’s vocalic activation curves to be broader than adults’ may be the attractor
or anchor function that multiple findings in language development ascribed to stressed vowels.
Cutler and Mehler (1993) for example, suggested that infants have a periodicity bias leading
them to attend more to vowels than to consonants in the acoustic signal. This could in turn be
one reason why native phonological categories for vowels are constituted earlier in development
than for consonants (Kuhl et al., 1992; Werker & Tees, 1984). The information carried by vow-
els and consonants was also suggested to differ: While vowels carry phonetic as well as prosodic
information relevant for rhythm and syntax, consonants’ information is mainly lexical (Nespor,
Pena, & Mehler, 2003). Young children were shown to focus on the vowel-inherent prosodic
information to bootstrap the segmentation of first words (Gleitman & Wanner, 1982). Hohle
et al. (2009) for example, provided evidence that young German-learning infants scan their in-
put for stressed syllables to find trochaic patterns as a first strategy to detect words in the con-
tinuous signal. Also, in speech production, young children tend to reduce first words to the
stressed CV syllable or a trochaic pattern (in German, e.g., A. V Fox & Dodd, 1999). C. A.
Fowler (1980) highlights the role of stressed vowels in the coproduction of speech segments
and claims that not only consonants but also unstressed vowels are “superimposed on a trajec-
tory of the shape of a vocal tract from one stressed vowel to another” (p. 131). This subsump-
tion of segments in frames of stressed vowels might be responsible for the stress-timed speech
rhythm in languages like for example English and German (C. A. Fowler, 1981) — a property of
the speech signal that already newborns are very attentive to (Nazzi, Bertoncini, & Mehler,

1998).
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An important consequence that the hypothesis of generally broader vocalic activation
curves in the young age bears, is that children’s vowels would not only overlap more with pre-
ceding speech segments but, as visualized in Figure 3.1, larger overlaps would be predicted in
the right field of the utterance as well. Whether this is the case has never been explicitly tested

because the focus of coarticulation development studies remained in the anticipatory direction.

3.2.4 The role of the articulatory demands of combined segments

In addition to the general decrease of gestural overlap, the role of articulatory parameters of the
combined segments for coarticulation development must be considered. The simple overlap of
gestural activation does not correspond one-to-one to the degree of coarticulation found in
spoken utterances. During the execution of the context-insensitive speech plan, the different
parameters of the coproduced gestures, most importantly their degree of coarticulatory re-
sistance (Bladon & Al-Bamerni, 1976; Recasens, 1984a) and the corresponding vocal tract con-
figurations affect the degree of gestural blending. A consonant that is highly resistant to coar-
ticulation, for example the alveolar plosive /d/, employs the tongue body that is televant for
vowel production in a rather constrained way for its own production and therefore interrupts
vocalic movements. A bilabial, on the other hand, does not share the primary articulator with
vowels and is therefore produced without affecting the tongue body movement necessary for
the vowel trajectory. A third case is comprised of velar consonants that share the primary artic-
ulator with the vowel but are blended with the vocalic production requirements resulting in
different points of palatal contact depending on the frontness of the surrounding vowels. Ef-
fects of consonants’ coarticulatory resistance on vocalic coarticulation were widely demon-
strated in adults (e.g., C. A. Fowler & Saltzman, 1993; Iskarous et al., 2010; Recasens, 1985;
Recasens & Rodriguez, 2016). During language development, how strongly a given consonant
clamps the tongue dorsum and how much coarticulation it therefore allows, may change with a
growing control over the functional subparts of the tongue. For intrasyllabic anticipatory coar-
ticulation, Noiray et al. (2018) found adult-like coarticulation hierarchies of /b/>/g/>/d/ in
children from three to seven years of age. However, CV syllables are the fundamental syllables
that are best practiced in eatly childhood (e.g., Fikkert, 1994); different patterns may therefore

be found in gestural combinations other than CV syllables and in carryover coarticulation.

3.2.5 A dichotomy of underlying mechanisms?

Many authors describe a dichotomy of underlying mechanisms for anticipatory and carryover

coarticulation: While the former is described as part of a speech plan, the latter is attributed to
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mechanical inertia constraints. Recasens (1984b, 1987) and Parush et al. (1983) for example,
provided data from Catalan and English VCV sequences, respectively, suggesting that while the
consonant’s coarticulatory resistance affects the temporal extent of anticipatory coarticulation,
it is the spatial extent of carryover coarticulation that is affected. They interpreted this as evi-
dence for active speech planning controlling the degree of anticipatory but not that of carryover
coarticulation with reference to the articulatory requirements of the intervocalic consonant. In
German, Hertrich and Ackermann (1995) found that vocalic carryover but not anticipatory ef-
fects were smaller in slower speaking rates. According to the authors, stable or increased antic-
ipatory effects in slow speaking rates are not compatible with a view of simple coproduction
but indicate a (speaker-specific) planning component in anticipatory coarticulation. The de-
crease of carryover coarticulation however, was interpreted to suggest that planning processes
might be less relevant for this coarticulatory direction.

In a pure coproduction framework on the other hand, the overlap of context-independ-
ent articulatory gestures can account for both anticipatory and carryover coarticulatory effects.
In their comparison of empirical and modeling data, Ostry, Gribble, and Gracco, (1996) for
example, provide evidence that coarticulation in jaw movements is not centrally planned but
arises as a by-product of execution. If there is no active planning of context effects, there is no

reason to assume different mechanisms underlying the two coarticulatory directions.

3.2.6 What we can learn from carryover coarticulation development

If anticipatory and carryover coarticulation embody a common organization and it is indeed the
width of activation curves that changes across childhood, carryover coarticulation should de-
velop in parallel with anticipation and decrease with age. If, however, different mechanisms
underlie the two coarticulatory directions, the developmental differences found in lingual antic-
ipatory coarticulation may be absent in lingual carryover coarticulation. Under the hypothesis
of a dichotomy of origins for the two coarticulatory directions, it was for example suggested
that inertial properties of muscles in contrast to planning processes need not to be learnt (Baum
& Waldstein, 1991; Flege, 1988). Following this idea, a developmental change of coarticulation
degree would be expected for anticipation but not for perseveration. Investigating the develop-
ment of carryover coarticulation across childhood may therefore provide additional support for

one or the other assumption on the speech production mechanism.
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3.2.7 Research questions and predictions

There is growing evidence that in the course of speech development, children’s degree of lingual
anticipatory coarticulation progressively decreases. Regarding carryover coarticulation, how-
ever, data are scarce, and predictions differ based on the theoretical framework. The present
study aims to provide the first large-scale kinematic investigation of children’s carryover coar-
ticulation development. It builds upon previous findings of the same research group to test the
hypothesis of a developmental decrease in lingual carryover coarticulation. Our goal was to
provide answers to the following two questions:

1. Does the degree of carryover coarticulation decrease with increasing age as we found

for anticipatory coarticulation?

Contextualizing the principles of articulatory phonology and the coproduction model of adult
speech production to children’s development of coarticulation, we hypothesized the underlying
vocalic activation curves of children’s speech to be generally broader than adults’ which results
in more overlap of a vowel with preceding as well as following gestures. We therefore predicted
a decreasing degree of carryover coarticulation with increasing age. In light of differing findings
of non-linear developments across age depending on the type of coarticulation studied, we did
not make specific predictions about plateaus or spurts within this decrease.

2. Do the articulatory demands of the following consonant impact the perseveration of

the vocalic gesture?

Based on previous findings including ours, we hypothesized that the degree of consonants’
coarticulatory resistance affects the degree of vocalic carryover coarticulation significantly. Con-
sonants posing strong and specific articulatory demands on the tongue dorsum (e.g., /d/) were
therefore predicted to be more intrusive on the vocalic gesture than those that can blend their
gestural goals with the vowels’ (e.g., /g/) and those that do not employ the tongue dorsum as a
primary articulator (e.g., /b/). Since the balance between clamping and blending depends on a
fine speech motor control, we expect developmental changes in the role of the consonant for

coarticulation degree.

3.3 Method

3.3.1 Participants
Possibly non-linear cognitive as well as speech motor control developments occur in children
before they enter school (Green et al., 2010; Noiray, Popescu, et al., 2019). Therefore, we tested

three age cohorts of preschool children in yearly increments, a cohort of first graders, and a



CARRYOVER COARTICULATION 50

group of adults, summing up to a total of 75 participants: 19 three-year-old children (10 females
[f] and nine males [m], age range: 3;05-3;09 [Y;MM], mean: 3;006), 14 four-year-old children
(seven f and seven m, age range: 4;,04—4;08, mean: 4;,05), 14 five-year-old children (seven f and
seven m, age range: 5;04—5;07, mean: 5;00), 15 seven-year-old children at the end of their first
or beginning of their second grade in primary school (10 f and five m, age range: 7;00-7;006,
mean: 7;02), and 13 adults (seven f and six m, age range: 19—28 years, mean: 23). None of the
participants reported any language-, hearing-, or vision-related problem and all were monolin-
gual German. Adult participants and parents of child participants gave written informed consent
for participating in the study while children gave oral consent. It was emphasized that they could
interrupt or abort the recording session for any reason at any time. The study was approved by

the Ethic Committee of the University of Potsdam (DFG project 1098).

3.3.2 Stimulus material

Previously recorded disyllabic pseudowords with a trochaic stress pattern spoken by a native
German female adult speaker served as model stimuli for a repetition task. They consisted of
the consonants /b, d, g/ and the vowels /i, y, ¢, a, 0, u/ in the form consonanti- vowel-conso-
nant-schwa (CiVCz0) where Cznever equaled Ci. Consonants were chosen to bear different
degrees of lingual coarticulatory resistance. Vowels were chosen to represent the full front-to-
back range of the German vowel space. Each pseudoword was recorded together with the Ger-
man female atticle /amna/ resulting in short utterances such as /aina bi:de/. Vocalic carryover
effects were measured at four different time points within C.and the final schwa.

The crossed set of consonants and vowels resulted in 36 target words that were repeated
at least three times in the test phase summing up to a total of 108 trials. For four- and seven-
year-olds, and adults, additional stimuli were recorded that are not part of the present analysis.
An overview of each cohort’s stimulus sets is presented in Table 3.1. The age cohorts will be
referred to as C3 (three-year-olds), C4 (four-year-olds), C5 (five-year-olds), C7 (seven-year-
olds), and A (adults) in the rest of the paper.
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Table 3.1

Overview of Each Age Cohort's Stimulus Sets

C3 C4 C5 C7 A
Consonant; /b,d, g/ /b,d, g, z/ /b,d, g/ /b,d, g, z/ /b,d, g, z/
Consonant; /b, d, g/ /b,d, g/ /b,d, g/ /b, d, g/ /b,d, g, z/
Nr. of stimulus words 36 46 36 46 72
Total nt. of trials 108 138 108 138 216

Note. Stimulus words had the form C1VCaa with V=/i, y, e, a, o, u/. The total number of trials results from at
least three repetitions of each stimulus word during the recording.

For all children, stimuli were presented in six blocks while adults’ increased stimulus set required
nine blocks. The order of blocks was randomized for each participant, and trials within each
block appeared in one of three random but pre-specified orders. We opted for this semi-ran-
domization to be able to quickly take notes on specific trials, for a better synchronization be-
tween both experimenters and to allow a semi-automatic phonetic labeling procedure for adults’
data. During the recording, the experimenter made a note of mispronounced trials and played
those again at the end of the block. Table 3.2 summarizes the number of trials used for the

present analysis per Czper age cohort.

Table 3.2

Summary of the Number of Analyzed Trials per Consonant Context and Age Cohort

Consonant Number of trials

Context C3 C4 C5 C7 A
Vba 516 555 529 674 477
Vda 463 542 503 647 479
Vgo 526 571 540 624 483
Total 1505 1668 1572 1945 1439

3.3.3 Experimental procedure

Participants, both children and adults, were asked to repeat acoustically presented stimuli within
the SOLLAR platform (Sonographic and Optical Linguo-Labial Articulation Recording system,
Noiray et al,, in press) at the Laboratory for Oral Language Acquisition at the University of
Potsdam (Germany). The SOLLAR platform provides a child-friendly environment allowing
for simultaneous recordings of tongue motion (ultrasound imaging: Sonosite, sampling rate:
48Hz), labial movement (video recording: SONY camera, sampling rate: 50Hz), and the acous-

tic signal (Shure microphone, sampling rate: 48kHz). The ultrasound probe was fixed in a
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custom-made probe holder providing flexibility in the vertical dimension to follow the natural
jaw movements but being rigid in lateral and horizontal translations. Participants sat in a com-
fortable chair adjustable in height and their head was positioned such that the probe touched
their chin between the maxillary bones to record the tongue surface contour in the midsagittal
plane. Intending to make the platform as child-friendly as possible and to allow relatively natural
speech, no additional head-to-probe stabilization was employed. Instead, a visual attention-get-
ter (a glittering golden star) and if necessary, the experimenter, helped especially the young par-
ticipants keep their head stable and look straight towards the camera. Trials during which par-
ticipants moved their head were discarded post-hoc via visual inspection of the video data.
During each recording session two experimenters were present. One experimenter’s
first task was to make the participant feel comfortable. She familiarized the participant with the
SOLLAR platform and introduced the children to a universe-themed story the repetition task
was embedded in. Children were told to fly from one planet to the other in the SOLLAR space-
ship and repeat foreign words from other planets’ languages. Between the blocks, children took
a break and were distracted with a little sticker task. This game and the decoration stimulated
their interest and engagement in the task. Adult participants were not introduced to the planet
story but fulfilled the same task on the same type of stimuli in the same setup as the children to
ensure comparability. During each recording block, the experimenter prompted the audio stim-
uli while maintaining a face-to-face connection with the participant and controlling for head
stability and correct pronunciation. The second experimenter operated SOLLAR’s recording
equipment from a desk not visible to the participant. S/he thoroughly monitored both video

and the audio streams to control the data quality.

3.3.4 Data processing

The acoustic signal was recorded both in relation to the ultrasound signal and the video, ena-
bling the generation of a common time code for the three streams. Using a cross-correlation
function within MATLAB (2016), the streams were then synchronized (cf. Noiray et al., 2011;
Noiray et al., 2013).

Correctly pronounced target utterances were first phonetically labeled in the acoustic
signal using Praat (Boersma & Weenink, 2016). In adults’ data, WebMAUSBasic (Kisler et al.,
2012) detected target words and segments semi-automatically with manual correction when
necessary. Child data was labeled completely manually. A stable periodic cycle in the oscillogram
as well as a stable formant pattern (especially a clearly detectable second formant) were used as

indices for vocalic segments. The first ascending zero-crossing in the oscillogram at the
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beginning of the periodicity was accordingly set as vocalic onset, the first ascending zero-cross-
ing after the end of periodicity and disappearance of F2 as the beginning of the following con-
sonant. From the resulting intervals, the relevant time stamps for the analysis, the temporal
midpoint of the vowel (V50), the end of the vowel (V100), the temporal midpoint of the con-
sonant (C50), the end of the consonant (C100), and the temporal midpoint of the final schwa
(schwa50) were automatically extracted.

Via these time stamps from the acoustic signal, ultrasound frames of interest were se-
lected and the corresponding tongue contours were detected semi-automatically with custom-
made scripts for MATLAB (2016) as part of the SOLLAR platform (see Figure 3.2). For each
individual frame of interest, a spline (yellow line) was automatically fit to manually placed ref-

erence points (red dots in Figure 3.2) on the visible midsagittal tongue surface contour.

Figure 3.2

Raw and Tracked Ultrasound Tongue Image

Note. The figure shows an example of an ultrasound tongue image of a five-year-old boy's [e] recorded within
SOLLAR. The left panel presents the raw ultrasound image, the right panel shows the highlighted tongue
contour resulting from SOLLAR's semi-automatic tracking. In each image, the front part of the tongue is de-
picted towards the left.

X- and y-coordinates for each of the 100 points of these splines were automatically extracted.
For the present analysis, we used the x-coordinate, hence the horizontal position, of the highest
point of the tongue dorsum surface contour as a representation of frontness of the tongue body.
To prevent taking measures into account where the highest point on the tongue surface contour
was on the tongue tip and not on the tongue body, we visually inspected those contours for the
/d/ closure that had relatively low x-values for the highest point. This way, eight contours (four
in C5, and one in each of the other cohorts) were identified and the corresponding trials re-

moved from the analysis.
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To compare coarticulatory behaviors across participants, we normalized each partici-
pant’s horizontal tongue dorsum positions on the same scale. Among all of a speaker’s trials,
the most anterior tongue dorsum position during V50 was set to zero and the most posterior
tongue dorsum position at V50 to one. His/her tongue dorsum positions at all time points were

then scaled in relation to this range.

3.3.5 Data analysis

We measured coarticulatory patterns as the horizontal positions of the highest point of the
tongue dorsum during the consonant and the schwa depending on the frontness of the tongue
dorsum position during the preceding vowel and compared these trajectories between conso-
nant contexts and age cohorts. Figure 3.3 presents an example of tongue movement trajectories
for ‘einebige’ (left) and ‘einebuge’ (right) illustrated by the tongue contours of a four-year-old
boy at the five time points of interest. The highest point of each tongue contour is highlighted
by a dot. The contours are presented in a coordinate system in millimeters where x = zero, y =
zero is the position of the center of the ultrasound probe. X-values below zero indicate the area
in front of the center of the probe (displayed towards the left), x-values above zero the back
(displayed towatds the right). For /iga/ (left plot), the tongue statts in a front position for /i/
at V50 (in green) and moves back towards a relatively central schwa (in pink) in the course of
the utterance. For /uga/ on the other hand (right plot), the tongue has a relatively back position
during V50 and moves forward in the course of the utterance. The figure shows that 1) the
horizontal position of the highest point of the tongue represents the frontness of the whole
tongue, and 2) not only the tongue dorsum position at V50, but also the positions at later time
points differ depending on the vowel. In the present study, the goal was not to illuminate the
impact of specific vowels but rather to investigate context-induced spatial changes in tongue
dorsum positions within an utterance. Vowel information is therefore not considered categori-
cally but as a continuous variable ranging from front to back tongue dorsum positions. Most
front positions correspond to phonologically front vowel categoties (/i/, /y/, /e/) and back

positions usually express phonologically back vowel categories (/o/, /u/).
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Figure 3.3

Temporal Development of Tongue Surface Contours in Trials ‘einebige’ and ‘einebuge’

ige (CM4_007) uge (CM4_007)
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Note. The figure displays whole tongue surface contours of participant CM4_007, a four-year-old boy, for
trials 'einebige’ (left) and 'einebuge' (right) at time points V50 (green), V100 (light green), C50 (orange), C100
(red), and schwa50 (pink). The dots highlight the highest points of the respective contours. The front of the
tongue is displayed towards the left of each plot.

