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Speakers modify their supra-laryngeal articulation on the one hand as a function of prosodic
prominence and on the other hand as a function of speaking style. Articulatory movements are
spatio-temporally expanded in words that are highlighted due to prosodic strengthening, but
also in utterances that are produced in a loud speaking style. What remains unclear, to date, is
how these two phenomena interact, or, in other words, how prominence relations are encoded in
loud speech. In this paper, we use electromagnetic articulography to investigate lip and tongue
kinematics and analyze selected acoustic parameters across several focus conditions in habitual
and loud speech. Prosodic prominence relations are studied as the simultaneous strengthening
of highlighted words and the attenuation of words in the background. The results show that
prominence relations can be encoded multidimensionally in loud speech. Some modifications
are even stronger in loud speech than in habitual speech, despite the general articulatory
modifications associated with a loud speaking style. In both speaking styles, the attenuation of
words in the background tends to be more robust than the strengthening of highlighted words.
The paper underlines the flexibility of the multidimensional phonetic space in the encoding of
prosodic prominence across varying communicative demands.
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1 Background

Speakers structure the information that they convey in an utterance (Vallduvi & Engdahl, 1996).
Based on their beliefs about which entities are most important for the listener, some parts of an
utterance are in focus while others are in the background (Gussenhoven, 2004; Lambrecht, 1994;
Vallduvi, 1992). This so-called focus structure of an utterance is prosodically marked in many
languages through a range of parameters, including modulations of FO, increased sound pressure,
longer segmental durations, as well as more distinct sound productions (Baumann et al., 2007;
Breen et al., 2010; Féry & Kiigler, 2008; Roessig, Winter, et al., 2022; Xu & Xu, 2005).

The phonetic modifications observed for prosodic focus have similarities to characteristics of
a loud speaking style, where these modifications span entire utterances. Since speakers adapt their
speech production to communicative demands, they produce loud speech to be more intelligible
in adverse listening conditions. The characteristics of a loud speaking style are associated with
high vocal effort and include modulations of FO, increased sound pressure, and spatio-temporal
changes in supra-laryngeal articulation, which resemble the characteristics of focus marking
(Raitio et al., 2013; Tasko & McClean, 2004).

While the two phenomena of focus marking on the one hand and a loud speaking style on the
other hand have been widely studied to date, their interaction remains unclear. In this paper, we
pose the following research question: Can speakers signal focus structure in loud speech, despite
the overall modifications associated with this speaking style? In other words, if loud speech

“turns up” the speech production system, is there still room left for prosodic focus marking?

To address this question, we conducted an experiment with 20 German speakers, using
acoustic recordings and 3D electromagnetic articulography to track the movements of the oral
articulators. The speakers were recorded as they interacted with a virtual avatar, producing
embedded target words in two utterance positions, two focus conditions and two speaking
styles. Acoustic parameters, as well as kinematics of the lips and tongue body, were analyzed in
target syllables including two vowel types. Through measurements of duration, FO and sound
pressure level, as well as target positions of the primary articulators, we investigated how focus
structure manifests in habitual speech on the one hand and in loud speech on the other. The
results reveal acoustic and articulatory signatures of focus structure in both speaking styles.
Focus marking emerges as a structural phenomenon requiring a balance of strengthening and
weakening strategies affecting the entire phrase: An increase in prosodic prominence in the
nuclear condition is accompanied by a simultaneous decrease in prominence in the prenuclear
condition. Interestingly, in most analyzed parameters, the acoustic and articulatory differentiation
of focus conditions tend to be stronger in a loud speaking style compared to a habitual one.
This underscores that the goal of enhanced intelligibility in adverse listening conditions is not

constrained by an overall increased production effort.
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1.1 Focus structure and prosodic prominence
111 Focus structure

Focus is a fundamental component of information structure (Féry & Krifka, 2008). Information
structure can be defined as the packaging of information to fulfil the communicative requirements
of an interlocutor (Chafe, 1976). The focus of an utterance is determined by the communicative
context and reflects the speaker’s beliefs of which entities are most informative and relevant
for the listener (Halliday, 1967; Lambrecht, 1994; Vallduvi & Engdahl, 1996). Other entities
considered less important in the given situation are out of focus, i.e., in the background of the
utterance (Lambrecht, 1994). Typically, the background contains information that has already
been established and “anchors the sentence to the previous discourse” (Vallduvi & Engdahl,
1996, p. 461).