To statistically assess these vowel-dependent tongue dorsum frontness trajectories, we used
generalized additive modelling (GAM). A generalized additive model is a mixed effects regres-
sion model that, in contrast to the more familiar linear mixed effects model, also includes non-
linear terms similar to polynomial curves, for example. GAMs can therefore detect linear as well
as non-linear patterns in dynamically varying data while also taking into account subject- and
item-related variability, as known from linear mixed effects models. This approach was previ-
ously applied to ultrasound data acquired from adults (Strycharczuk & Scobbie, 2017) and used
for the analysis of anticipatory coarticulation in the present developmental data set by (Noiray,
Wieling, et al., 2019).

We fit our models using the function bam of the mgw package in R (version 1.8-28;
Wood, 2011, 2017). For each model, the function gam.check was used to examine the normality
of residuals’ distribution, heteroscedasticity, and adequacy of the k-parameter. This parameter
specifies the maximal non-linearity by setting the size of basis dimensions for each predictor. It
is limited to the number of the predictors’ unique points. For more detailed information on the
application of GAMs on articulatory data, we recommend Wieling's (2018) tutorial.

For the current analysis, we tested whether the horizontal position of the highest point
on the tongue dorsum depended on the horizontal position of the tongue dorsum during the

stressed vowel (V50) at the four target time points V100, C50, C100, and schwa50. To include
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both Zime and tongue dorsum position at 1750 as well as their interaction as predictors, a tensor
product (te) was used. It captures changes in the shape of the tongue dorsum frontness trajec-
tory over time as a function of the frontness of the tongue dorsum during the stressed vowel
separately for each age cohort and consonant context. In the random effects structure of the
model, defined in two factor smooth terms (s), we included potentially non-linear patterns for
each participant and consonant over time and for the different horizontal tongue dorsum posi-
tions at V50. The complete code for this model with explanations of single parameters can be
found in the Appendix B. 1 (model m).

This first model detected the frontness trajectories of the tongue dorsum and tested
whether the patterns found are significantly different from zero, i.e., non-linear, for each age
cohort and consonant context. To answer our two research questions, however, direct compar-
isons of these patterns between 1) age cohorts, and 2) consonant contexts are necessary. Within
GAMs, binary difference tensors need to be included to assess the statistical significance of
comparisons between two dynamical patterns. To answer our first research question addressing
developmental differences, we therefore included binary difference tensors capturing whether
the age cohorts differed significantly with respect to the influence of the horizontal tongue
dorsum position during the vowel on the frontness trajectory of the tongue dorsum during the
following segments. An example of a code for a corresponding model including binary differ-
ence tensors can be found in Appendix B. 1 (model mb7).

Consonantal differences in vocalic carryover effects within age cohorts, the core of re-
search question two, were assessed similarly: The models here included binary difference ten-
sors capturing whether the consonant contexts /b/, /d/, and /g/ differed significantly with
respect to the influence of the horizontal tongue dorsum position during the stressed vowel on
the frontness trajectory of the tongue dorsum during the following segments within each co-
hort.

Because a total of six models was necessary to address all relevant comparisons (by
fitting the models with differing reference groups), we Bonferroni-corrected our significance

threshold to .008 to account for multiple comparisons.

3.4 Results

3.4.1 Patterns of carryover coarticulation

For each age cohort and consonant context, the pattern of carryover coarticulation is described

according to three parameters: the dependent variable horizontal tongue dorsum position in the
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course of the utterance, and the two independent variables #we point and horizontal tongue dorsum
position at the midpoint of the stressed vowel. To visualize these three dimensions, we present all 15
patterns (five age cohorts x three consonant contexts) in contour plots. Because these have not
yet become a standard way of presenting data, we first explain how to read them with the ex-

ample of 3-yeat-olds’ coarticulatory pattern in /b/ contexts (Figure 3.4).

Figure 3.4

Explanation of the Visualization of Results in Contour Plots
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Note. The figure shows an example of a contour plot that visualizes horizontal tongue dorsum positions over
time (based on the four time points V100, C50, C100, and schwa50 that are represented on the x-axis) de-
pending on the tongue dorsum position during the midpoint of the vowel (V50, y-axis). Tongue dorsum posi-
tions are indicated by color coding as shown in the small legend in the top right corner: from pink for front
positions (values close to zero) to blue for back positions (values close to one). The dashed horizontal lines in
the contour plot correspond do the two-dimensional graphs in the top row of the right side of the figure
display and refer to the tongue dorsum positions over time for a specific V50 position (0.2 and 0.7, respec-
tively). The dashed vertical lines correspond to the lower two graphs that visualize the tongue dorsum posi-
tion depending on the V50 position for a specific time point (C50 and schwa50, respectively).

In the contour plot on the left side of Figure 3.4, the predictors #me point and horizontal tongue
dorsum position at the vowel midpoint are presented on the x- and y-axis, respectively. Values close
to zero on the y-axis correspond to anterior tongue dorsum positions, values closer to one to
posterior positions. The horizontal position of the highest point of the tongue dorsum at a
given time point for a given V50 frontness value is depicted by color shades from pink for
anterior positions (values close to zero) to blue for posterior positions (values close to one) as
indicated in the small legend in the top right corner of the plot. Black contour lines connect

points with the same value to support legibility. The vertical bands at the four different time
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points are the actual data while the slightly shaded areas in between are what the model predicts
on the basis of this data.

The contour plot in Figure 3.4 presents a pattern resembling a fan getting wider towards
the right side with a variety of color shades at V100 but mostly purple shades at schwa50. What
this implies is that at V100 there is a broad range of horizontal tongue dorsum positions (i.e.,
values spread from just above zero to just below one) reflecting roughly the position at the
temporal midpoint of the vowel (y-axis). The further you get away from the vowel on the x-
axis, however, the less color shades referring to extreme tongue dorsum positions (i.e., far front
or far back) are found. Instead, we note more central positions regardless of the previous V50
tongue dorsum positions.

Each of the four small graphs on the right-hand side of Figure 3.4 isolates an independ-
ent variable to illustrate relations in a more familiar two-dimensional plot. The two plots in the
top row represent the horizontal green and orange dashed lines in the contour plot and depict
the horizontal motion of the tongue dorsum over time when the tongue dorsum position at
V50 is prespecified at 0.2 (left) and 0.7 (right). Starting from different positions, both lines move
towards the center over time. In the two bottom plots, we fixed the time points C50 (black
dashed vertical line) and schwa50 (red dashed vertical line). They depict how the tongue dorsum
position at a given time point changes with the tongue dorsum position at V50. The fan pattern
is reflected here by a stronger relationship at C50 than at schwa50.

Figure 3.5 presents the full matrix of contour plots for all age cohorts (from left to right:
C3, C4, C5, C7, and A) and consonants (from top to bottom: /b/, /d/, and /g/). Three main
observations can be drawn from this matrix: First, the fan-like gradual shift from vowel-specific
to overall more central positions over time desctibed above for three-year-olds’ /b/ context, is
found in all cohorts’ /b/ and /g/ contexts. However, the temporal development towards more
central tongue dorsum positions happens faster for older participants than for younger ones:
The pattern is compressed in adults’ plots as compared to young children’s, indicating earlier
central positions and therefore shorter vocalic impacts. Second, this developmental trend is
mote prominent in /g/ compared to /b/ contexts. And third, the pattern in /d/ contexts dif-
fers drastically from /b/ and /g/ contexts’ The pink hill in the plots indicates a forward move-
ment of the tongue dorsum during the consonant. This is more salient in younger than in older
participants. Our first model revealed that all of these carryover coarticulatory patterns are sig-

nificantly different from zero (p <.00017).
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Figure 3.5
Contour Plots lllustrating the Horizontal Movement of the Tongue Dorsum over Time
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Note. The x-axis indicates the four time points V100, C50, C100 and schwa50, the y-axis represents the tongue
dorsum’s horizontal position during V50. Color gradients as defined in the upper right corner indicate anterior
(pink) to posterior (blue) positions. Patterns are plotted separately for each age cohort and consonant con-
text (/b/, /d/, /g/). In each plot, the bright vertical bands indicate the time points we collected data for on
the basis of which the model estimated the shaded areas.

Because in Figure 3.5, the coarticulatory patterns of seven-, five-, and maybe four-year-olds
appeared visually similar, we ran a model including binary difference tensors for age cohort
comparisons to check whether we should group them. Using the seven-year-olds as reference,
results did not reveal any differences between their coarticulatory patterns and those of age
cohort C5. A difference was found, however, in compatison to cohort C4 in the /b/ and /g/
contexts as well as to cohorts C3 and A in all three consonant contexts. Cohorts C5 and C7

were therefore grouped for the subsequent analysis (C57 henceforth).

3.4.2 Comparison of coarticulatory patterns across age cohorts

To assess the statistical significance of the developmental differences in coarticulatory patterns
as impressionistically displayed in Figure 3.5, we fit three binary difference models with varying
reference groups. Table 3.3 - Table 3.5 present the outcomes of the models with the reference
groups C3, C4, and A respectively. In every table, the first three lines refer to the coarticulatory

pattern (i.e., the interaction between #me and tongue dorsum position at 1750 [V50pos]) of the
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reference group for the three consonant contexts. Lines four to 12 present the differences be-

tween the reference and the indicated age cohort for a given consonant. In all output tables, the

asterisks indicating significance levels adhere to the Bonferroni-corrected thresholds.

Table 3.3

Age Differences Within Consonant Context With Reference Group C3

Tensor product edf F-value p-value
(time, V50pos) : b 9.932 68.618 <0.00017 Ak
(time, V50pos) : d 23.804 23.693 <0.00017 Ak
(time, V50pos) : g 10.977 54.796 <0.00017 Ak
(time, V50pos) : C4 /b/ 6.207 1.688 0.11224
(time, V50pos) : C57 /b/ 7.385 9.751 <0.00017 Ak
(time, V50pos) : A /b/ 18.635 3.307 <0.00017 Ak
(time, V50pos) : C4 /d/ 5.739 0.712 0.67056
(time, V50pos) : C57 /d/ 6.323 3.577 0.00058  **
(time, V50pos) : A /d/ 18.654 2.341 0.00024  **
(time, V50pos) : C4 /g/ 9.796 3.335 <0.00017 Ak
(time, V50pos) : C57 /g/ 11.753 5.259 <0.00017 Ak
(time, V50pos) : A /g/ 9.951 5.384 <0.00017 Ak

Note. The table displays the output of the binary difference smooth model testing for age differences within

each consonant context with reference group C3. Significance codes '***': p <.00017; '"**': p <.0017; "*": p <
.008;".": p <.017.

Table 3.4

Age Differences Within Consonant Context With Reference Group C4

Tensor product edf F-value p-value
(time, V50pos) : b 13.942 50.662 <0.00017 Ak
(time, V50pos) : d 24.782 22.063 <0.00017 Ak
(time, V50pos) : g 12.884 41.321 <0.00017 Ak
(time, V50pos) : C3 /b/ 7.309 2.079 0.03133
(time, V50pos) : C57 /b/ 9.292 3.198 0.00029  **
(time, V50pos) : A /b/ 12.142 6.163 <0.00017 Ak
(time, V50pos) : C3 /d/ 6.340 1.663 0.11784
(time, V50pos) : C57 /d/ 9.439 1.882 0.03155
(time, V50pos) : A /d/ 12.329 3.580 <0.00017 Ak
(time, V50pos) : C3 /g/ 11.907 2.427 0.00144  **
(time, V50pos) : C57 /g/ 7.680 11.743 <0.00017 Ak
(time, V50pos) : A /g/ 7.452 5.906 <0.00017 Ak

Note. The table displays the output of the binary difference smooth model testing for age differences within

each consonant context with reference group C4. Significance codes '***': p <.00017; '"**': p <.0017; "*": p <
.008;".": p<.017.
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Table 3.5

Age Differences Within Consonant Context With Reference Group A

Tensor product edf F-value p-value
(time, V50pos) : b 21.156 44.753 <0.00017 Ak
(time, V50pos) : d 22.815 33.594 <0.00017 Ak
(time, V50pos) : g 13.446 57.036 <0.00017 Ak
(time, V50pos) : C3 /b/ 9.939 2.830 0.00069  **
(time, V50pos) : C4 /b/ 4.001 6.231 <0.00017 Ak
(time, V50pos) : C57 /b/ 5.165 3.222 0.00416 *
(time, V50pos) : C3 /d/ 6.447 4.356 <0.00017 Ak
(time, V50pos) : C4 /d/ 8.582 2.638 0.00198 *
(time, V50pos) : C57 /d/ 5.810 1.832 0.07487
(time, V50pos) : C3 /g/ 11.800 3.804 <0.00017 Ak
(time, V50pos) : C4 /g/ 7.089 9.661 <0.00017 Ak
(time, V50pos) : C57 /g/ 7.690 12.660 <0.00017 Ak

Note. The table displays the output of the binary difference smooth model testing for age differences within
each consonant context with reference group A. Significance codes '***': p <.00017; '**': p <.0017; '*": p <
.008;".": p<.017.

Table 3.3 shows that three-year-olds differed from all other cohorts in the /g/ context, while
they did not differ significantly from fout-year-olds in the /b/ and /d/ contexts. Fout-year-
olds differed from adults in every consonant context but did not differ from the five- and seven-
year-olds in the /d/ context (cf. Table 3.4). Table 3.5 finally completes the group comparisons
by indicating that adults did not differ from cohort C57 in the /d/ context but did differ in /b/
and /g/ contexts. Figure 3.6 visualizes these age differences in two-dimensional plots. Similar
to the black and red graphs in Figure 3.4, we fixed the independent variable #e point for each
plot (from top to bottom: V100, C50, C100, and schwa50). The horizontal tongue dorsum
position at V50 is represented on the x-axis and its position at the indicated time point on the
y-axis (both from zero = anterior positions to one = posterior positions). Each plot depicts
every age cohort’s results for one consonant context (from left to right: /b/, /d/, /g/).

How to read the plots is demonstrated by means of the coarticulatory pattern in /g/
contexts at C100 (fourth plot in the right column). Let us focus on the light blue line that
represents three-year-olds’ coarticulatory patterns. For each horizontal tongue dorsum position
at the midpoint of the vowel (x-axis), the corresponding horizontal tongue dorsum position at
the endpoint of the following /g/ (C100) is plotted (y-axis). For vowels produced with relatively
front tongue dorsum positions, for example 0.2, which could characterize the categories /i/ or
/e/, the tongue dorsum is at about 0.4 at C100. For posterior vowels, for example positions of

0.8 (i.e., /o/ ot /u/), the tongue dorsum is at about 0.6 at C100. The tongue dorsum position
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at C100 therefore depended on the tongue dorsum position at V50. The steeper a cohort’s line
in a specific consonant context is, the closer the tongue dorsum position during the investigated
time point resembles that during the midpoint of the previous vowel, i.e., the higher is the
coarticulation degree. The example plot (/g/ at C100) illustrates a higher coatticulation degree
for younger than for older speakers, since lines flatten with increasing age.

GAMs allow us to detect linear as well as non-linear patterns in this relationship. Co-
horts C4 and C57 in the same plot for example, display a slowly increasing line with higher
slopes towards both ends of the V50 continuum. This implies that the tongue dorsum is in a
central position (approximately 0.5) following vowels with all positions from 0.3 to 0.7; the
correlation between V50 position and C100 position is therefore relatively weak here. When
following vowels with extremely front or extremely back positions, however, the tongue dor-
sum position at time point C100 mirrors this direction resulting in higher correlations towards
the edges. In adults’ /b/ context at C50 on the other hand, the non-linear pattern is reversed,
with flat edges and a strongly increasing part in the middle. This implies that the tongue dorsum
moved towards more central positions following extremely front and back vowel positions,
while remaining approximately at the vocalic position for V50 values of 0.3 to 0.6.

Figure 3.6 illustrates that the development of coarticulation degree is consonant specific.
The least age differences in coarticulation degree were found in the /b/ context. Adults’ lines
representing /b/ contexts stand apart from those of the child cohorts at every time point in
being flatter and less linear. It also becomes apparent that the statistically confirmed difference
between the five- and seven-year-olds and the younger children mainly results from a difference
in coarticulation degree at schwa50 where cohort C57 displays a lower slope. For the /g/ con-
text, Figure 3.6 illustrates a growing differentiation between the cohorts across time points in
the utterance: While at V100 and C50, adults only differed from children in slightly more central
productions following back vowel positions; at C100 and schwa50 lines spread apart. Adults
produced the schwa in /g/ contexts with a relatively central tongue dorsum position independ-
ent of the previous vowel, whereas children’s tongue dorsum positions still resembled that of
the preceding vowel. Finally, in /d/ contexts, tongue dorsum positions at C50 were relatively
front, especially for young children, as already indicated by the pink hills in their contour plots
(Figure 3.5), and coarticulation degree increased with age. Interestingly, however, children’s pat-
terns at schwa50 suggest a higher coarticulation degree than found in adults again. Similar to
adults, their tongue positions were mostly central, but the observed non-linearity displays vowel-
induced shifts towards more anterior and posterior positions respectively, that were not found

in adults.
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Figure 3.6

Relation Between the Tongue Position at V50 and at the Four Investigated Following Time Points per Age
Cohort
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Note. The figure displays the relation between the tongue dorsum position at V50 (x-axis) and that at each
of the four investigated time points (y-axis, per row: V100, C50, C100, schwa50) per age cohort. Each conso-
nant context is plotted separately.
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3.4.3 Comparison of consonantal impact within age group

To assess consonant-induced differences in coarticulatory patterns within age cohorts, another
binary difference smooth model was fit. Because Figure 3.5 suggested a high similarity between
coarticulatory patterns in /b/ and /g/ contexts while /d/ contexts seemed to stand apart, the
/b/ context was used as a reference. The output of the model comparing the interaction be-
tween time and the horizontal position of the tongue dorsum during V50 between consonant
contexts within age cohorts is displayed in Table 3.6. While the first four lines represent the
interaction between #ime and tongue dorsum position at 1750 in the /b/ context (reference level) for
each cohort, lines five to eight provide information on the difference between /b/ and /d/,
and lines nine to 12 between /b/ and /g/ contexts within each cohort.