There are multiple manifestations of focus, differentiated among others by focus breadth and
contrastiveness (Gussenhoven, 2004; Ladd, 1980; Repp, 2016). Below are examples illustrating
broad, narrow, and corrective focus. Focus is indicated by square brackets with the subscript F
(Jackendoff, 1974). In Example (1), the entire utterance is in broad focus, because no information
is provided by the previous discourse (Ladd, 1980). In Example (2), some information is already
supplied by the preceding question. The only new information in the response is coffee, which
is in focus, while the remaining parts of the utterance are in the background. This condition
is termed narrow focus, where only one aspect of an event is highlighted, making the focus
narrower compared to broad focus (Ladd, 1980). Example (3) presents a special case of narrow
focus, where the focus breadth is identical to Example (2), but here, coffee is in corrective focus.
It corrects an entity already established in the discourse; in this instance, coffee corrects the
suggestion tea from the preceding question (Gussenhoven, 2004; Repp, 2016; Wagner, 2012).

() Q: What’s up?
[Lisa wants to drink coffee.],

2) Q: What does Lisa want to drink?
A: Lisa wants to drink [coffee.],

3 Q: Does Lisa want to drink tea?
A: Lisa wants to drink [coffee.],

What becomes evident from the examples is that the focus structure affects the entire utterance,
as prominences are distributed across all entities, with some words in focus and others in the
background (Calhoun, 2007). In examples (2) and (3), only the word coffee is in focus and is
therefore associated with the main prominence of the sentence. However, it can only stand out
in comparison to other elements in the utterance that are in the background. In other words, an

entity always bears relative prominence (Calhoun, 2007; Cangemi & Baumann, 2020; Wagner



Pagel et al: The encoding of prominence relations in supra-laryngeal articulation across speaking styles

& Watson, 2010). Prosodic prominence is commonly defined based on the production and
perception of an entity, e.g., as “the strength of a spoken word relative to the words surrounding
it” (Cole et al., 2010, p. 425) or as its “acoustic and perceptual salience” (Vogel et al., 2016, p.
123; see Ladd & Arvaniti, 2023, for a review). While parts of an utterance can either be in or out
of focus, prosodic prominence is not a binary feature. Instead, an element can be associated with
several degrees of prominence, which depend, among other factors, on the focus structure of the
utterance (Calhoun, 2007). Coffee is in focus in all three examples above, but it may be produced
with increased prosodic prominence in corrective focus (Example [3]) compared to narrow focus
(Example [2]), and in narrow focus compared to broad focus (Example [1]). The effect of focus

structure on the entire utterance will be further elaborated in Section 1.1.3.

1.1.2 Correlates of prosodic prominence

Prosodic prominence manifests in a broad array of acoustic correlates (Baumann et al., 2007;
Breen et al., 2010; Féry & Kiigler, 2008; Roessig, Winter, et al., 2022; Xu & Xu, 2005). In English,
German, and other West-Germanic languages, a salient signature of prominence is the placement
of a pitch accent on a word. Let’s revisit the previously mentioned examples of focus structures. A
pitch accent on coffee can be expected in all three examples. In broad focus (Example [1]), where
the focus spans the entire utterance, the final noun of the sentence (in this case coffee) typically
serves as the focus exponent for the larger domain. The focus exponent bears the nuclear pitch
accent, which is the final and perceptually most salient pitch accent of the intonational phrase
(Ladd, 1980). While the placement of a pitch accent already marks an element as prominent,
distinctions between degrees of prominence can be conveyed through different types or shapes
of accents, as demonstrated, among others, for German and English (Baumann et al., 2007;
Pierrehumbert & Hirschberg, 1990; Roessig, Miicke, & Grice, 2019; Roessig, 2021). In German
speech production, there are probabilistic preferences for downstepped or falling pitch accents
on nuclear-accented words in broad focus as opposed to rising pitch accents in corrective focus,
with proportions for narrow focus lying between broad and corrective (Baumann et al., 2007;
Grice et al., 2017; Miicke & Grice, 2014). These findings on accent type choice are supported by
continuous analyses, which have revealed higher FO values, greater excursion or tonal onglide,
and later peak alignment in corrective compared to narrow focus, and in narrow compared to
broad focus (Baumann et al., 2007; Grice et al., 2017; Roessig, Miicke, & Grice, 2019; Roessig,
Winter, et al., 2022).