For three-year-olds, thete was no significant difference between the /b/ and /g/ con-
text patterns. In all other cohorts however, both the coatticulatory pattern for /d/ and for /g/
contexts differed significantly from that in the /b/ context. Similar to Figure 3.6, Figure 3.7
visualizes these consonantal differences in two dimensions. Each plot depicts one age cohort’s
tongue dorsum positions in all three consonant contexts.

Figure 3.7 illustrates that /b/ and /g/ did not differ in their coarticulatory pattern for
three-year-olds as was indicated by the model. Here, we get the additional information, that the
coarticulation degtee of these consonants was higher than that of /d/. In addition to this dif-
ference, older cohorts’ /b/ contexts allowed an even higher coatticulation degree than /g/
contexts. For adults however, the consonantal differences do not seem as pronounced as for
children. In each cohort, V100 was characterized by a high vowel dependency in each consonant
context; the consonant-related differences of the vowel’s coarticulation degree were strongest

at C50 and C100 and decreased again at schwa50.
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Table 3.6

Consonantal Differences Within Age Cohorts

Tensor product edf F-value p-value
(time, V50pos) : C3 3.001 243.207 <0.00017 Ak
(time, V50pos) : C4 18.465 34.896 <0.00017 Ak
(time, V50pos) : C57 23.248 75.983 <0.00017 Ak
(time, V50pos) : A 19.750 47.268 <0.00017 Ak
(time, V50pos) : C3 /d/ 7.830 32.389 <0.00017 Ak
(time, V50pos) : C4 /d/ 8.876 13.653 <0.00017 Ak
(time, V50pos) : C57 /d/ 7.826 26.629 <0.00017 Ak
(time, V50pos) : A /d/ 8.253 9.348 <0.00017 Ak
(time, V50pos) : C3 /g/ 7.783 1.118 0.34066
(time, V50pos) : C4 /g/ 6.886 3.655 0.00042  **
(time, V50pos) : C57 /g/ 7.397 9.584 <0.00017 Ak
(time, V50pos) : A /g/ 6.196 5.647 <0.00017 Ak

Note. The table displays the output of the model testing for consonantal differences within age cohort. The

reference consonant is /b/. Significance codes '***': p <.00017; '**': p < .0017; '*': p <.008; ".": p < .017.

To summarize our main results, consonant-context-dependent differences in vocalic carryover

coarticulation were found in every age cohort. Except for three-year-olds’ /b/ and /g/ patterns,

the three consonant contexts differed significantly for every age cohort. The across-cohort anal-

ysis testing for developmental differences revealed developmental trajectories of coarticulation

degree to be consonant-specific, with a clear decrease in coarticulation degree with age for /g/

contexts, a slight decrease for /b/ contexts, and a special pattern for /d/ contexts indicating

less coarticulation for children than adults in the domain of the consonant but slightly more

coarticulation for younger participants again during the final schwa.
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Figure 3.7

Relation Between the Tongue Position at V50 and at the Four Investigated Following Time Points per Conso-
nant
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3.5 Discussion

The present study is the first one using kinematic data to assess children’s lingual carryover
patterns as well as the first one ever investigating carryover coarticulation in German children.
Because previous analyses within the same group of participants suggested a strong decrease of
vocalic anticipation with increasing age, we asked whether vowel-related movements would also
overlap more with following gestures in children’s than in adults’ speech. In a cross-sectional
design we recorded speech movements via ultrasound tongue imaging to follow the develop-
ment of coarticulatory processes in children from as young as three years of age until adulthood.
The results confirm a developmental decrease in carryover coarticulation degree and therefore
support our hypothesis of broader vocalic activation not only in the left (Noiray, Wieling, et al.,
2019; Rubertus & Noiray, 2018) but also in the right field of the utterance. The articulatory
demands of the consonantal context were shown to impact the coarticulatory pattern within as
well as across cohorts. The following sections discuss origins and implications of 1) the general
developmental decrease of coarticulation, 2) the consonantal impact within age cohorts, and 3)

the consonant-dependent developments across cohorts.

3.5.1 Carryover coarticulation decreases with age

The present study uncovered a developmental decrease of carryover coarticulation of stressed
vowels in VCa sequences. In utterances with the consonants /b/ and /g/, this decrease was
evident through the gradual shift from vowel-specific tongue dorsum positions towards a cen-
tral position being significantly slower for young children than for older children and especially
for adults (cf. Figure 3.5). Our interpretation within the coproduction framework (C. A. Fowler,
1980) is that the overlap of vocalic activation with following gestures is larger in younger than
in older speakers. Although utterances containing the alveolar stop /d/ displayed a pattern dif-
fering tremendously from that of /b/ and /g/ contexts, we found evidence for a developmental
decrease of vocalic activation here as well: While during the domain of the consonant the vocalic
impact was lower in children than in adults, children produced the final schwa with tongue
dorsum positions resembling more those of the vowel than adults’. The special coarticulatory
pattern noted in alveolar contexts and the resulting discontinuous coarticulatory effects will be
discussed in chapters 5.2.1 and 5.2.2.

The finding that not only young children’s anticipatory but also their carryover coartic-
ulation of stressed vowels is stronger than older participants’, supports the hypothesis of a com-
pression of activation curves with age that was implied by Nittrouer (1993) and revisited here.

While our illustration of the hypothesized activation curves in Figure 3.1 is just a simplified
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sketch not integrating articulatory demands of the combined gestures, it depicts developmental
differences in speech production strategies coherent with those identified in the present study.
The symmetry of developments in both coarticulatory directions suggests anticipation and per-
severation of a stressed vowel’s articulatory gestures to have a common origin in the way ges-
tures are phased to each other and overlap with their neighbors instead of being the result of
two distinct processes.

A possible origin of broader vocalic activation in child than in adult speech may be
related to the finding that a well-balanced degree of inhibition of temporarily irrelevant infor-
mation in various cognitive domains only matures in the course of childhood (e.g., Bjorklund
& Harnishfeger, 1990). Elements that are for some reason prominent or hyperactive would
therefore be harder to inhibit for children than for adults. In chapter 3.2.3, various arguments
for children to ascribe stressed vowels a special status in perception as well as production were
summarized. C. A. Fowler (1980) proposed that exactly these stressed vowels serve as the basis
for the organization of gestural activation and phasing. It therefore seems likely that a hyperac-
tivation of vowels could in turn lead to broader gestural activation and execution, as for example
suggested in Tilsen's (20106) selection-coordination theory of speech production. Accordingly,
children’s difficulty with inhibiting especially prominent parts of the speech plan would result
in higher activation of vowels at a selection stage before execution leading to earlier initiation
of the vocalic gesture and therefore to a higher degree of anticipatory coarticulation. It would,
however, also delay the de-selection of the gesture after the vowel target was reached leading to
broader overlap with following gestures, i.e., to a higher degree of carryover coarticulation. Ac-
cording to Tilsen (2018), the development of the speech production system across childhood
could be driven by a change of the kind of feedback accessible to speakers as is known from
other motor processes (e.g., Butz, Sigaud, & Gérard, 2003). While children would first rely on
relatively slow external feedback from peripheral sensory organs, with experience, the faster
internal feedback that works with predictions of sensory consequences of outgoing motor com-
mands becomes accessible. It seems possible that the change in the use of feedback with in-
creasing language experience and the maturation of inhibitory processes are closely related.
Tilsen (2018) explicitly relates findings of a higher degree of anticipatory vowel-to-consonant
coarticulation to an immaturity of the coordination of gestures. More precisely, he ascribes the
CV hyper-coarticulation in child speech to an “asymmetry such that closure is more strongly
coupled to V than release” (p. 33). At least in this form his reasoning does not provide a direct
explanation either for children’s greater degree of anticipatory long-distance coarticulation

(Rubertus & Noiray, 2018), nor for the greater degree of carryover coarticulation found in the
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present study. We hope our findings stimulate a revival of empirical interest in carryover coar-
ticulation to feed speech production (development) models.

While the maturation of inhibitory control possibly triggered by a change in the use of
teedback can account for the anticipation and the perseveration of a vocalic gesture as well as
their development across childhood, it would certainly be premature to exclude other scenarios.
The decrease of coarticulation in the two directions might only resemble each other on the
surface while being driven by different maturational processes: Can Flege's (1988) conclusion
that inertial properties of the speech motor system do not change with age for example be
replicated with articulatory measures and be transferred from velar to lingual motion? Only
additional systematic investigations of carryover coarticulation in children’s speech, for example
via different speech rate conditions, as well as a direct comparison of anticipatory and carryover
coarticulation can enlighten our understanding of the speech production mechanism and its
development.

In order to investigate coarticulation development across childhood, the present study
focused on age differences only, for reasons of simplicity. We would like to emphasize, how-
ever, that age itself should not be mistaken as the driving force for changes in spoken language.
Instead, age is a mediating variable reflecting various cognitive and motor developments not
flluminated here. In a recent study, it was for instance found that children with greater
knowledge of the phonological structure of their language show more mature coarticulatory
patterns than children with poor phonological awareness (Noiray, Popescu, et al., 2019). In
addition, we have started examining possible influences of literacy acquisition on speech organ-

1zation.

3.5.2 The impact of the consonant within cohorts

While we did find evidence for generally broader vocalic activation in children than in adults in
all three consonant contexts, our results suggest that the consonant impacts on the coarticula-
tory trajectories within each cohort as well as on the development of vocalic carryover coartic-
ulation across cohorts. Within each age cohort, there is a clear distinction of vowel-dependent
tongue dorsum movement patterns as a function of consonants’ degree of coarticulatory re-
sistance. Utterances with low resistant consonants /b/ and /g/ ate characterized by a gradual
shift from vowel-specific towards central tongue dorsum positions while tongue dorsum move-
ments in utterances with the high resistant consonant /d/ ate cleatly discontinuous, moving
front in the domain of the consonant to then resume a rather central position during schwa.

Except for the three-year-olds, a significant difference in coarticulation degree was found
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between the two low resistant consonants /b/ and /g/ with the bilabial allowing for more
vocalic perseveration than the velar.

This set of findings is in line with C. A. Fowler and Brancazio's (2000) hypothesis of
temporary resistance-dependent consonantal clamps of the tongue dorsum during continuous
vowel productions. Because the tongue dorsum is not recruited for the bilabial plosive, it can
follow its trajectory from vowel specific towards central positions without being disturbed while
the lips form the closure for the consonant. Here, there is therefore no need for the tongue
dorsum to reach a rather central position soon after the vocalic target because the bilabial plo-
sive is intelligible independent of the tongue position. On the contrary, the velar plosive /g/
shares the primary articulator with the vowels. However, due to its low resistance, vocalic and
consonantal movements are blended, resulting in vowel-dependent locations of the palatal con-
striction. Consequently, there is a gradual shift from the preceding vowel towards the center
resembling that of the bilabial but reaching a central position eatlier because of the relatively
central position of the necessary palatal closure. Last, the highly resistant plosive /d/ needs a
front movement of the tongue dorsum to support the tongue tip in forming the alveolar con-

striction which results in a strong temporal clamping of the tongue dorsum.

3.5.3 The impact of articulatory demands on the development of coarticu-
Iation
In terms of development across cohorts, we found that the decrease of coarticulation degree is
strongest in /g/ contexts. The contout plots in Figure 3.5 suggest that the point of palatal
contact for /g/ is more variable in younger than in older speakers. While tongue dorsum posi-
tions during the consonant’s mid and end point are distributed widely from front to back posi-
tions in the young cohorts, the older the speakers are, the more central the tongue is during
/g/. Again, this speaks for a strong blending of vocalic and consonantal gestures in young chil-
dren resulting in very vowel-dependent points of palatal contact and therefore more variability
in the constriction location of /g/. Older speakers on the other hand, display less vowel-de-
pendency of the consonant which we interpret as evidence for less coproduction due to com-
pressed vocalic activation curves compared to younger speakers. For utterances including the
bilabial /b/, the decrease in coarticulation degtee is significant as well although the difference
between the youngest and the oldest cohort is not as strong as in the /g/ context. Presumably,
this is because the strength of coproduction of vocalic and consonantal gestures does not result

in changes of a point of lingual contact but only determines how long the vowel ‘fades out.”
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The developmental results from the alveolar context shed light on an aspect of the mat-
uration of speech motor control across the age cohorts tested. This finding supplements exist-
ing research suggesting that the development of speech motor control is protracted and con-
tinues until adolescence at least in some aspects (Noiray et al., 2010, 2013; Smith & Zelaznik,
2004). To produce an alveolar stop, the tongue tip forms a constriction at the alveolar ridge.
The strong forwards movement of the tongue dorsum that we see during the production of
/d/ in young children but way less in adults (cf. Figure 3.5) indicates that children do not only
move the tongue tip forward but the tongue dorsum as well. We interpret this as evidence for
a tighter coupling or lack of independence between the tongue tip and the tongue dorsum in
young children. Interestingly, results in Noiray, Wieling, et al. (2019, p. 3043) had indicated a
more anterior tongue dorsum position for adults than for children during the production of
/d/ as Ciinstead of Ca. A closer look at the data revealed that children’s tongue dorsum posi-
tions during the production of the alveolar stop are approximately the same in Ciand C>while
adults’ positions differ tremendously. This pattern is predicted by Tilsen's (2018) hypothesis of
immature coordinative control: In C:= d contexts on the one hand, the vowel is coupled to the
consonant’s release for adults but to the consonant’s closure for children. Vocalic and conso-
nantal demands would therefore be blended more strongly in young participants, while adults’
vocal tract is dominated by the alveolar constriction gesture. In C2= d contexts on the other
hand, the vocal tract is in shape for the vowel when the consonantal gesture is initiated. Vocalic
and consonantal gestures would therefore blend immediately from the beginning of Czin all
cohorts. Regardless of the reasons behind the adults’ pattern however, this observation shows
that an independence of the tongue tip from the tongue dorsum creates the possibility for in-
dependent movements on the one hand and articulatory synergies on the other (cf. Noiray et
al., 2013). Importantly, children in the younger cohorts have not mastered the independent
functional control of tongue tip and tongue dorsum yet (cf. Nittrouer et al., 1996), but with
increasing age and speech motor experience the independence of the two articulatory organs
increases, approximating an adult-like pattern in five- and seven-year-olds. How these develop-
mental changes in articulatory independence and synergies can be simulated in speech produc-
tion models like the task dynamic model of inter-articulator speech coordination (TaDA) is the
focus of another project currently run in our laboratory. While the tighter coupling of tongue
tip and tongue dorsum prevents a higher activation of children’s vocalic gestures from being
measurable during the consonantal domain, it becomes apparent again during the schwa. As-
suming C. A. Fowler and Brancazio's (2000) notion of consonants clamping the tongue dorsum

temporarily during continuous vowel productions, this suggests that children’s vocalic gestures
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are active until the final schwa but temporarily hidden by the consonantal requirements, while

adults’ vowel activation seems to decrease to a minimum before schwa production.

3.6 Conclusion

The present study provides first empirical evidence for vocalic carryover coarticulation to de-
crease with increasing age and therefore to develop similarly as anticipatory coarticulation. Alt-
hough for now we cannot rule out other possible scenarios, this finding does not give rise to a
discrepancy of underlying mechanisms between the two coarticulatory directions. Instead, we
interpret our results as suggesting one common mechanism underlying anticipatory and carryo-
ver coarticulation: the coproduction of simultaneously active speech gestures that decreases
across childhood in both directions because of a maturation of inhibitory control mechanisms
responsible for accurate selection and de-selection of gestures. In addition to the width of ges-
tural activation, our results support the notion that the degree of vocalic carryover coarticulation
depends on the compatibility of articulatory demands of active speech gestures. Because of
speech motor control maturation during childhood, this dependency is another source for de-

velopmental differences in coarticulatory patterns.
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THE PROTRACTED DEVELOPMENT OF PHONEMIC BLENDING
FLLUENCY IS REFLECTED IN COARTICULATORY PATTERNS:

EVIDENCE FROM BEGINNING AND PROFICIENT READERS’

4.1 Abstract

Learning to read is a crucial milestone in children’s development that has a lasting impact on
socio-economic integration and professional success. In transparent orthographies bearing con-
sistent relations between graphemes and phonemes, beginning readers rely on sequential graph-
eme-to-phoneme decoding and blending. This leads to early accuracy but protracts word read-
ing fluency. For the first time, the present study addresses this lack of fluency with kinematic
measurements of anticipatory coarticulation, an essential feature of speech fluency. We employ
state-of-the-art ultrasound imaging to track German beginning and proficient readers’ tongue
movements when reading aloud or repeating pseudowords. Using generalized additive mixed
models, we show that unlike adults, children initiate lingual gestures for target vowels substan-
tially later in the Reading compared to the Repetition condition. Their extent of anticipatory
coarticulation is therefore lower in the former than in the latter condition. The present study
provides first evidence that after one to two years of formal reading training, children lack pho-
nemic blending fluency when reading aloud. Furthermore, it shows that with direct articulatory
measures we can detect fine-grained differences in phonemic blending not revealed by standard
measures of reading fluency. Implications for developmental changes in phonological represen-
tations and for the course of reading acquisition are discussed.