In addition to FO modulations, prominent entities bearing a pitch accent exhibit various other
acoustic modifications compared to less prominent elements. Studies across multiple languages
have observed increased sound pressure (Fowler, 1995; Harrington et al., 1995; Roessig, Winter,
et al., 2022; Wang, 2020), as well as longer durations of consonants, vowels, syllables, and words
(Avesani et al., 2007; Cao & Zheng, 2006; Cho & McQueen, 2005; de Jong, 1995; Edwards et al.,
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1991; Hermes et al., 2008; Jabeen & Braun, 2018; Wang, 2020) in prominent words compared
to less prominent or non-prominent words. Again, fine-grained acoustic differences can be
observed between degrees of prominence, i.e., between words that are nuclear-accented but
occur in different focus conditions. For instance, speakers produce sounds with longer acoustic
durations in corrective focus compared to narrow focus and/or in narrow focus compared to
broad focus (Baumann et al., 2007; Kiigler, 2008; Miicke & Grice, 2014; Roessig, Winter, et al.,
2022). Similarly, studies have reported higher sound pressure in accented words in corrective
focus compared to narrow focus, and in narrow focus compared to broad focus (Breen et al.,
2010; Roessig, Winter, et al., 2022).

Prominence also affects the supra-laryngeal articulation of an entity, a phenomenon
known as prosodic strengthening (Cho, 2004). Numerous kinematic experiments have been
conducted to investigate prominence-induced prosodic strengthening in the articulation of
the jaw, lips, and tongue. Evidence for larger (as well as mostly longer and faster) vocalic
jaw and lip opening under increased prominence has been gathered for English (Cho, 2005,
2006; de Jong, 1991, 1995; Fowler, 1995; Harrington et al., 1995, 2000; Kim & Cho, 2011),
German (Hermes et al., 2008; Miicke & Grice, 2014), and Italian (Avesani et al., 2007), among
other languages. Fine-grained analyses of prosodic strengthening at the segment level have
revealed greater jaw lowering in vowels compared to greater raising in consonants (Beckman
et al., 1992; Macchi, 1985). Additionally, the lips are more protruded in rounded vowels when
strengthened (de Jong, 1991, 1995; Kent & Netsell, 1971). While the elicitation methods vary
among the studies mentioned above, the majority do not explicitly investigate differences
between several focus conditions or degrees of prominence. However, more recent evidence
suggests that differences occur not only between highly diverging focus conditions (e.g.,
background vs. corrective focus). Instead, lip kinematics are also spatially and temporally
modified to some extent in a step-wise manner between background, broad, narrow, and
corrective focus (Hermes et al., 2008; Krivokapi¢ et al., 2017; Miicke & Grice, 2014; Roessig,
2021; Roessig & Miicke, 2019).

In addition to jaw and lip kinematics, prosodic strengthening is also evident in vocalic tongue
body movements. Studies indicate that under prominence, the tongue is lowered in /q, a, ®, o/
(Cho, 2002, 2005; de Jong, 1991; Katsika, 2018), while it is raised in /i/ (Katsika, 2018; Kent &
Netsell, 1971; Shin et al., 2015). Additionally, there is evidence of tongue body retraction in /o,
u/ (de Jong, 1991) and fronting in /i, 1/ (Cho, 2005; Kent & Netsell, 1971; Kim & Cho, 2011).
These findings suggest that prominence is correlated with the tongue body moving closer towards
its “presumed articulatory target” (Kent & Netsell, 1971, p. 42), although strategies may vary
among speakers (Harrington et al., 2000). These enhancements tend to occur in contrasts that
are relevant within the respective language’s sound system (Cho & McQueen, 2005). Once again,

fine-grained modulations of tongue body kinematics can be observed between several focus
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structures or degrees of prominence, i.e., between background, broad, narrow, and corrective
focus (Roessig, 2021; Roessig, Miicke, & Pagel, 2019; Roessig & Miicke, 2019).