4.2 Introduction

Spoken language enables us to efficiently communicate with others. While it is ultimately com-
posed of a finite set of speech sounds and their underlying articulatory speech gestures, the
conveyed stream of information is fairly fast, continuous, and dynamic because the gestures are
coproduced resulting in overlapping sounds (i.e., coarticulation) (C. A. Fowler, 1980; C. A.
Fowler & Saltzman, 1993; Gafos & Goldstein, 2012). Most preliterate children are not yet aware
that continuous speech is composed of a finite set of units corresponding to phonemes
(Goswami & Bryant, 2016). When exposed to an alphabetic orthography, however, they see
distinct letters black on white, one neatly following the other. The developmental path from

print to fluent oral reading that requires children to learn to convert a sequence of letters into a
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continuous speech stream is protracted. While standard assessments of reading proficiency infer
fluency based on measures of accuracy and reading speed, the present study relies on direct
kinematic measures of tongue motion to zoom in on phonemic decoding fluency - the identifi-
cation and blending of the sounds corresponding to the letters of a word (Hudson, Pullen, Lane,
& Torgesen, 2008). Phonemic decoding fluency is an important predictor of reading compre-
hension in beginning readers and therefore sets the basis for successful reading acquisition
(Caravolas et al., 2019; Martens, Werder, Hier, & Koenig, 2013). Using measures of lingual
coarticulation, we show that while German second- and third graders succeed in reading short
utterances accurately, the single sounds are not blended as fluently as when the utterances are
repeated after a model speaker. Ultimately, however, proficient (adult) readers do not exhibit
differences in coarticulation based on whether they read aloud or repeat. The present study
therefore provides first evidence for fine-grained fluency differences in the typical acquisition
of reading that are not detected via standard measures like accuracy and speed to be reflected

in measures of coarticulation.

4.2.1 The virus of literacy

By the time children learn to read, they have had experience with spoken language for about
five to seven years. While most children develop spoken language fluency automatically with
daily audio-visual input, learning to read requires instruction and extended practice (Boyer &
Ehri, 2011; A. M. Liberman, 1989, 1991). The acquisition of literacy causes drastic changes in a
person’s brain (Dehaene, Cohen, Morais, & Kolinsky, 2015) and impacts speech production
and perception in several ways: It affects how neighboring articulatory gestures are coordinated
in the continuous speech stream (Popescu & Noiray, 2021). Relatedly, the presentation of the
orthography in addition to acoustics leads to an increased phonetic production accuracy and
governs participants’ perception of ambiguous speech sounds (Bonte, Correia, Keetels,
Vroomen, & Formisano, 2017; Saletta, 2019; Saletta, Goffman, & Brentari, 2016). Using tran-
scranial magnetic stimulation, Pattamadilok, Knierim, Kawabata Duncan, and Devlin (2010)
demonstrated that literacy acquisition changes existing phono-articulatory representations, in-
stead of “only” coactivating phonological with newly built orthographic representations (Frith,
1998; J. C. Ziegler, Ferrand, & Montant, 2004). The idea that existing representations are spec-
ified by literacy acquisition, is also supported by the finding that categorical precision in pho-
neme perception is positively correlated with level of literacy, regardless of age (Kolinsky et al.,
2021). Our orthographic knowledge may even mislead our perception of fluent speech: Briigel-

mann (1992) speaks of a filter of orthography through which literate adults perceive speech -
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we “believe to hear what we actually see [Wir meinen zu horen, was wir eigentlich sehen”] (p.
80). Similarly, Frith (1998) compares the acquisition of an alphabetic orthography to a virus:
“This virus infects all speech processing, as now whole word sounds are automatically broken

up into sound constituents” (p. 1011).

4.2.2 From discrete letters to continuous speech

With the term “whole word sounds” Frith (1998) refers to coarticulated speech in which sounds
overlap with each other because they are coproduced by smoothly overlapping articulatory ges-
tures (e.g., concurrent tongue fronting for /i/ and lip closing movement for /b/ in the syllable
/bi/; C. A. Fowler, 1980; C. A. Fowler & Saltzman, 1993; Gafos & Goldstein, 2012). This
coarticulation is a fundamental feature of speech, the engine that enables efficient and fluent
spoken communication. Over time, children naturally integrate the coarticulatory patterns of
their native language into their speech (Noiray, Wieling, et al., 2019). When exposed to written
words in an alphabetic orthography however, children see strings of single letters - a visual
representation of language misleadingly highlighting discreteness and seriality. Fluent word
reading requires learning to transpose these segments into a continuous stream of coarticulated
speech.

The rules of this transposition vary across orthographies and hence the specific writing
system a child is exposed to impacts the process of reading acquisition (Caravolas et al., 2019;
J. C. Ziegler & Goswami, 2005). Alphabetic orthographies differ in the degree of transparency
between graphemes and phonemes. Reading opaque orthographies (e.g., English, French) that
bear inconsistent grapheme-phoneme relations requires processing units larger than the letter.
In one of the most influential models of reading acquisition for English (Gathercole &
Baddeley, 2014), Frith (19806) therefore, describes a relatively short phase of indirect access via
alphabetic (letter-by-letter) decoding that is preceded by a direct logographic phase and followed
by an orthographic phase in which whole words are directly accessed via the lexicon. In trans-
parent orthographies instead, single graphemes reliably correspond to single phonemes (e.g.,
Finnish, Spanish). The present study investigates phonemic decoding and blending fluency in
German, an orthography with transparent grapheme-phoneme relations (J. C. Ziegler, Perry,
Jacobs, & Braun, 2001). In her model of reading acquisition for German, Scheerer-Neumann
(1989, 2007, 2018) highlights that letter-by-letter decoding plays a more important role than it
does in English. She points out that within the second year of formal literacy instruction, chil-
dren learning to read German start using units larger than graphemes (i.e., syllables and mor-

phemes). Crucially, however, she describes that (pseudo)words in this orthographic phase are,
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in contrast to English, still indirectly assembled via active decoding. Once beginning readers of
German develop awareness about graphemes being placeholders for sounds and therefore be-
ing a way of representing the spoken language they know (i.e., the alphabetic principle), they
quickly decode words accurately (Ehri, 1995; Landerl, Wimmer, & Frith, 1997; J. C. Ziegler,
Perry, & Coltheart, 2000). What they struggle more with, is reading speed and fluency (Aro &
Wimmer, 2003; Moll, Wallner, & Landerl, 2012), in other words, combining and blending the
sounds that they decipher from left to right (Frith, 19806) to a fluently coarticulated speech
stream.

While reading proficiency has traditionally been assessed via measures of speed and
accuracy (Aro & Wimmer, 2003; Moll et al., 2012), the literature about the protracted reading
fluency development in transparent orthographies lacks direct measures of articulatory fluency.
Although speed and coarticulatory extent are closely connected, the two do not necessarily go
hand in hand (see chapter 4.5). Our study aims to fill this gap by investigating the extent of
children’s and adults’ anticipatory coarticulation in read aloud compared to repeated speech. In
children, we focus on the transition between the alphabetic and the orthographic phase when
they are expected to read mostly fluent as assessed with standard measures. To achieve this goal,
we used the technique of ultrasound imaging that in the last decade has been proven successful
to measure articulatory speech fluency in both adults and children. These measures offer the
chance of detecting fine reading disfluencies otherwise easily overlooked and hence provide
new insights about reading development as well as about factors impacting on fluent speech

production.

4.2.3 Coarticulation as an index of decoding fluency

Measures of coarticulation have been widely used to track the typical development of fluent
speech production across childhood (e.g., Canadian French: Barbier et al., 2020; American
English: Cychosz, Munson, & Edwards, 2021; German: Noiray et al., 2018; Noiray, Wieling, et
al., 2019; Rubertus & Noiray, 2020; Scottish English: Zharkova et al., 2011) and to assess dis-
fluencies in atypically developing children (e.g., apraxia of speech: Nijland et al., 2002; stuttering:
Chang, Ohde, & Conture, 2002; speech sound disorders: Maas & Mailend, 2017).

When learning to read aloud in a language with a transparent orthography, even typically
developing children are initially disfluent (Aro & Wimmer, 2003; Moll et al., 2012). As outlined
above, oral word reading initially builds on sequential identification of sounds corresponding to
letters and blending them (i.e., coarticulating), while fluent speech is characterized by dynamic

patterns of segmental overlap. In that context, language-specific coarticulatory patterns in oral
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reading can only be produced when decoding is quick and efficient enough to anticipate up-
coming segments (Kawamoto, Liu, & Kello, 2015; Rastle, Harrington, Coltheart, & Palethorpe,
2000; Wimmer, 1996). Early-stage readers, however, stumble through a word without neces-
sarily capturing it as one larger unit. Measures of coarticulation i.e., of the amount and/or tem-
poral extent of overlap between articulatory speech gestures, thus far limited to evaluations of
spoken language fluency, may therefore provide a powerful method to assess the development
of fluency during reading acquisition.

Coarticulation can be quantified either from acoustic analyses of formant frequencies
or from measures of articulatory movements. In both acoustic and articulatory approaches,
coarticulation amount is often measured as a regression between one segment, interpreted to
undergo coarticulation and another segment interpreted to induce coarticulation, for example
V-to-C coarticulation in CV syllables (acoustics: T. Gibson & Ohde, 2007; Nittrouer et al., 1996;
Noiray et al., 2013, articulation: Butcher & Weiher, 1976; Noiray et al., 2018, 2013; Zharkova
et al., 2011). When viewing coarticulation as coproduction of segments (C. A. Fowler, 1980; C.
A. Fowler & Saltzman, 1993; Gafos & Goldstein, 2012) rather than the influence of one seg-
ment on the other, however, it is sensible to address the dynamic nature of speech looking at
change over time. In the present study, we therefore opt for a tight temporal sampling of tongue
position measures to provide a more accurate estimate of tongue dynamics. We examine vowel-
dependent tongue trajectories in pseudowords including either the target front vowel /i/ or the
back vowel /u/, representing the two endpoints of the front/back-dimension, in stressed po-
sition to detect the onset of vocalic anticipation in read aloud versus repeated speech (cf.

Goftman et al., 2008).

4.2.4 Research questions and predictions

This study tests the hypothesis that the lack of word reading fluency reported for early-stage
readers of German is reflected in their articulatory anticipation of vowels, as measured in tongue
trajectories. To test this hypothesis, we ask the following two research questions:

1) Do early-stage readers anticipate vowels earlier in repeated than in read aloud speech?
We predict that they do. Given their limited grapheme-to-phoneme decoding practice, German
second- and third graders should initiate vocalic gestures earlier within utterances when asked

to repeat pseudowords after a model speaker than when instructed to read them aloud.
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2) Does proficient readers’ vocalic anticipation differ between repeated speech and oral
reading?

We suggest that it does not. Since decoding and blending efficiency is expected to speed up

tremendously with experience, there should be no fluency difference between repeated and read

aloud utterances for proficient adult readers.

4.3 Materials and Methods

4.3.1 Participants

32 children (16 female, 16 male) aged 7;03 (Y;MM) to 9;05 years (mean: 8;03), enrolled in the
second (n = 13) or third (n = 19) grade of primary school, participated in the study. All children
were tested within two months of the first half of the school year (mid-October until mid-
December 2019) to have comparable duration of formal reading instruction within the cohorts.
For the present analysis, second- and third graders were pooled together because they did not
significantly differ in nonword reading proficiency as measured via a standard reading test
(SLRT, see below), neither based on grade (Welch t-test: t(22.14) = -0.53, p = .6) nor on age
(Pearson’s correlation: r(30) = .11, p = .56). All children were raised in monolingual German
homes, however, in school they had some input of English or French. An additional 11 children
were recorded but were not included in the present analysis due to either technical issues during
the recording (n=3), or because they read words silently before they read them out loud (n=7),
or because they were not feeling well during the recording (n=1). In addition, 16 native German
adults (9 female, 6 male, 1 other) between 19 and 55 years of age (mean: 29) were recorded.
Due to technical issues during the recording, data from two further adults could not be used.
No participant reported any hearing-related problem, and vision was normal or corrected. All
participants (were) reported to have (had) a typical language acquisition process and had not
received speech and/or language therapy in the two years before testing. The children and their

parents as well as the adult participants gave written informed consent for their participation.

4.3.2 Stimulus material

Stimuli were disyllabic pseudowords consisting of the consonants /b, d, g/ and the vowels /i,
u/ in the form consonant;-vowel-consonant,-schwa (C;VCy0) whetre C; always differed from
Ci. To examine vowel-induced differences in horizontal tongue trajectories across an utterance,
the studied vowels represent the extreme ends of the horizontal dimension (i.e., the most front

(/i/) and back (/u/) high vowels) of the German vowel space. Additional stimuli with the
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vowels /e, a, o/ were recorded but are not analyzed here. The fully crossed set of C;VC, com-
binations resulted in 30 different target pseudowords, 12 of which are used here. Each
pseudoword followed the German female indefinite article /aina/ building short utterances
such as /amo bi:da/.

Stimuli were presented in two elicitation conditions: Reading and Repetition. In the
Reading condition, they appeared on a screen in written form. Spelling of the article corre-
sponded to German orthography (<eine>). Pseudowords were spelled with transparent orthog-
raphy, not including any lengthening graphemes. Target words therefore always consisted of 4
letters corresponding to the 4 sounds, e.g., <bide>, <duge>, <gibe>, etc. No capital letters
were used. For the Repetition condition, previously recorded utterances of a native German
female adult were played acoustically. Pseudowords had a trochaic stress pattern as is most
common for disyllables in German.

The Reading condition always preceded the Repetition condition. Per condition, there
were 2 blocks, each including all 30 target words in random order. In total, participants were

presented with 120 stimuli, 60 visually (Reading) and 60 acoustically (Repetition).

4.3.3 Experimental procedure

Participants were recorded with SOLLAR (Sonographic and Optical Linguo-Labial Articulation
Recording system; Noiray et al., 2020), a child-friendly platform for recording acoustic and kin-
ematic data, which we adapted for the purpose of presenting written stimuli by connecting an
additional screen. This platform enables simultaneous recordings of tongue motion via ultra-
sound imaging (Sonosite Edge, sampling rate: 48Hz), head and labial movement via video re-
cording (Logitech Webcam), and the acoustic signal via a microphone (Sennheiser, sampling
rate: 48kHz). The ultrasound probe was fixed in a custom-made probe holder providing vertical
flexibility via springs while being stable in the lateral and horizontal dimensions. Participants sat
on a chair in front of the recording table and were instructed to put their lower jaw on the probe
to record the tongue surface contour in the midsagittal plane.

The stimuli were presented using OpenSesame (Mathot, Schreij, & Theeuwes, 2012)
which allows for both acoustic and visual output, a within-block randomized order of trials, as
well as a flexible inter-stimulus-interval determined by the participant’s speed. For children, the
production task was embedded in a playful “junior scientist” scenario including obligatory dis-
tractor tasks as well as optional pauses to keep them engaged throughout the recording. This

way, all invited participants completed all blocks.
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After the recording, we assessed participants’ reading proficiency using a subpart of the
Salzburger Lese- und Rechtschreibtest IT (SLRT II; Moll & Landerl, 2010) that asks participants
to correctly read out loud as many nonwords from a list as possible. The proficiency score
corresponds to the number of correctly read items within one minute, hence combining accu-

racy and speed. The list was the same for both children and adults.

4.3.4 Data processing

First, the acoustic signal was phonetically labelled using Praat (Boersma & Weenink, 2016). To
identify all segment boundaries within a trial, a stable periodic cycle in the oscillogram as well
as a stable formant pattern (especially a clearly detectable second formant (FF2)) were used as
indices for vowels. The first ascending zero-crossing in the oscillogram at the beginning of the
periodicity was accordingly set as vocalic onset, the first ascending zero-crossing after the end
of periodicity and disappearance of FF2 as the beginning of the following consonant. Only trials
without errors or hesitations are included in the present analysis. For this, two phonetically
trained referees, minimally one of whom was a German native speaker, assessed each trial for
audible hesitations as well as errors like metatheses, substitutions, insertions, and omissions.

The acoustically defined time stamps were used to identify corresponding frames in the
ultrasound signal. For the present analysis, each of the segments preceding the vowel (/a1/,
/n/, /a/,and /Ci/) wete assigned five keyframes: at the start of the segment, and at 20, 40, 60,
and 80% of the temporal length of the segment. Within the vowel, the frames at the onset, at
20, 40, and 60% of the temporal length were considered. The tongue contours in the ultrasound
signal were automatically detected by SLURP (Laporte & Ménard, 2018) and manually corrected
when needed (Figure 4.1). The horizontal position of the highest point of the tongue dorsum
surface contour (indicated in pink in Figure 4.1) was used as a representation of frontness of
the tongue body. Frames displaying less than approximately 70% of the surface contour, as well
as those for which the highest point of the tongue contour was not identifiable, were discarded.
To prevent including tongue contours in which the highest point of the tongue is on the tongue
tip instead of the tongue dorsum, frames with low horizontal values were visually inspected.
These criteria along with the exclusion of erroneous trials as well as those with hesitations over-
all led to the exclusion of 28.8% of children’s frames (39.9% of Reading frames, 17.7% of Rep-
etition frames) and 13.73% of adults’ frames (4.9% of Reading frames, 22.6 % of Repetition
frames).

To ensure comparability across participants, the horizontal tongue dorsum positions

were normalized. For this purpose, we set each speaker’s most anterior tongue dorsum position
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at vowel midpoint to zero and his/her most posterior tongue dorsum position at vowel mid-

point to one and scaled all his/her tongue dorsum positions in relation to this range.

Figure 4.1

Ultrasound Tongue Contour Detection

Note. Tongue contour detection exemplified on a third grader's /i/ at 40% within the temporal length of the
segment. Left: raw ultrasound image, right: labelled tongue contour with indication of frontness measure.
The front of the tongue is towards the left of the images.

4.3.5 Data analysis

The temporal extent of participants’ coarticulation was assessed by comparing horizontal
tongue dorsum trajectories over the course of an utterance between stimuli with back and those
with front vowels, similar to Goffman et al.'s (2008) approach to labial coarticulation. We de-
termined the onset of vocalic anticipation as the time point of trajectory divergence for /i/- and
/u/-stimuli, when in the former, the tongue moves front and, in the latter, backwards. A com-
patison of the contrast of /i/- and /u/-stimuli between the two expetimental conditions Rep-
etition and Reading allowed us to investigate whether target vowels are anticipated earlier in
repeated as compared to read aloud speech.

Figure 4.2 shows the tongue configurations at the different time points of interest, as
indicated by color shades. The left-hand side shows the key frames from /ams bi:/ of a third
graders’ ‘einebige’ trial, the right-hand side the same participant’s /amno bu:/ from the trial ‘eine-
buge’. Both trials are taken from the Reading condition and therefore only differ in the vowel.
The highest point of the tongue dorsum is highlighted by a dot on every tongue shape. The
horizontal position of this point neatly represents the frontness of the tongue body. The greatest
difference between the two plots is in the tongue configuration for the vowels (yellow tongue

shapes). As expected, /i/ is produced with a very front tongue position, while for /u/ the
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tongue is back. Crucially, the consonant (green shades) and in parts the schwa (petrol shades)

differ between the two plots, tending towards the subsequent vowel.

Figure 4.2

Temporal Unfolding of /i/- Versus /u/ Stimuli
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Note. Whole tongue surface contours of a female participant in third grade at the time points of interest. The
left plot depicts one of her ‘einebige’ trials, the right plot ‘einebuge’. For every contour, a dot highlights the
highest point. The front of the tongue is displayed towards the left side of each plot. The numbers in the
labels correspond to the % of temporal length within the segment.

To assess coarticulation extent in the utterances, we fitted generalized additive mixed models
(GAMMs), a statistical approach used to assess both linear and non-linear effects, that is be-
coming increasingly popular in studies on human speech production (Noiray, Wieling, et al.,
2019; Rubertus & Noiray, 2020; Strycharczuk & Scobbie, 2017; Tomaschek, Arnold, Broker, &
Baayen, 2018). Models were fitted using the function bam of the mgev package in R (Wood, 2011,
2017). The function gam.check was used to examine the normality of residuals’ distribution, het-
eroscedasticity, and adequacy of the £ parameter which specifies the maximal non-linearity of
the fitted smooth. By-speaker variability over time in distinguishing between the vowels (/i/,
/u/), the conditions (Reading, Repetition), and the consonants (/b/, /d/, /g/) was allowed for
via random effects in every model. Because of a possible relation between coarticulatory extent
and speech production speed (see chapter 4.5), speed was assessed and accounted for by inclu-
sion as a fixed effect in each model. Following Wieling’s statistical approach (Wieling, 2018),
we addressed vowel-induced trajectory differences within elicitation condition first, to then as-
sess whether the vowel contrast in trajectories differed significantly between the two conditions.
Allin all, our research questions are addressed with two sets of models, three for children (those
with extension .c), and three for adults (those with extension .a), all of which can be found in

Appendix C. 1 and on OSF (https://osf.io/gn8q2) along with their respective outputs. The
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models m1.c and ml.a test whether the horizontal position of the highest point of the tongue
dorsum depends on the target vowel and the elicitation condition. We included an interaction
between the two as independent variable and allowed for non-linear patterns of this interaction
over time. Possibly non-linear patterns over time for place of articulation of C1 (/b/, /d/, /g/)
as well as speed (slow, fast) were also added as fixed factors. While m1l.c and ml.a help us
visualize and interpret the smooths of interest, they do neither directly inform us about the
statistical difference between the two vowels within condition, notr about the statistical differ-
ence in vowel contrast between conditions. Therefore, two ordered factor models were fitted
to address the former and two binary comparison models were fitted to address the latter ques-
tion. Models m2.c and m2.a assess the vowel-induced trajectory difference within the two con-
ditions directly, using ordered factors with contrast treatment for vowel and condition, one
being TRUE for condition=Repetition and vowel=/u/, and the other being TRUE for condi-
tion=Reading and vowel=/u/. To finally address whether the Reading and the Repetition con-
ditions differed significantly in the vowel contrast, we fitted m3.c and m3.a which include new
smooths explicitly modelling the difference between the original smooths: One of these binary
(i.e., dummy) vatiables distinguishes /i/ from /u/ without any requirement on condition by
setting one level of the nominal variable to 0 (/i/ in our case) and the other level to 1 (/u/).
The other binary variable distinguishes /i/ from /u/ within condition by being set to 1 when-
ever the vowel is /u/ and the condition is Repetition and to 0 otherwise. Therefore, if this
second binary smooth is found to be significant, we can conclude that there is a considerable
contrast in coarticulatory extent between the two conditions addressed. To reduce the risk of
Type-1 error because of fitting two models for each question (i.e., one for children, one for
adults), we Bonferroni-corrected our significance threshold to .025 to account for multiple com-
parisons. For further details on how to model articulatory data with GAMMs, we recommend

Wieling's (2018) tutorial.

4.4 Results

4.4.1 Does speech rate differ between oral reading and repetition?

To rule out that differences in coarticulatory patterns between repeated speech and oral reading
do not (only) result from speed differences, participants’ speech rate was measured by taking
the duration from frame a1r_000 to frame V_060 in each trial. Figure 4.3 illustrates the distribu-
tion of durations per condition (Reading in blue, Repetition in pink) for children on the left-

hand side and adults on the right-hand side. For both age cohorts, the conditions vary
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significantly in their trial duration, however, for children, Reading trials (mean = 0.61s) are
longer than Repetition trials (0.54s; t(13506) = 33.781, p < 2.2e-16) while for adults, Repetition
trials (0.46s) are longer than Reading ones (0.42s; t(15451) = -45.38, p < 2.2e-16). The density
plots show that the distribution of children’s Reading trials is very wide and includes few trials
with very long durations while the majority of trials cluster with the Repetition trials. For adults
on the other hand, there are clearly two different maxima for the two conditions. To account
for speed-related differences, speech rate was included in the models as a fixed factor, catego-

rized in fast and slow per cohort based on a split at the respective median.

Figure 4.3

Trial Duration per Condition

B Reading
B Repetition

04 08 12 16 04 08 12 16
Duration (s) Duration (s)

Note. Density plots of the duration of trials based on the Reading and Repetition condition. Left: Children,
right: Adults.

4.4.2 Early-stage readers anticipate vowels earlier in repeated speech than
in oral reading
The temporal unfolding of the 32 children’s vocalic anticipation across conditions (as modelled
in m1.c) is illustrated in Figure 4.4. On the left-hand side, the figure depicts the smooths for
/i/- (in blue) and /u/-stimuli (in pink) in a coordinate system collapsing time and space: Not-
malized horizontal position of the highest point of the tongue dorsum (0 = front, 1 = back) is
plotted over the temporal course of the utterance. The upper plot shows the Reading condition,
the lower plot the Repetition condition. On the right-hand side, corresponding difference
smooths are shown with intervals of significant difference highlighted in red. The width of this

significance window depicts the temporal extent of significant vowel-related spatial differences
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in tongue positions, hence coarticulation. At the beginning of the utterances, both /i/-and /u/-
stimuli display very similar tongue trajectories but start to diverge at some point. The tongue
moves towards the front of the oral cavity for /i/, and towards the back for /u/. Importantly,
the time point of trajectory divergence is not at the acoustically defined onset of the vowel but
earlier, demonstrating anticipatory coarticulation in both conditions. As modelled in m2.c, the
contrast between /i/- and /u/-stimuli is significant in both conditions (see Table 4.1 and Ap-

pendix C. 4 for the complete model output).

Figure 4.4

Children’s Results
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Note. Left: non-linear smooths for /i/- (blue) and /u/-stimuli (pink) displayed as the position (0 — front, 1 —
back) of the highest point of the tongue dorsum (peakx) over time. The corresponding acoustic segment
boundaries are indicated on the x-axes. Right: differences between the /i/- and /u/-smooths. Significant time
windows are indicated in red. The Reading condition is displayed on the top, the Repetition condition on the
bottom. Basis: m1l.c (see Appendix C. 1 and Appendix C. 2).
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Table 4.1

Partial Model Output m2.c

Effect edf Ref.df F p-value
s(time): Reading /u/ 11.956 14.514 40.827 < 2e-16 ¥k
s(time): Repetition /u/ 11.576 14.107 40.852 < 2e-16 ¥k

Note. Results of the ordered factor smooths testing the vowel contrast within conditions for children. Signif-
icance codes (after Bonferroni-correction): “***’: p <.0005; ‘**': p <.005; ‘*": p <.025; “.”: p < 0.05.

Regarding the difference between oral reading and repetition, Figure 4.4 shows that vocalic
anticipation (i.e., divergence of the two smooths) started later in read aloud (within /o/) than
in repeated (within /n/) stimuli. This is also visible on the right-hand side of the plots with a
narrower window of significance in the former than in the latter condition. As tested in m3.c,
the Reading condition differed significantly from the Repetition condition in the i/u contrast

(see Table 4.2 and Appendix C. 6 for the complete model output).

Table 4.2

Partial Model Output m3.c

Effect edf Ref.df F p-value
s(time): Repetition /u/ 3.588 4.197 7.229  6.25e-06 ¥k

Note. Results of the binary difference smooth testing the difference in vowel contrast between conditions
for children. Significance codes (after Bonferroni-correction): “***’: p < .0005; “**’: p <.005; “*': p <.025; “.":
p <0.05.

4.4.3 Proficient readers’ extent of vocalic anticipation does not differ be-
tween oral reading and repetition

The results for the 16 adult speakers based on model m1.a are illustrated in Figure 4.5. Again,

the ordered factor model m2.a showed that trajectoties for /i/- and /u/-stimuli differed signif-

icantly within condition (see Table 4.3 and Appendix C. 10 for the complete model output.). In

both conditions, they start out at approximately the same relatively central location but diverge

soon with /i/-stimuli tending front and /u/-stimuli remaining central to then move backwards.
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Figure 4.5
Adults’ Results
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Note. Left: non-linear smooths for /i/- (blue) and /u/-stimuli (pink) displayed as the position (0 — front, 1 —
back) of the highest point of the tongue dorsum (peakx) over time. The corresponding acoustic segment
boundaries are indicated on the x-axes. Right: differences between the /i/- and /u/-smooths. Significant time
windows are indicated in red. The Reading condition is displayed on the top, the Repetition condition on the
bottom. Basis: Model m1.a (see Appendix C. 7 and Appendix C. 8).

Table 4.3

Partial Model Output m2.a

Effect edf Ref.df F p-value
s(time): Reading /u/ 7.603 9.490 25.060 < 2e-16  wHk
s(time): Repetition /u/ 5.926 7.310 29.896 < 2e-16  wxx

Note. Results of the ordered factor smooths testing the vowel contrast within conditions for adults. Signifi-
cance codes (after Bonferroni-correction): “***’: p <.0005; “**’: p <.005; “*": p <. 025; “.”: p < 0.05.

The difference between the two experimental conditions Reading and Repetition in the i/u
contrast as addressed in model m3.a, however, is not significant for adult speakers (see Table

4.4 and Appendix C. 12 for the complete model output). The left part of Figure 4.5 illustrates
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that the point of divergence of smooths for /i/- and /u/-stimuli is very similar for both condi-

tions, which is also illustrated by the significance windows on the right-hand side of the figure.

Table 4.4

Partial Model Output m3.a

Effect edf Ref.df F p-value
s(time): Repetition /u/ 2.374 2.636 0.584 476

Note. Results of the binary difference smooth testing the difference in vowel contrast between conditions
for adults. Significance codes (after Bonferroni-correction): “***’: p < .0005; ‘**': p <.005; ‘*’: p <.025; ": p
<0.05.

4.5 Discussion

The present study investigated vocalic anticipation in oral reading compared to repeated speech.
We asked whether the often-reported protraction of reading fluency development in German
early-stage readers (Aro & Wimmer, 2003; Moll et al., 2012) would be reflected in their extent
of vocalic anticipation even when standard assessments suggest fluency. To this end, we em-
ployed ultrasound tongue imaging to capture differences in tongue movement trajectories in
short utterances embedding high front versus high back vowels. With this measure we can spe-
cifically address phonemic decoding and blending fluency. Overall, we found that both profi-
cient adult and early-stage readers anticipate target vowels well ahead of their acoustically de-
fined onsets in both oral reading and repeated speech. However, in second- and third graders,
movement trajectoties of the tongue for /i/- and /u/-stimuli diverged substantially earlier for
repeated than for read aloud speech, indicating they anticipate upcoming vocalic targets eatlier
when they repeat than when they read aloud. Crucially, all analyzed utterances were overtly
fluent, without audible hesitations. In contrast, adults” extent of vocalic anticipation did not
differ between the experimental conditions Reading and Repetition. Implications of these find-
ings are discussed in the following sections.

Our main finding is that German children in second and third grade articulatorily antic-
ipate vowels eatlier in repeated speech compared to oral reading (Figure 4.4). Information about
upcoming vowels is therefore integrated in their speech production eatlier in repetition than in
oral reading. This may be because the stronger serial left-to-right processing in oral reading
decelerates the availability of information as compared to the repetition of heard speech. Based
on a series of experiments comparing oral reading and object naming in adults, Roelofs (2004)

provided evidence that both tasks involve similar serial processes. This suggests that effects of
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seriality may be located on the shared stage of phonological encoding. However, Mousikou,
Rastle, Besner, and Coltheart (2015) highlighted that some seriality effects can be attributed to
the reading-specific stage of orthography-to-phonology computation. In the present study, the
clear seriality difference between conditions, as revealed by children’s vocalic anticipation, sug-
gests that it is the orthography-to-phonology conversion that lacks speed. Eatly-stage readers
decode script in small portions from left to right and have not yet reached a decoding speed
allowing for speech-like anticipatory coarticulation. The present data show that the recorded
children surpassed the grapheme-by-grapheme decoding phase, producing coarticulated oral
reading. However, the extent of vocalic coarticulation is more restricted in read aloud than in
repeated speech. This active decoding of units broader than the letter neatly illustrates Scheerer-
Neumann's (1989, 2007, 2018) orthographic phase — exactly that phase that she described as dis-
crepant from reading development in more opaque languages like English. While the reading
fluency protraction in transparent orthographies has been investigated with measures of speed
and accuracy (Aro & Wimmer, 2003; Moll et al., 2012), to our knowledge this is the first study
directly addressing phonemic blending with articulatory measures.

Thus far, most empirical investigations of coarticulatory processes in child speech pro-
vided evidence for a developmental decrease in their strength (American English: Nittrouer et
al., 1989, 1996; Canadian French: Noiray et al., 2013; German: Noiray et al., 2018; Noiray,
Wieling, et al., 2019; Rubertus & Noiray, 2018, 2020; Scottish English: Zharkova et al., 2011).
Rubertus and Noiray (2020) interpreted this finding as evidence for stressed vowels to serve as
anchors during speech production, subdividing the speech stream and embracing close-by seg-
ments within their domain. Over time, the differentiation of individual speech segments be-
comes clearer and coarticulation decreases. Factors driving this decrease of coarticulation
amount are numerous and may be found in different domains with varying strengths through-
out development. One important factor is the changing articulatory system developing finer
speech motor control (Maas & Mailend, 2017; Nittrouer et al., 1989) and more precise articula-
tory patterns (Abakarova, Fuchs, & Noiray, 2022). Other factors like vocabulary size (Cychosz
et al., 2021; Noiray, Popescu, et al., 2019), phonological awareness (Noiray, Popescu, et al.,
2019), production practice (Cychosz et al., 2021), and reading proficiency (Popescu & Noiray,
2021) have been shown to be negatively correlated with the amount of coarticulation. While
production practice may also interact with motoric developments, these latter factors all relate
to a change of the representations of speech segments from more holistic to more segmental
entries (“phonological reorganization”; Macken, 1979; Vihman & Velleman, 1989). The present

study adds up to this by providing evidence for the nature of transparent orthographies to
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decrease coarticulation extent in oral reading. Here, we show that for beginning readers, coar-
ticulation in reading itself is influenced by the emphasis on individual segments in the transpar-
ent German orthography. The developing understanding of the correspondence between the
discrete letters and the continuous speech stream is therefore likely to be one of several triggers
for a growing differentiation of speech segments. These children, familiar with fluently coartic-
ulated speech, who are now learning to decode and synthesize sequences of individual graph-
emes, are “infected” with the virus of literacy, as Frith (1998) put it, and are from now on tricked
by their orthographic knowledge into believing they actually hear segmental speech
(Briigelmann, 1992).

Adults did not exhibit a significant difference between Reading and Repetition in the
i/u contrast. This means that the extent of vocalic anticipation in read aloud and in heard and
repeated stimuli did not differ significantly. Because the stimuli were pseudowords, they could
not be directly accessed lexically in the reading condition but had to be decoded by grapheme-
to-phoneme-conversion. In various paradigms, effects of positional sensitivity have shown that
even in proficient readers, this indirect route operates serially from left to right (e.g., masked
priming: Forster & Davis, 1991; regularity effect: Rastle & Coltheart, 1999; phonological Stroop
effect: Coltheart, Woollams, Kinoshita, & Perry, 1999). Therefore, the finding that coarticula-
tion extent does not differ between the conditions in adults suggests that in contrast to early-
stage readers, proficient readers are very quick in their grapheme-to-phoneme conversion,
reaching a processing speed comparable to that in repeated speech. Any effects of seriality
found here are the same in both conditions and may therefore well be part of the shared process
of phonological encoding as suggested by Roelofs (2004). We conclude that the efficiency of
indirect print-to-speech conversion is enhanced with practice — experience with the orthogra-
phy of one’s language seems to automatically improve decoding and blending fluency.