Findings on prosodic strengthening have been explained by two predominant accounts. The
increased jaw and lip opening in vowels can be interpreted as a strategy of sonority expansion.
This assumes that the greater opening of the vocal tract allows for more energy to radiate from
the mouth, thereby enhancing sonority contrasts between consonants and vowels (Beckman et
al., 1992). The prominence-induced modifications of the tongue body, on the other hand, can
be viewed as a strategy of localized hyperarticulation. This assumes that sounds are produced
with increased distinctness under prominence (de Jong, 1995). These two strategies may
serve different functions: The sonority expansion primarily contributes to an enhancement of
syntagmatic contrasts, while the localized hyperarticulation mainly enhances paradigmatic
contrasts (Harrington et al., 2000; Miicke, 2018). Since the two strategies predominantly recruit
different articulators, they can mostly go hand in hand. However, there are contexts where they
appear to conflict, such as in the tongue body in the high front vowel /i/. In such cases, there is
evidence that speakers tend to hyperarticulate those features of the sound that are simultaneously
compatible with a sonority expansion (Cho, 2005). For example, in /i/, the tongue body may be
fronted but not necessarily raised under prominence, as raising it could interfere with sonority
expansion (Cho, 2005).

1.1.3 Correlates of focus structure in the pre-nuclear domain

Up to this point, we have primarily concentrated on the correlates of increased prosodic prominence
of a word, particularly a focused and pitch-accented element in comparison to an element in the
background. However, as previously mentioned, focus structure impacts the entire utterance
rather than solely the most prominent entity. Most of the existing literature on this subject is
concerned with the post-nuclear region of the utterance, which is the portion of an utterance
following the word with the nuclear pitch accent. In this region, post-nuclear (or post-focal)
deaccentuation, or compression, is observed in many languages (Xu et al., 2012). Conversely, the
pre-nuclear region, which is the portion preceding the nuclear-accented word, has received less
attention thus far. Prosody in this domain is often regarded as following a default pattern that

does not contribute significantly to the meaning of an utterance (Biiring, 2007).

However, some studies suggest that the importance of this portion of the utterance has
been underestimated. They indicate that a word in a pre-nuclear utterance position is realized
differently when it is in broad focus compared to when it is in the background before the focus;
in other words, when it is focal compared to when it is pre-focal. For instance, Baumann et al.
(2007) observe a higher proportion of pre-nuclear accents in German when the following nuclear-

accented word is in broad focus than when it is in corrective focus, i.e., when the pre-nuclear
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word is focal than when it is pre-focal. Additionally, research on German and French reveals that
words in the pre-nuclear region are produced with lower FO contours when the nuclear-accented
word is in corrective focus compared to when it is in broad focus (Dohen & Leevenbruck, 2004;
Roessig, 2024). Similar evidence exists for the pre-nuclear domain in German and Mandarin,
showing differences when the nuclear-accented word is in narrow focus compared to when it is
in broad focus (Féry & Kiigler, 2008; Roessig, 2024; Yang & Chen, 2020).

Moreover, pre-nuclear compression is not only evident in FO contours but also in word
durations and other phonetic characteristics. Words preceding a nuclear-accented word in
corrective focus can exhibit shorter durations compared to those preceding a word in broad
focus in German (Kiigler, 2008; Roessig, 2024) and American English (Erickson & Lehiste, 1995).
In a separate study on American English, segment durations are examined in a trisyllabic word
preceding either a word in corrective focus or in the background (Cho et al., 2013). Shorter vowel
durations can be observed in the penultimate and ultimate syllable when the word precedes a
correctively focused word, a phenomenon termed “preaccentual shortening” by the authors (Cho
et al., 2013, p. 388). Similarly, shorter durations and lower intensities are reported for words
preceding a nuclear-accented word in narrow focus compared to broad focus in Mandarin (Yang
& Chen, 2020). A study on Bulgarian measures the phonetic strength of pre-nuclear pitch accents
and observes weaker accents when they precede corrective or narrow focus than when they
precede broad focus (Andreeva et al., 2017). These weaker pre-nuclear accents are characterized,
among others, by lower mean FO, shorter durations, and lower intensities. Similar results are
reported for the pre-focal domain in various Arabic varieties (Alzaidi et al., 2023; Alzamil &
Hellmuth, 2021; Chahal & Hellmuth, 2014).