To make sure the Reading condition specifically addressed phonemic decoding and not
holistic retrieval, we opted for the two Reading blocks to always precede the two Repetition
blocks. This choice of experimental design could lead to a possible limitation: In addition to the
switch of conditions, familiarity with the setup and practice over the course of the experiment
could affect children’s speech production. Effects of motor practice usually go hand in hand
with an increase of movement speed and a decrease of duration (Schulz, Stein, & Micallef,
2001). The speed of speech movements is often related to coarticulation. However, the details
about this relation seem to depend on various factors and are not fully understood. In his
review, Berry (2011) points out that “rate-induced effects on phasing appear to be far from

predictable. The literature includes reports that increasing speaking rate results in (a) increased
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ovetlap, (b) no change in overlap, or (c) decreased overlap” (p. 19) of articulatory movements.
Shaiman and colleagues (Shaiman, 2001; Shaiman, Adams, & Kimelman, 1995) even provide
evidence that strategies to increase speaking rate vary between manipulations of gestural overlap
and velocity or a mixture of these across speakers and articulators. To make sure we measure
an effect of elicitation condition (Reading versus Repetition) and not one related to speed, in
the present analysis, we therefore included speed as a fixed factor in all our models. The out-
come even under the consideration of speed differences that the condition effect was significant
for children but not for adults, indicates that on top of possible speed-related differences in
coarticulatory extent that could in turn hint at effects of familiarity or practice, reading profi-
ciency is the driving force here. One reason for effects of practice and familiarity to be subor-
dinate to the reading-proficiency-related effect of condition in the present data set lies in the
specifics of our experimental design. The simple structure of our stimuli, the low number of
repetitions, and the details of our procedure, specifically, the high number of playful interludes,

do not promote effects of familiarization and motor practice.

4.6 Conclusion

This study is the first to implement the state-of-the-art technique of ultrasound tongue imaging
to investigate the well-known protraction of word reading fluency in early-stage readers of trans-
parent orthographies. Using fine-grained measures of lingual vocalic anticipation, we demon-
strate that fine disfluencies in phonemic blending occur even in perceptually fluent utterances
when comparing oral reading to repeated speech. To describe word reading fluency, coarticu-
latory extent as measured here, seems to surpass standard reading assessments of accuracy and
speed as it detects fine disfluencies in phonemic blending in accurate productions independent
of speed. This highlights the benefits of direct articulatory measures for assessments of reading
fluency. Importantly, while early-stage readers articulatorily anticipated vowels later in oral read-
ing than in repeated speech, the conditions did not differ in coarticulatory extent for adults.
This leads us to conclude that the development of efficient grapheme-to-phoneme conversion

and blending is not yet complete in German children in second and third grade.
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(GENERAL DISCUSSION

5.1 Summary of the empirical work

In this dissertation, I investigated developmental changes in lingual coarticulation across child-
hood. Speech consists of continuous movements whose context-dependency is not restricted
to segmental, syllabic, or morphemic frames. Examining changes in speech fluency and specific
coarticulatory patterns across childhood, therefore, calls for a close monitoring of longer dis-
tance coarticulatory processes. This way, we can identify developments of speech motor control
as well as phonological representations across childhood, uncover potential causes thereof, and
disentangle their implications for phonological theory and the human speech production mech-
anism. Before discussing the obtained results in light of different models, the following sections
shortly summarize the empirical findings of this dissertation. In all three empirical studies of
this dissertation participants produced pseudo-utterances of the form /amna; C;VCsa,/ while
their voice as well as their tongue motion was recorded. The setup was the same for all experi-
ments (Noiray et al., 2020), except that the third study required an additional screen and a dif-
ferent presentation software to be able to use orthographic in addition to acoustic stimuli. In
every ultrasound frame of interest (that varied between studies) we detected the horizontal po-

sition of the highest point of the tongue dorsum.

5.1.1 Anticipatory V-to-V coarticulation

In a cross-sectional investigation of anticipatory V-to-V coarticulation in 75 participants (chap-
ter 2; Rubertus & Noiray, 2018), we recorded three- to seven-year-old children’s and adults’
tongue motion while they repeated pseudo-utterances after a model speaker. Using linear mixed
effects models, we regressed their horizontal tongue position during the temporal midpoint of
/a1/ on its position during the stressed vowel’s (V) temporal midpoint, taking possible effects
of the three C; contexts (/b, d, g/) and participants’ age into account. Results provided evidence
for substantial vocalic anticipation across an intervocalic consonant in all age cohorts. Im-
portantly, children’s tongue position during schwa resembled the vowel more closely than
adults’, which means their degree of vocalic anticipation was significantly greater compared to
adults’. While we saw a trend of decreasing coarticulation degree with increasing age among the

different age cohorts of children, significance was only reached in the comparison between the
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youngest (three-year-olds) and the oldest (seven-year-olds) children in /b/- and /d/-contexts.
The intervocalic consonant did only affect adults’ V-to-V coarticulation substantially in the di-
rection that /g/ allowed for more vocalic anticipation in /a1/ than did both /b/ and /d/. Chil-

dren’s V-to-V coarticulation degree was not modulated by the intervocalic consonant.

5.1.2 Carryover coarticulation

In Rubertus & Noiray (2020; chapter 3 of this dissertation), we investigated the same data set
as in Rubertus & Noiray (2018) for effects of vocalic coarticulation towards the right side of
the utterance. While anticipatory effects are often attributed to planning, for carryover effects
purely mechanic, inertial causes are highlighted. Comparing coarticulatory development be-
tween the two directions may, therefore, illuminate the question of underlying mechanisms.
Instead of focusing on vocalic effects on the tongue position at one specific time point as in
Rubertus and Noiray (2018), we applied a more dynamic analysis we had in the meantime de-
veloped for anticipation in Noiray, Wieling, et al. (2019) using generalized additive mixed mod-
els (GAMM:s)® to model the tongue trajectory across four dependent time points (V100, C50,
C100, schwa50). Like the degree of vocalic anticipation, the degree of carryover coarticulation
decreased with increasing age. Substantial impacts of gestural demands of the intervocalic con-
sonant on the tongue trajectory were found in every age cohort: While the low resistant conso-
nants /b/ and /g/ allowed for stronger and more continuous vocalic effects, utterances with
the highly resistant consonant /d/ indicated discontinuous vocalic effects. Additionally, devel-
opmental changes in coarticulation degree across childhood were shown to be strongest in ut-
terances with /g/, whose place of articulation closely depended on the vowel in children but
less so in adults. Together with previous findings (Noiray, Wieling, et al., 2019), utterances with
the alveolar /d/ provided evidence for children to lack independent control of the tongue tip

and the tongue dorsum.

5.1.3 Anticipatory coarticulation in read versus repeated speech

In chapter 4 of this dissertation, second and third graders as well as adults read out aloud written
instances of the stimuli in addition to repeating acoustic presentations. Within the same setup
as in Rubertus & Noiray (2018, 2020), we adopted a dynamic approach to coarticulation and
sampled tongue position measures at tighter temporal intervals than in the two earlier studies

to compare vowel-dependent tongue trajectories for the complete left part of the utterance (i.e.,

¢ While in chapter 3, the abbreviation GAM is used, please note, that both the second and the third study
used generalized additive mixed models (GAMMs).
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/amnd; C;V/). Using GAMMs we compared movement patterns of the highest point on the
tongue dorsum in utterances with target vowel /i/ to those in utterances with target vowel /u/.
In contrast to the first two studies, here, the temporal extent of coarticulation is highlighted. In
children, who are early-stage readers, the tongue trajectory became vowel-dependent at an ear-
lier point within the utterance in the repetition condition than in the reading condition. Despite
being produced correctly and without audible hesitations, children’s read aloud stimuli, there-
fore, indicated weaker vocalic anticipation than their repeated stimuli - a sign of subtle disflu-
encies in phonemic blending. For adults, the extent of vocalic anticipation did not differ be-

tween the elicitation conditions.

5.2 Implications of the obtained results

The findings in the first two empirical studies of this dissertation (Rubertus & Noiray, 2018,
2020) as well as those in our related publications (Abakarova et al., 2022; Noiray et al., 2018;
Noiray, Wieling, et al., 2019) provide compelling evidence for a substantially higher coarticula-
tion degree in children than in adults. These findings in addition to eatlier congruent findings
in English (Nittrouer et al., 1989, 1996; Zharkova et al., 2011), actually lead to a broad agreement
about a general decrease in coarticulatory degree across childhood (e.g., Cychosz, Munson, &
Edwards, 2021; M. Gibson, Bunta, Johnson, & Huarriz, 2022; Zmarich et al., 2021). While for
reasons of simplicity, we compared children’s speech based on different age groups, the devel-
opmental change in coarticulatory behavior is not driven by age itself, but just like any other
motor development is likely to result from a complex and dynamic interplay of multiple factors.
As Esther Thelen (1995) emphasized, these causes blur the boundary between internal and ex-
ternal, between biology and experience. Regarding speech production, there is a direct interac-
tion of motoric processes and higher order linguistic knowledge, both of which undergo drastic
changes across childhood. While some of these changes may result from maturational pro-
cesses, others may be caused by external input. The following sections discuss potential sources
of the coarticulatory change across childhood and point out what our findings in turn teach us

about the speech production mechanism and phonological representations.

5.2.1 Effects of speech motor control maturation
Considering the gestural hypothesis we posited in Noiray, Wieling, et al. (2019), we paid specific
attention to the articulatory demands of the intervocalic consonants. The finding that the con-

sonant’s place of articulation impacts on the degree of coarticulation mostly within the conso-

nant itself (Noiray et al., 2018; Noiray, Wieling, et al., 2019; Rubertus & Noiray, 2020) and in
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parts as well within the preceding (Noiray, Wieling, et al., 2019; Rubertus & Noiray, 2018) and
the following vowels (Rubertus & Noiray, 2020) shows that the specific articulatory demands
of neighboring speech segments may (temporarily) modulate the strength of vocalic coarticula-
tion. While the whole tongue is relatively flexible during the production of the bilabial and velar
consonants /b/ and /g/, respectively, the position of the tongue tip is very constrained during
the production of the alveolar closure for /d/. In our data, young children indicated a lack of
flexibility of the tongue dorsum duting the production of /d/ compared to adults, uncovered
by lower vocalic impacts in the domain of the consonant (Rubertus & Noiray, 2020). This find-
ing is in line with further studies reporting a lack of independent control of individual articula-
tors in children (Nijland et al., 2002; Nittrouer et al., 1989). Here, specifically, the tongue dorsum
is closely coupled to the tongue tip and, therefore, needs to accompany the tip moving front to
reach its goal at the alveolar ridge (Abakarova et al., 2022). While limiting coarticulation during
/d/, a tighter coupling of tongue tip and tongue dorsum may be one reason for children to
exhibit more vocalic coarticulation than adults in the context of /b/ and /g/: The movement
of the tongue as a whole is governed by the stressed vowel which results in vocalic tongue
positions during the labial closure of /b/ as well as vowel-dependent constriction locations of
/g/. As children grow older, they develop a finer speech motor control and the subpatts of the
tongue become more independent. Among others, the coupling of the tongue’s subparts, there-
fore, is one indication that some changes in coarticulation degree across childhood can be at-
tributed to articulatory control and speech motor development (Maas & Mailend, 2017; Nijland

et al., 2002; Nittrouer et al., 1989).

5.2.2 Representational changes: the vowel’s prominence

While developments in speech motor control like a decoupling of the tongue’s subparts may
explain changes in local coarticulatory processes, they cannot comprehensively explain the de-
velopmental decrease in longer distance coarticulation. In addition to motoric factors, it is likely,
that there is a more fundamental, representational change in the building blocks underlying
speech. And importantly, the developmental patterns revealed in our studies, provide further
information about the nature of these underlying atoms of speech.

As Redford (2019) pointed out, the direction of the developmental change we found —
i.e., a decrease of coarticulatory degree across childhood — cannot be modeled within a theory
relying on complicated translation processes between an abstract, mental level and the physical
events of speech production. In addition, as we have argued in Rubertus and Noiray (2020), the

parallel findings in the two coarticulatory directions speak against different underlying
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mechanisms and, therefore, call early pre-planning for coarticulation into doubt. In contrast to
the feature spreading model (Daniloff & Hammarberg, 1973) on the one hand and the window
(Keating, 1988) and DIVA (Guenther, 1995) models on the other hand, the coproduction
model (C. A. Fowler, 1980) does not require phonological or phonetic translation rules, respec-
tively. It also does not predict a general dichotomy between anticipatory and carryover coartic-
ulation effects. Instead, the coproduction framework unifies phonological representation and
articulatory implementation by assuming articulatory gestures as phonological atoms which
overlap upon execution in the vocal tract. Consequently, I take a closer look at how our findings
could be explained within the coproduction framework.

As we have previously argued (Rubertus & Noiray, 2020), the finding of children’s sub-
stantially stronger vocalic anticipation as well as perseveration compared to adults suggests that
for children the stressed vowel is the most prominent element of the utterance, behaving like a
strong anchor perceptually and impacting on vocal tract configurations for particularly long
stretches of time. According to C. A. Fowler (1980), even in adult speech production stressed
vowels govern the broad trajectory of the vocal tract shape while other articulatory gestures are
subsumed within the general movement pattern of one stressed vowel to the next (cf. Ohman,
1966). To illustrate this line of thought, Figure 5.1 sketches a completely vowel-governed tongue
dorsum trajectory for the German sentence “Eine Biene flog zum See” (‘A bee flew to the lake’)
via its approximate horizontal position over time. Surely, articulatory gestures in between those
of the stressed vowels (/i:/, /o:/, /e:/) must impact on the tongue dorsum trajectory for other
speech segments to be intelligible, which is indicated by arrows pointing up (i.e., front) or down
(i.e., back). The strength and temporal extent of this impact depends on how compatible the
simultaneously active gestures are (C. A. Fowler & Brancazio, 2000; Recasens, 1984b, 1984a;
Recasens et al., 1997). Importantly, our findings add that this relative impact also differs be-
tween children and adults: As summarized in chapter 3.2.3, for young children, stressed vowels
seem to be exceptionally salient and may be hyperactive compared to adults. As children get
older, the relative impact on the tongue dorsum trajectory of articulatory gestures constituting
other segments increases, and, therefore, limits the dominance of the stressed vowels, that is,

decreases vocalic coarticulation.
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Figure 5.1

Sketch of the Tongue Dorsum's Horizontal Movement Over Time During the Production of the Sentence "Eine
Biene flog zum See" ('A bee flew to the lake')

Frontness T
of tongue
dorsum

ar nabimnaflokicomze: T

Note. The utterance is transcribed below the sketch to illustrate the element of speech dominating the sig-
nal. The sketched trajectory is governed by the stressed vowels /i:/, /o:/, and /e:/. Arrows indicate where
other elements will impact the vocalic trajectory, pulling it up (front, in pink), or down (back, in blue).

This developmental change of stressed vowels’ relative prominence within an utterance can be
envisioned by the overlapping gestural prominence curves of the coproduction framework (C.
A. Fowler, 1980; Nittrouer, 1993, see Figure 3.1). A lower vocalic coarticulation degree would
be depicted by a later rise and earlier fall of vocalic activation (here the tongue dorsum gesture),
L.e., narrower prominence curves. Since timing parameters are explicitly part of the specification
of phonological atoms (C. A. Fowler, 1980), developmental changes in gestural timing can be
considered as representational changes. The idea of a developmental compression of activation
curves is not new — 30 years ago, Susan Nittrouer wrote:

The curves sometimes used to depict the prominence of individual signal com-
ponents (or, for present purposes, of articulatory gestures) across time might be
envisioned as being flatter, broader, and having more shared areas in children’s
than in adults’ productions. [...] Clearly, the most appropriate method for stud-
ying the gestural organization of children’s speech would be procedures record-
ing articulatory movements directly. Unfortunately, such methods are often im-
practical to attempt with very young children, mainly due to the invasiveness of
the procedures. (Nittrouer, 1993, p. 960f)

Owing to the implementation of noninvasive and, therefore, child-friendly ultrasound imaging
to purposes of speech investigations, the large set of articulatory data acquired during the pre-

sent research program can substantiate Nittrouer’s hypothesis by providing more direct
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evidence that children’s speech is characterized by larger gestural overlap, at least that of the
stressed vowel, than adults’.

Two specific findings provide further support for the suggestion that children’s vocalic
gestures more strongly govern the vocal tract actions within a short utterance than adults™ 1)
We found evidence for discontinuous vocalic effects in carryover coarticulation across /d/.
While children’s tongue dorsum position during the production of the alveolar closure was
always very front independent of the preceding stressed vowel, the position during the following
schwa again oriented towards that of the stressed vowel. For adults, vocalic impacts on the
schwa following /d/ were much weaker than for children. As C. A. Fowler and Brancazio
(2000) and C. A. Fowler and Saltzman (1993) argue, discontinuous vocalic effects as in our child
data are indicative of broad vocalic activation curves that are phased relatively invariantly to
each other. Consonants are imposed on this vocalic trajectory as temporally limited events that
briefly clamp the tongue, with a greater extent the more resistant the consonant is. Look-ahead
models like the feature spreading account (Daniloff & Hammarberg, 1973) cannot explain these
kinds of coarticulatory troughs in speech production data — why should a speaker revive the
vowel after a consonant terminated planned carryover coarticulation (C. A. Fowler & Saltzman,
1993, p.181)? This finding also highlights the importance of investigating longer distance coar-
ticulatory processes in addition to the more frequently studied local effects of coarticulation
(e.g., CV-coarticulation). 2) For the anticipatory direction, we did not find robust effects of the
consonant modulating the degree of V-to-V coarticulation in children, but we did in adults
(Rubertus & Noiray, 2018). While the consonant’s articulatory specifications, most importantly
its coarticulatory resistance (Recasens et al., 1997), determine the degree of vocalic anticipation
during the production of the consonant itself, both in children as well as in adults (Noiray et
al., 2018; Noiray, Wieling, et al., 2019), they do not substantially influence the degree of V-to-V
coarticulation in children’s speech. Again, this speaks for children’s tongue trajectories being
guided by the stressed vowels with temporally very limited consonantal clamps of the tongue.
Potential reasons for the developmental compression of vocalic activation curves are addressed

in chapter 5.2.4.