A recent study on Korean expands upon the existing body of evidence regarding the
realization of focal and non-focal words in different utterance positions by incorporating results
from an articulatory investigation (Im et al., 2023). The authors observe that lip opening and
closing movements are spatio-temporally reduced in pre- and post-focal words compared to the
focal words they surround. Crucially, this reduction tends to be more pronounced in pre-focal
words than in post-focal words, highlighting once again that focus realization affects not only the

highlighted word but the entire utterance in intricate ways.

Upon initial examination, the observed differences described above might seem attributable
not to the distinction between various focus conditions, but rather to the differentiation between
focal and pre-focal. However, further evidence indicates that words are also realized differently
across different focus conditions when they are all pre-focal. For instance, in German, Baumann
et al. (2007) observe fewer pre-nuclear accents on pre-focal words when they occur before
corrective focus compared to when they occur before narrow focus. Similarly, evidence suggests

that pre-nuclear pitch accents are shallower before corrective focus than before narrow focus in
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Bulgarian (Andreeva et al., 2017). In a recent analysis, Roessig (2024) demonstrates that pre-
focal words are produced with lower or compressed FO and shorter syllable durations before

corrective focus compared to before narrow focus in German.

Taken together, the findings suggest that when the nuclear-accented word is produced with
increased prosodic prominence, words in the pre-nuclear domain are simultaneously produced
with decreased prosodic prominence. This indicates an inverse relationship between the nuclear
and pre-nuclear domains, wherein prominence relations between different parts of an utterance
are realized in speech production. This pattern is observed both between focal and pre-focal
words preceding nuclear-accented words, as well as between pre-focal words preceding nuclear-
accented words in different focus conditions. To our knowledge, the first study to include a
kinematic investigation of supra-laryngeal articulation in the pre-nuclear part of an utterance has
recently been conducted for Korean (Im et al., 2023). Korean, however, is a language without
lexical stress and is considered an edge-prominence language, where prominence is primarily
encoded through phrasing (Jun, 2006). Therefore, it seems beneficial to expand analyses of
the pre-nuclear domain of an utterance to other languages, such as German, which is a head-

prominence language.

1.2 Loud speech

Modulations associated with loud speech have been termed “global” variations, not only because
they span long stretches of speech but also because they affect several speech subsystems:
respiration, phonation, and supra-laryngeal articulation (Dromey & Ramig, 1998). In the
existing literature, loud speech is distinguished from other effortful speaking styles, such as
Lombard speech (speech produced in background noise) and clear speech (e.g., speech directed
at a hearing-impaired or non-native listener). While all these speaking styles share numerous
phonetic correlates, they also exhibit some striking differences, both in their elicitation methods
and their phonetic realization (Bond & Moore, 1990; Darling & Huber, 2011; Godoy et al., 2014;
Huber & Chandrasekaran, 2006; Mefferd, 2017; Tjaden, Richards, et al., 2013). In this paper,
our primary focus is loud speech, but we also include some evidence for Lombard speech when
appropriate, as these two speaking styles show strong similarities and have been believed to arise
from the same production mechanism (Bond & Moore, 1990). Therefore, supplementary results
from Lombard speech can offer valuable insights but should be interpreted with caution in the
context of loud speech without background noise. Additionally, selected evidence from clear
speech is presented. It is important to note that the following literature review includes studies

on pathological speech; however, only results for the typical control group are reported here.

In acoustic analyses, the most striking correlate of loud speech is an increase in sound pressure.

This higher sound pressure in loud speech is consistently reported across multiple languages,
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including English (Bond & Moore, 1990; Darling & Huber, 2011; Dromey & Ramig, 1998; Garnier
et al., 2022; Huber & Chandrasekaran, 2006; Kleinow et al., 2001; Mefferd, 2017, 2019; Mefferd
& Green, 2010; Tasko & McClean, 2004; Wohlert & Hammen, 2000), German (Geumann, 2001a,
2001b; Koenig & Fuchs, 2019; Xue et al., 2021), French (Liénard & Di Benedetto, 1999), Swedish
(Traunmiiller & Eriksson, 2000), and Finnish (Raitio et al., 2013). A further acoustic correlate of
loud speech is a higher mean FO (Bond & Moore, 1990; Dromey & Ramig, 1998; Garnier et al.,
2022; Geumann, 2001a, 2001b; Liénard & Di Benedetto, 1999; Raitio et al., 2013; Traunmiiller
& Eriksson, 2000; Xue et al., 2021), which is closely linked to an increased sound pressure level,
likely due to physiological and structural reasons (Alku et al., 2002; Gramming et al., 1988).
Additionally, studies report longer vowel durations and either unchanged or shorter consonant
durations (Bonnot & Chevrie-Muller, 1991; Geumann, 2001a; Schulman, 1989; Traunmiiller &
Eriksson, 2000), as well as an expanded acoustic vowel space (Mefferd, 2017; Mefferd & Green,
2010; Tjaden, Lam, et al., 2013, 2013; Tjaden & Wilding, 2004).

A number of studies have investigated supra-laryngeal articulation in loud speech, using
various kinematic tracking techniques. These studies demonstrate that vowels are produced with
larger and often faster jaw and/or lip opening movements in this speaking style (Darling & Huber,
2011; Dromey & Ramig, 1998; Garnier et al., 2022; Geumann, 2001a; Huber & Chandrasekaran,
2006; Mefferd, 2019; Mefferd & Dietrich, 2020; Schulman, 1989; Tasko & McClean, 2004; Xue
et al., 2021). At the same time, some studies indicate that these spatial enhancements of jaw and
lip gestures occur to a greater extent in vowels and not to the same extent in consonants, thus
leading to enhanced contrasts between vowels and consonants (Geumann, 2001a; Schulman,
1989). Studies on tongue body kinematics have observed larger and often also faster and longer
lingual gestures in loud speech compared to habitual speech, either across tongue body gestures
overall (Tasko & McClean, 2004) or, more specifically, between /i/ and /a/ (Mefferd, 2017, 2019;
Mefferd & Dietrich, 2020; Mefferd & Green, 2010). Additionally, an expanded kinematic vowel
space is found across the entire sentence (Whitfield et al., 2018). In a study on shouted sustained
vowels, an overall lower tongue position is observed across a wide range of vowels (Xue et al.,
2021). Supplementary evidence can be drawn from studies examining Lombard speech, where
individuals produce speech in background noise. As previously mentioned, it is important to
interpret these results with caution when considering their applicability to loud speech without
background noise. Articulatory analyses show that Lombard speech is associated with greater
tongue displacements (Nicolaidis, 2012; Simko et al., 2016) and increased contrasts between
close and open vowels (Garnier et al., 2018) in the vertical (high-low) movement dimension. In
the horizontal (front-back) movement dimension, an experiment on Lombard speech indicates a
general lingual fronting in vowels alongside an increased articulatory contrast between front and
back vowels (Garnier et al., 2018).
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1.3 Prosodic prominence across speaking styles

It becomes evident that the two phenomena of loud speech and the prosodic marking of focus
structure have been extensively studied to date. However, to our knowledge, there is currently
no report on how focus structure is realized in loud speech, examining the interaction between
the two phenomena. While there is a small number of studies providing indirect evidence for the
interaction of prosodic prominence and effortful speaking styles, they do not investigate loud
speech but rather other effortful speaking styles, such as Lombard speech or clear speech. These
analyses suggest that when transforming habitual speech into effortful speech, not all elements
in an utterance undergo the same transformation. Instead, there appear to be interactions with

prosodic structure.