5.2.3 Further support for coproduction: rhythm class differences

Interestingly, there is a striking discrepancy in recent findings about developmental changes in
coarticulation that can well be explained when interpreted from a coproduction point of view:
With regard to the claim that in English, articulatory trajectories are guided by stressed vowels

while other gestures are rather integrated within this frame, C. A. Fowler (1981, p.128) raises
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the point that “this subsumption strategy may account for the linguists’ (e.g., Abercrombie,
1964; Pike, 1945) and naive listeners’ (Donovan & Darwin, 1979; Lehiste, 1973) impression that
English is stress-timed.” Attempts to find isochrony in the signal to empirically substantiate the
idea of different rhythm classes among languages failed (cf. Turk & Shattuck-Hufnagel, 2013).
It was, therefore, concluded that it is not a predetermined rhythm triggering phonological spe-
cifics, but rather that language-specific phonological properties convey the impression of dif-
ferent speech rhythms (Nespor, Shukla, & Mehler, 2011). In line with C. A. Fowler (1981),
Bertinetto & Bertini (2008) suggest that the rhythmic difference may be grounded in the specific
degrees of segmental overlap a language allows for, hence in the way segments are blended or
coproduced with each other. This is a very interesting claim given the discrepancy in findings
between our study and the one of our colleagues Barbier et al. (2020) that we addressed in
chapter 2.5.1 (Rubertus & Noiray, 2018). While we found striking evidence for vocalic coartic-
ulation degree to decrease across childhood in German, their findings suggest that Canadian
French children indicate a lower degree of anticipatory vocalic coarticulation than Canadian
French adults. Surely, there are methodological differences between the two studies: In contrast
to our stimuli with schwas in the dependent positions, their V; for example was a full vowel
(one of the articulatorily flexible ones /€/ and /a/, though), and they used the whole tongue
surface contour instead of a point measure as in our investigations. A major reason for the
contrasting findings, however, may be an underlying difference in the mechanisms of speech
production between the two languages that is also responsible for the differing rhythmic im-
pressions. German is traditionally classified as rhythmically stress-timed, like English, while
French in contrast has a syllable-timed speech rhythm. If indeed the strong subsumption of
segments under the trajectory from one stressed vowel to the next is responsible for the stress-
timed speech rhythm of English and German (C. A. Fowler, 1981), the blending and coproduc-
tion of segments is guided by different mechanisms in syllable-timed languages like French. In
French, we would, therefore, not expect the stressed/full vowel to be ovetr-prominent in chil-
dren’s speech and hence vocalic coarticulation degree should not be higher than in adults.

A cross-linguistic comparison of coarticulation degree and its changes across childhood
was not the focus of this dissertation. Therefore, the underlying difference in speech production
between languages classified in different rhythm classes is only a post hoc argument driven by
a comparison of our findings with those of our colleagues. The discrepancy calls for a more
thorough investigation of cross-linguistic differences in coarticulatory degree and its changes
across childhood. An especially interesting comparison could be drawn between two rhythmi-

cally different varieties of the same language, for example stress-timed American English versus



GENERAL DISCUSSION 100

syllable-timed Indian English (Crystal, 1994), because the phonetic material could be kept iden-

tical.

5.2.4 Alphabetic literacy as a driving force for linguistic restructuring

We provided evidence that one potential reason for the developmental decrease of vocalic coar-
ticulation is speech motor control maturation (chapter 5.2.1) — a factor that comes into play
only at implementation in the vocal tract. Another potential contributor we addressed, that may
impact on the speech production process slightly eatlier, is the development of more inhibitory
control across childhood (chapters 2.5.3 and 3.5.1; cf. Bjorklund & Harnishfeger, 1990; Tilsen,
2013, 2016, 2018). However, most of the development of inhibitory control happens during the
pre-school years (Best & Miller, 2010) while the largest change in coarticulation degree in chap-
ters 2 and 3 (Rubertus & Noiray, 2018, 2020; as well as Noiray, Wieling, et al., 2019) was found
between the oldest group of children (at the age of seven years) and the adults. This suggests
further important developments within children’s school years that cause changes in coarticu-
lation degree. Modeling these changes via a developmental compression of vocalic gestures’
activation width within the coproduction framework, suggests that changes occur within the
building blocks of speech production, specifically in the timing component intrinsic to articula-
tory gestures. What may cause these phonological representations to change and via timing
parameters delimit their relative prominence? One factor known to impact substantially on pho-
nological representations of speech is literacy acquisition, potentially the most influential mile-
stone in language development after the infant and toddler age, which we addressed in the third
empirical study (chapter 4).

Our finding that early-stage readers of German exhibit significantly less vocalic antici-
pation in read aloud than in repeated stimuli indicates a lack of phonemic blending fluency. This
provides insights into the process of literacy acquisition, especially in comparison to studies on
literacy acquisition in the well-studied opaque orthography of English (cf. Frith, 1986; Scheerer-
Neumann, 1989, 2007, 2018). Naturally, children’s phonemic decoding and blending speeds up
with experience and practice, as shown in the absence of a condition effect in adults. Im-
portantly, this finding also shows how children’s attention is shifted from the continuous stream
of speech they are familiar with to the concatenation of separate discrete segments. As Goswami
and colleagues (Goswami, 2000, 2001; Goswami & Bryant, 2016; J. C. Ziegler & Goswami,
2005) have argued, alphabetic literacy acquisition leads to an understanding of the composite
nature of speech, which strengthens or maybe even first evokes phonemic awareness: “The

representation of phoneme level information is thought to ‘spurt’ with the acquisition of
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literacy, because the feedback provided by graphemic information helps the child to represent
segmental information at the phonemic level” (Goswami, 2000, p.146). The holistic articulatory
templates are now broken up into a sequence of units; lexical entries likewise restructured from
rather holistic to more specific, further subdivided representations.

In an alphabetic orthography like German, stressed vowels are not graphically empha-
sized compared to other segments. Rather, all graphemes are comparable and convey the idea
of equivalence. While maturations in fine-grained phonological awareness due to literacy may
not change the speech production mechanism at its core, experience with alphabetic scripts may
subconsciously degrade the status of the stressed vowel to some extent and, therefore, set
boundaries to the vocalic hyperactivation found in young children. The overlap between a vo-
calic gesture and its neighborhood is, therefore, assumed to decrease because the prominence
curve of the vocalic gesture(s) gets narrower via a change in the vowel’s timing parameters.
While this is a systematic representational change, it does not necessarily need to happen in a
purely mental entry, but as Fowler suggests may occur in representations that “have their pri-
mary home in the vocal tract, not in the mind” (C. A. Fowler, 2015, p.27). The “virus of literacy”
that was introduced in chapter 4.2.1, may evoke awareness of the combinatorial nature of
speech and may at the same time lead to a reduction in vocalic prominence. Both factors are

likely to contribute to the decrease in vocalic overlap with neighboring speech segments.

5.2.5 Debating the size of articulatory units

Our findings support the hypothesis that young children’s speech production does not imply a
phonemically structured organization, but rather that segmental units get defined and tuned
over time. Actually, the perceptual findings often cited as evidence for phoneme-sized units in
child speech (see chapter 1.2), must be interpreted with caution: The ability to perceptually
discriminate segmental contrasts does not necessarily imply that infants focus on segmental
units as an entry into language acquisition. In fact, categorical perception along with particularly
good discrimination ability at category boundaries have been shown in other mammals as well
(e.g., chinchillas: Kuhl, 1981; macaques: Kuhl & Padden, 1983, Mongolian gerbils: Sinnott &
Mosteller, 2001). This rather supports the view that the fundamentals of the mammalian audi-
tory system determined how languages developed by making use of those sound contrasts that
are well discriminated auditorily (e.g., Kuhl, 1981). Relatedly, perceptual narrowing towards in-
formation that is relevant in the child’s input along with a loss of discrimination ability for
irrelevant contrasts is not specific to language but was for example shown for face recognition

(Krasotkina, G6tz, Hohle, & Schwarzer, 2021; Pascalis, de Haan, & Nelson, 2002) and musical
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perception (Trehub & Hannon, 20006) as well. Outstanding phonetic discrimination abilities and
perceptual narrowing, therefore, do not inevitably indicate linguistic knowledge and segmental
representations.

Moreover, young children lack awareness of phoneme-sized units in speech as docu-
mented in various tasks like phoneme counting (I. Y. Liberman, Shankweiler, Fischer, & Carter,
1974), partial production (B. Fox & Routh, 1975), and grouping based on shared phonemes
(Treiman & Zukowski, 1996). Holding on to the premise that children’s speech is built upon
underlying phonemic representations just as assumed for adult speech, the demonstrated failure
to manipulate phonemes was ascribed to a difference between implicit and explicit knowledge
(cf. A. E. Fowler, 1991). However, based on Ferguson's (1986) approach to view adult’s pho-
nology as growing out of the child’s instead of children acquiring the adult system, A. E. Fowler
(1991) and Studdert-Kennedy (1986) argue, lacking phonemic awareness could also be one of
several indications that phoneme-sized units only emerge and undergo growth and change in
the course of development: “The child does not build words with phonemes: phonemes emerge
from words” (Studdert-Kennedy, 1986, p. 59).

Maybe, the classical phoneme is even merely an illusion, a by-product of literacy shaping
linguists” as well as naive speakers’ intuitions about units of language (Briigelmann, 1992; Bybee
& McClelland, 2005; Lotto & Holt, 2000; Port, 2010). While it has proven useful for linguistic
descriptions, it may not necessarily correspond to an equally clear-cut representation in a
speaker’s mind. Instead of abstract phonemes, articulatory gestures may be the fundamental
units, the atoms of speech perception as well as production. Within this Articulatory Phonology
framework, it is debated whether phoneme-sized segments have a special status: Byrd (1996)
provides evidence for higher phasing stability between gestures constituting one phonemic seg-
ment than between gestures belonging to different phonemes within a consonantal onset clus-
ter. In contrast, Scobbie and Poupliet's (2010) data suggest that phonemic segments are simply
coproductions of specific articulatory gestures, just like gestures in consonantal onset clusters
are coproduced. Regarding developmental changes, Articulatory Phonology suggests that chil-
dren do not start with units of a particular size relevant for phonological theory, but “initially
master a few simple patterns of articulatory movement” (Nittrouer, 1993, p. 960). Over time,
they continuously differentiate and tune the individual gestures they started to produce during
babbling to reach a categorical system of contrastive gestures (Browman & Goldstein, 1989).
Quantal articulatory-auditory relations (Stevens, 1989) as well as lexical pressure (Lindblom,
1986) may dynamically drive this development. Current network models and usage-based ap-

proaches agree that representations of segmental size develop along with lexical growth (for an
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overview see Vihman, 2017): The more words a child hears and produces, the more cross-
connections are formed via ubiquitous phonological priming and similarity detection (Menn,
Schmidt, & Nicholas, 2013). The close-meshed nets of connections then form new categories.
Thus, building a categorical system of articulatory primitives used as atoms of spoken language
is likely to be a lengthy process going hand in hand with lexical growth and literacy acquisition.

Even though our findings provide evidence for a developmental decrease in coarticula-
tion degree, I hesitate to directly ascribe the presented broad coarticulatory effects exceeding
syllable- and (pseudo-)word boundaries to the size of organizational articulatory units. Yes,
there is compelling evidence that children do not start out with articulatory units of phonemic
size, but more likely with broader vocal motor schemes resembling syllabic frames (McCune &
Vihman, 1987). And our findings provide additional support for initial holistic patterns that are
further defined and internally structured across childhood. In look-ahead models, it is obvious
that the extent of coarticulation mirrors the size of a particular processing unit, as features can
only be spread upon segments that are simultaneously active at some processing step. When
coarticulation is interpreted as a coproduction process implemented only at the final stage of
articulation, not pre-planned and processed at an early phonological or phonetic stage within
the speech production process, however, we cannot directly infer articulatory unit size from the
extent of coarticulatory effects. The coproduction framework, therefore, contests the frequently
drawn inference from coarticulatory extent to developmental unit size changes and calls one of

the most frequent motivations for investigating children’s coarticulation patterns into question.

5.3 Perspectives

In order to draw conclusions about the human speech production mechanism or their phonol-
ogy in general, it is important to consider structurally or prosodically different languages (see
also Kidd & Garcia, 2022). As outlined in chapter 5.2.3, a direct comparison of coarticulatory
patterns and their developments between children acquiring American English and those ac-
quiring Indian English would for example provide interesting insights in the relation between
gestural timing relations and the rhythmic class of a language. With regard to reading fluency
development, a comparison of coarticulation between the relatively transparent alphabetic Ger-
man orthography and an opaquer one like English, or even one based on syllables (e.g., Japa-
nese), would help disentangle pure practice-based developments of reading fluency from those
related to growing awareness of possible phoneme-sized units triggered by reliable grapheme-

to-phoneme relations. This could also provide insightful results for the discussion about the
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existence of phoneme-sized linguistic units and whether they are only a by-product of alphabetic
literacy.

The aim to identify potential causes of the found changes in coarticulatory patterns
across childhood calls for an investigation of speech as varying with skills and developments in
other domains, rather than with age. While age can serve as a first approach to sketch develop-
ments across childhood, it is merely a mediator of the actual causes (see chapters 3.5.1 and 5.2).
Though substantially more complex, an age-independent analysis of the relation between dif-
ferent motoric and cognitive skills (e.g., independent control of the tongue’s subparts, phone-
mic awareness, reading proficiency) and coarticulation degree would be a valuable approach
reflecting the idea of speech production as a dynamically developing system (Thelen, 1995). In
Noiray, Popescu, et al. (2019) we made important first steps in this direction. However, the
children were only grouped according to the investigated skills post hoc; a study targeting par-
ticipant samples of different levels of the respective skills would be more powerful.

The empirical data of this dissertation was acquired with ultrasound tongue imaging
providing a high spatio-temporal resolution of articulatory material while being safe and rela-
tively easy to acquire. However, as outlined in Hoole and Pouplier (2017), the noisiness of the
images renders automatic tongue contour tracking complicated and leads to very high efforts
necessary in data processing. To remain feasible, we drastically reduced our recorded material
to single points in time and space for the earlier empirical investigations (Noiray et al., 2018;
Noiray, Popescu, et al., 2019; Noiray, Wieling, et al., 2019; Rubertus & Noiray, 2018, 2020).
While this approach surely generates valuable insights into tongue motion, it, unfortunately,
does not do justice to the dynamic nature of spoken language. In chapter 4 of this dissertation,
we focused more on dynamic developments within an utterance by considering substantially
more frames of each stimulus and looking at change over time. This theoretically grounded
decision resulted in an enormous amount of ultrasound video frames to be manually corrected
after automatic tracking. To neither reduce sample size nor drastically cut down the laboriously
acquired articulatory material, future studies using ultrasound tongue imaging, especially those
investigating children’s speech, should opt for reliable automatic processing like the principle
components analysis (PCA) approach suggested by Hoole and Pouplier (2017) to avoid massive
labor-intensive manual processing. Only when a suitable mechanism for the processing of chil-
dren’s tongue data is found, it will be possible to efficiently implement the promising method
of ultrasound tongue imaging to the field of clinical diagnostics with regard to atypical develop-

ments of speech fluency, speech motor control, and reading disorders.



CONCLUSION 105

CONCLUSION

The empirical work presented in this dissertation provides evidence for a developmental de-
crease of lingual vocalic coarticulation, as measured in anticipatory and perseveratory horizontal
movements of the tongue dorsum. Reasons for this change in speech production are likely to
be numerous and driving forces may dynamically interact with each other and vary in strength
in the course of development (Thelen, 1995). Here, we addressed aspects of speech motor con-
trol maturation, a growing inhibition capacity possibly influencing the sequencing of gestures
(Bjorklund & Harnishfeger, 1990; Tilsen, 2013), as well as representational changes, specifically
the change in width of underlying gestural activation, possibly driven by literacy acquisition
(Popescu & Noiray, 2021; empirical investigation in chapter 4). However, especially at the young
age, physical growth of the vocal tract and associated relational changes between articulators
(Vorperian et al., 2009) may play an important role. Similarly, vocabulary growth (Cychosz et
al., 2021; Noiray, Popescu, et al., 2019), as well as effects of production frequency and speech
motor practice (Tomaschek et al., 2021; Tomaschek, Tucker, Fasiolo, & Baayen, 2018) have
been shown to affect coarticulation and may have a stake in decreasing articulatory overlap
across childhood.

Importantly, the found developmental decrease of coarticulatory degree poses a prob-
lem to speech production models that rely on pre-planning and complex translation mecha-
nisms from the underlying segments to their implemented form in the vocal tract (cf. Redford,
2019). Why should young children, who otherwise tend to strongly simplify speech, be better
able to actively plan ahead? Instead, the coproduction framework (C. A. Fowler, 1980) offers
an explanation of the found developmental change by ascribing context-effects to low-level
interactions of temporally overlapping coordinative constraints during the implementation of
underlying linguistic segments in the vocal tract. Here, the decrease of coarticulatory degree can
be envisioned as a compression of vocalic activation curves. The hypothesis that stressed vowels
have a special status in speech and serve as anchors in children’s speech perception as well as
production has been affirmed in a variety of studies (see chapter 3.2.3). It is likely that children
start out using these anchors (or combinations of these stressed vowels with a preceding con-
sonant in babbling-like CV syllables) as an entry to fluent speech production and only gradually

tune articulatory movements for supplementing consonants and unstressed vowels. Within this
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perspective, the higher degree of coarticulation goes hand in hand with the tendency to simplify
speech productions on the surface, as described via vocal motor schemes and phonological
processes (chapter 1.1). The seesaw between efficiency and intelligibility in children often seems
to tilt towards the efficiency side — specifically, articulatory effort is reduced both by assimilating
places of consonantal articulation, as well as by subsuming and coproducing other segments
within the broad vocal tract configuration governed by the stressed vowels.

The investigations presented in this dissertation imply that independent motoric control
of the tongue’s subparts is not given from early childhood but needs to be developed. They also
provide evidence for human phonological representations to be intrinsically timed and over-
lapped during speech production. Processes of coarticulation, therefore, are one further exam-
ple of how we can draw conclusions about human behavior by closely investigating ontogenetic
developments. Advances in language acquisition that are eagerly awaited and trigger fascination
in family members and friends (even outside the academic community), are an important source

for linguistic theory and may help uncover some of the specifics of human speech and language.
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APPENDIX

Appendix A. 1. Summary of the number of analyzed trials per consonant context per age cohort in the study
on anticipatory V-to-V coarticulation (chapter 2).

Consonant  Number of

Cohort Context trials
obV 534

C3 odV 517
ogV 485

obV 552

C4 odV 566
ogV 551

obV 522

C5 odV 545
ogV 509

obV 638

C7 odV 655
ogV 653

obV 723

A odV 723
ogV 722

Cohort abbreviations are C3 — 3-year-old children, C4 — 4-year-old children, C5 — 5-year-old children, C7 — 7-
year-old children, and A — adults.
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Appendix A. 2. Example ultrasound image of the study on anticipatory V-to-V coarticulation (chapter 2).

Raw ultrasound image of a 5-year-old boy’s tongue (CM5_005) at the temporal midpoint of the articulation

of an [e] on the left and the semi-automatically labeled surface contour on top of the same frame on the
right side. The tip of the tongue is to the left in both images.

Appendix A. 3. Model output for the vowel’s effect on schwa in every consonant context for each cohort in
the study on anticipatory V-to-V coarticulation (chapter 2).

Cohort Consonant  B-coefficient SE t-value p-value
b 0.654484 0.026293 24.892 <0.001 ek
C3 d 0.615274 0.029026 21.197 <0.001 Ak
g 0.621107 0.026886 23.101 <0.001 Ak
b 0.587084 0.021988 26.700 <0.001 Ak
C4 d 0.560788 0.025054 22.384 <0.001 Ak
g 0.54091 0.02448 22.094 <0.001 Ak
b 0.5840066 0.024605 23.738 <0.001 Ak
C5 d 0.537628 0.023936 22.401 <0.001 Ak
g 0.588202 0.025618 22.961 <0.001
b 0.530582 0.022336 23.755 <0.001 Ak
C7 d 0.501092 0.023329 21.480 <0.001 Ak
g 0.57227 0.02453 23.332 <0.001 Ak
b 0.16495 0.01577 10.462 <0.001 Ak
A d 0.16034 0.01794 8.939 <0.001 ek
g 0.24961 0.01868 13.361 <0.001 ek

Cohort abbreviations are C3 — 3-year-old children, C4 — 4-year-old children, C5 — 5-year-old children, C7 — 7-
year-old children, and A — adults.
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Appendix B. 1. Model codes and explanations for the study on carryover coarticulation (chapter 3).

Model m: Assessing coarticulatory patterns

m <- bam(peakX ~ te(time, V' peakX, k=c(4,10), by=cohort.consonant) + cobort.consonant +
s(time, subject, by=consonant, bs='fs', m=1, k=4) +
s(VpeakX, subject, by=consonant, bs='"fs', m=1),
data=datc, discrete=T, nthreads=32, rho=0.35, AR start=datc§start.event)

Model m tests whether the horizontal position of the highest point on the tongue dorsum
(peakX) depends on the horizontal position of the tongue dorsum during V50 (I"peakX) at the
four target time points V100, C50, C100, and 950. Within the tensor product (te) term, both
predictors zme and 1'peakX as well as their interaction is included. The k parameter specifies
the maximal non-linearity by setting the size of basis dimensions for both predictors. It is limited
to the number of the predictors’ unique points and therefore set to four for #me and to the
default value of 10 for ["peakX. The following by-parameter specifies the levels the non-linear
patterns are fit for: Here, all 15 possible combinations of age cobort and consonant (i.e., three-year-
olds-/b/, three-year-olds-/d/, three-year-olds-/g/, ..., adults-/g/). Possible constant differ-
ences in the horizontal position of peakX between the age cohorts and consonants were con-
sidered by including the nominal variable cobort.consonant (the interaction between cohort and
consonant). The random effect structure of the model, defined in the two factor smooth terms
(s), included potentially non-linear patterns over e and for VpeakX for each participant and
consonant. In the final row of the model specification, the data set is defined (datc), a faster
fitting method is employed, the number of processors used to run the model is specified, and

autocorrelation (here at a level of about 0.35) in the data is accounted for.

Model mb7: Assessing differences of coarticulatory patterns between age cohorts

mb7 <- bam(peakX ~ te(time, 1 peakX, k=c4,10), by=consonant) + consonant +
te(time, V' peakX, k=c(4,10), by=IsC3b) +
te(time, 1V peakX, k=c(4,10), by=1sC4b) +
te(time, V' peakX, k=c4,10), by=IsC5b) +
te(time, V' peakX, k=c4,10), by=IsAb) +
te(time, V' peakX, k=c4,10), by=IsC3d) +
te(time, V' peakX, k=c4,10), by=IsC4d) +
te(time, V' peakX, k=c4,10), by=IsC5d) +
te(time, V' peakX, k=c4,10), by=IsAd) +
te(time, 1V'peakX, k=c(4,10), by=I1sC3g) +
te(time, 1V'peakX, k=c(4,10), by=I1sC4g) +
te(time, V' peakX, k=c(4,10), by=IsC5g) +
te(time, V' peakX, k=c4,10), by=IsAg) +
s(time, subject, by=consonant, bs='"fs', m=1, k=4) +
s(VpeakX, subject, by=consonant, bs="fs', m=1),
data=datc, discrete="T, nthreads=32, rho=0.35, AR start=datc§start.cvent))

In contrast to Model m, model mb7 includes binary difference tensors to compare age cohorts
to each other. Here, the variable IsC35 for example refers to a previously specified difference
smooth for cohort C3 when the consonant is /b/. Since no difference smooth for cohort C7

is included in the model, this cohort is taken as reference.
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Appendix C. 1. Model m1.c (generalized additive mixed model for children’s data) in the study on coarticula-
tion in reading (chapter 4).

m1.c: tonguepos ~ V' Cond + s(time, by=1"Cond, £=20) + s(time, by=C1) +
s(time, by=speed) +
s(time, subject, by=1", bs="1f", m=1, £=20) +
s(time, subject, by=Cond, bs="f", m=1, £=20) +
s(time, subject, by=C1, bs="f", m=1, £=20)

Appendix C. 2. Output of model mlc (study on coarticulation in reading (chapter 4)).

Parametric coefficients Estimate Std. error t-value p-value
(Intercept) 0.334993 0.013025 25.719 < 2e-16
Reading /u/ 0.099716 0.008418 11.846 < 2e-16
Repetition /i/ -0.037553 0.016343 -2.298 0.0216
Repetition /u/ 0.090198 0.017961 5.022 5.15e-07
Smooths Edf Ref.df F p-value
s(time): Reading /i/ 0 0 0.012 0.99844
s(time): Reading /u/ 9.964 11.785 60.301 < 2e-16
s(time): Repetition /i/ 1.001 1.001 0 0.99229
s(time): Repetition /u/ 9.97 11.791 39.245 < 2e-16
s(time): /b/ 7.941 8.355 32.966 < 2e-16
s(time): /d/ 8.178 8.515 28.888 < 2e-16
s(time): /g/ 7.287 7.574 40.582 < 2e-16
s(time): fast 1 1 9.237 0.00237
s(time): slow 4.625 5.538 6.653 0.00000155
s(time, subject): /i/ 142.451 639 0.346 < 2e-16
s(time, subject): /u/ 224.878 639 0.857 < 2e-16
s(time, subject): Reading 217.884 559 1.039 < 2e-16
s(time, subject): Repetition 232.602 639 0.941 < 2e-16
s(time, subject): /b/ 138.584 640 0.39 < 2e-16
s(time, subject): /d/ 172.851 640 0.732 < 2e-16

s(time, subject): /g/ 187.445 640 0.594 < 2e-16




APPENDIX

127

Appendix C. 3. Model m2.c (generalized additive mixed model with ordered factors for children’s data) in the

study on coarticulation in reading (chapter 4).

m2.c: tonguepos ~ Cond + RuO + RepuO +

s(time, by=Cond, £=20) +

S(time, by=C1) +
S(time, by=speed)~+

s(time, by=RuO, k=20) +
s(time, by=RepuO, k=20) +

s(time, subject, by=V", bs="fs", m=1) +
s(time, subject, by=Cond, bs="1", m=1) +
s(time, subject, by=C1, bs="1", m=1)

Appendix C. 4. Output of model m2.c (study on coarticulation in reading (chapter 4)).

Parametric coefficients Estimate Std. error t-value p-value
(Intercept) 0.334860 0.012986 25.787 < 2e-16
Repetition -0.037395 0.016354 -2.287 0.0222
Reading /u/ 0.099819 0.008382 11.909 < 2e-16
Repetition /u/ 0.127628 0.008032 15.890 < 2e-16
Smooths edf Ref.df F p-value
s(time): Reading 1 1 16.96 0.0000384
s(time): Repetition 1 1 17.295 0.0000322
s(time): /b/ 7.96 8.405 26.633 < 2e-16
s(time): /d/ 8.191 8.551 23.622 < 2e-16
s(time): /g/ 7.313 7.615 32.582 < 2e-16
s(time): fast 1 1 5.942 0.01478
s(time): slow 3.512 4.464 4.549 0.00102
s(time): Reading /u/ 11.956 14.514 40.827 < 2e-16
s(time): Repetition /u/ 11.576 14.107 40.852 < 2e-16
s(time, subject): /i/ 101.929 287 0.582 < 2e-16
s(time, subject): /u/ 154.529 287 1.472 < 2e-16
s(time, subject): Reading 154.394 251 2.005 < 2e-16
s(time, subject): Repetition 170.05 287 1.899 < 2e-16
s(time, subject): /b/ 100.834 288 0.655 < 2e-16
s(time, subject): /d/ 135.898 288 1.477 < 2e-16
s(time, subject): /g/ 142.212 288 1.123 < 2e-16
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Appendix C. 5. Model m3.c (generalized additive mixed model with binary smooths for children’s data) in the

study on coarticulation in reading (chapter 4).

m3.c: tonguepos ~ Cond + s(time, by=Cond, k=20) + s(time, by=C1) +

s(time,by=speed) +

s(time, by=Isu, £=20) +

s(time, by=IsRepu, k=20) +

s(time, subject, by=1", bs="f", m=1) +
s(time, subject, by=Cond, bs="f", m=1) +
s(time, subject, by=C1, bs="1", m=1)

Appendix C. 6. Output of model m3.c (study on coarticulation in reading (chapter 4)).

Parametric coefficients Estimate Std. error t-value p-value
(Intercept) 0.33486 0.01299 25.776 < 2e-16
Repetition -0.03742 0.01636 -2.287 0.0222
Smooths edf Ref.df F p-value
s(time): Reading 1 1 16.019 6.35¢-05
s(time): Repetition 1 1 16.44 5.08¢-05
s(time): /b/ 7.966 8.416 26.714 < 2e-16
s(time): /d/ 8.186 8.553 23.803 < 2e-16
s(time): /g/ 7.315 7.621 32.695 < 2e-16
s(time): fast 1 1 6.002 0.014296
s(time): slow 3.537 4.493 4.623 0.000873
s(time): /u/ 14.484 16.986 44.903 < 2e-16
s(time): Repetition /u/ 3.588 4.197 7.229 6.25e-06
s(time, subject): /i/ 101.480 287 0.578 < 2e-16
s(time, subject): /u/ 154.69 287 1.477 < 2e-16
s(time, subject): Reading 154.676 251 2.003 < 2e-16
s(time, subject): Repetition 170.689 287 1.911 < 2Ze-16
s(time, subject): /b/ 100.624 288 0.653 < 2e-16
s(time, subject): /d/ 135.697 288 1.474 < 2e-16
s(time, subject): /g/ 142.285 288 1.125 < 2e-16

Appendix C. 7. Model m1.a (generalized additive mixed model for adult’s data) in the study on coarticulation

in reading (chapter 4).

mil.a  tonguepos ~ V' Cond + s(time, by=1"Cond, £=20) + s(time, by=C1) +

s(time, by=speed) +

s(time, subject, by=1", bs="1f", m=1, £=20) +
s(time, subject, by=Cond, bs="f", m=1, £=20) +
s(time, subject, by=C1, bs="1", m=1, £=20)
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Appendix C. 8. Output of model m1.a (study on coarticulation in reading (chapter 4)).

Parametric coefficients Estimate Std. error t-value p-value
(Intercept) 0.30091 0.01737 17.326 < 2e-16
Reading /u/ 0.12736 0.01174 10.847 < 2e-16
Repetition /i/ -0.01917 0.01834 -1.045 0.296
Repetition /u/ 0.11565 0.02167 5.336 9.65¢-08
Smooths edf Ref.df F p-value
s(time): Reading /i/ 0 0 0.037 0.998258
s(time): Reading /u/ 0.885 8.146 41.582 < 2e-16
s(time): Repetition /i/ 1 1 0.133 0.715655
s(time): Repetition /u/ 5.875 7.052 33.57 < 2e-16
s(time): /b/ 0.845 7.364 11.051 < 2e-16
s(time): /d/ 7.06 7.592 8.427 < 2e-16
s(time): /g/ 6.516 6.915 14.613 < 2e-16
s(time): fast 1 1 11.128 0.000852
s(time): slow 3.939 4.729 4.407 0.000750
s(time, subject): /i/ 130.405 319 0.999 < 2e-16
s(time, subject): /u/ 120.780 319 0.905 < 2e-16
s(time, subject): Reading 116.277 319 1.06 < 2e-16
s(time, subject): Repetition 66.864 319 0.443 < 2e-16
s(time, subject): /b/ 103.416 320 0.882 < 2e-16
s(time, subject): /b/ 95.795 320 1.337 < 2e-16
s(time, subject): /b/ 116.827 320 0.964 < 2e-16

Appendix C. 9. Model m2.a (generalized additive mixed model with ordered factors for adults’ data) in the
study on coarticulation in reading (chapter 4).

m2.a:  tonguepos ~ Cond + RuO + RepuO +
s(time, by=Cond, £=20) +
s(time, by=C1) +
S(time, by=speed) +
s(time, by=RuO, k=20) +
s(time, by=RepuO, k=20) +
s(time, subject, by=1", bs="f", m=1) +
s(time, subject, by=Cond, bs="1", m=1) +
s(time, subject, by=C1, bs="1", m=1)
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Appendix C. 10. Output of model m2.a (study on coarticulation in reading (chapter 4)).
Parametric coefficients Estimate Std. error t-value p-value
(Intercept) 0.30083 0.01736 17.327 < 2e-16
Repetition -0.01914 0.01831 -1.046 0.296
Reading /u/ 0.12742 0.01181 10.793 < 2e-16
Repetition /u/ 0.13492 0.01198 11.264 < 2e-16
Smooths edf Ref.df F p-value
s(time): Reading 1 1 0.114 0.7358
s(time): Repetition 0 0 0.068 0.9964
s(time): /b/ 7.024 7.585 11.748 < 2e-16
s(time): /d/ 6.753 7.363 12.119 < 2e-16
s(time): /g/ 7.373 7.848 12.837 < 2e-16
s(time): fast 0 0 0.023 0.9993
s(time): slow 4.629 5.546 1.963 0.0813
s(time): Reading /u/ 7.603 9.49 25.06 < 2e-16
s(time): Repetition /u/ 5.926 7.31 29.896 < 2e-16
s(time, subject): /i/ 90.02 143 1.969 < 2e-16
s(time, subject): /u/ 75.383 143 1.4 < 2e-16
s(time, subject): Reading 84.583 143 2.15 < 2e-16
s(time, subject): Repetition 45.226 143 0.758 < 2e-16
s(time, subject): /b/ 75.144 144 1.682 < 2e-16
s(time, subject): /d// 71.144 144 2.724 < 2e-16
s(time, subject): /g/ 75.492 144 1.692 < 2e-16

Appendix C. 11. Model m3.a (generalized additive mixed model with binary smooths for adults’ data) in the

study on coarticulation in reading (chapter 4).

m3.a:  tonguepos ~ Cond + s(time, by=Cond, k=20) + s(time, by=C1) +

s(time, by=speed) +

S(time, by=Isu, £=20) +

s(time, by=IsRepu, k=20) +

s(time, subject, by=V", bs="fs", m=1) +
s(time, subject, by=Cond, bs="f", m=1) +
s(time, subject, by=C1, bs="1", m=1)
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Appendix C. 12. Output of model m3.a (study on coarticulation in reading (chapter 4)).
Parametric coefficients Estimate Std. error t-value p-value
(Intercept) 0.30060 0.01731 17.366 < 2e-16
Repetition -0.01967 0.01827 -1.076 0.282
Smooths Edf Ref.df F p-value
s(time): Reading 1 1 0.135 0.714
s(time): Repetition 0 0 0.046 0.998
s(time): /b/ 7.149 7.666 11.054 < 2e-16
s(time): /d/ 6.9 7.464 11.616 < 2e-16
s(time): /g/ 7.455 7.893 12.467 < 2e-16
s(time): fast 0 0 0 0.5
s(time): slow 3.974 4.821 1.707 0.12
s(time): /u/ 11.081 13.487 26.436 < 2e-16
s(time): Repetition /u/ 2.374 2.636 0.584 0.476
s(time, subject): /i/ 89.605 143 1.967 < 2e-16
s(time, subject): /u/ 75.451 143 1.414 < 2e-16
s(time, subject): Reading 83.544 143 1.987 < 2e-16
s(time, subject): Repetition 45.781 143 0.712 < 2e-16
s(time, subject): /b/ 75.362 144 1.481 < 2e-16
s(time, subject): /d/ 72.039 144 1.971 < 2e-16
s(time, subject): /g/ 76.251 144 1.741 < 2e-16
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