For instance, Vainio et al. (2012) investigate focus marking in Finnish Lombard speech. They
discover that despite the expansion of FO mean and range in this speaking style, the focus-related
intonation contours produced in Lombard speech still resemble those that are typical for focus
marking in habitual speech. Another study has shown that when transforming habitual speech
into Lombard speech in English, FO mean and movement are increased across the entire utterance,
but this increase is not equally strong for all words. Instead, FO changes are more pronounced
in accented words and less so in unaccented words, resulting in greater FO differences between

accented and unaccented words in Lombard speech (Rivers & Rastatter, 1985).

Another piece of evidence comes from a study on clear speech directed at a non-native
listener (Cho et al., 2011). Clear speech is characterized by a slow speaking rate (usually slower
than in loud speech), increased sound pressure (typically not as high as in loud speech), as
well as a hyperarticulation of vowels and consonants (Baker & Bradlow, 2009; Mefferd, 2017;
Smiljani¢ & Bradlow, 2005; Tjaden, Lam, et al., 2013; Tjaden & Martel-Sauvageau, 2017). While
findings on clear speech cannot be assumed to directly apply to loud speech, they are worth
mentioning in this context because clear speech, like loud speech, is a speaking style that requires
high vocal effort, and there are similarities between the two speaking styles. In their study on
prosodic prominence in Korean clear speech, Cho et al. (2011) find prominence-induced temporal
expansions and increased sound pressure in vowels, similar to habitual speech. The authors
conclude that “the clear speech effects are conditioned by prosodic factors in a way that segments

positioned in prosodically strong locations are weighted more” (Cho et al., 2011, p. 355).

Taken together, these acoustic analyses suggest that effects of prosodic structure may also
manifest in effortful speaking styles such as Lombard and clear speech. However, it remains
unclear how these results relate to deliberately loud speech. Loud speech is associated with an even
greater increase in sound pressure than Lombard and clear speech, which may require even more
production effort and could potentially impede the encoding of prosodic prominence. Furthermore,
to our knowledge, existing studies are limited to acoustic analyses and evidence on supra-laryngeal

articulatory correlates of prosodic structure in any effortful speaking style is still lacking to date.
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1.4 The present study

The literature overview highlights the overlap in phonetic correlates between prosodic
prominence (related to focus structure) and loud speech. Modifications such as longer vowel
durations, FO modulations, increased sound pressure, as well as larger jaw, lip, and tongue body
gestures are associated with both phenomena. However, the specific interaction between focus
structure and loud speech remains largely unexplored. The crucial question arises: Can speakers
still signal prominence relations in a speaking style that is produced with increased vocal effort,
or are such fine modulations overridden by the overall aim to speak loudly? Alternatively, could
it be the case that in a loud speaking style, where the speech production system is “scaled up,”
the differences between prominence degrees are realized to an even greater extent? While there
is sparse acoustic evidence for an interaction between prosodic prominence and other effortful
speaking styles (i.e., Lombard and clear speech), to our knowledge, this interaction has not been
investigated for loud speech, nor has it been analyzed articulatorily. Addressing these questions
could significantly contribute to our understanding of how prosodic prominence and loud speech
intersect, shedding light on the underlying mechanisms of speech production under increased

vocal effort.

The present study adopts an exploratory approach to examine the acoustic and supra-
laryngeal articulatory signatures of focus structure in both habitual and loud speech. We
investigate acoustic durations, FO, and sound pressure level, in addition to lip and tongue body
kinematics, in words that occur in different focus structures. In doing so, we compare words
associated with different degrees of prominence, acknowledging that prominence is not a binary
feature, and fine-grained differences can surface in the realization of words. An innovative
aspect of our study is the extension of the analysis to the pre-nuclear domain (where words
may be produced with decreased prominence), reflecting our understanding that focus structure
affects not just the most prominent word. Rather, it impacts the whole utterance and distributes
relative degrees of prominence across all its elements. With this comprehensive approach, we
aim to elucidate how speakers navigate the expression of focus structure within various speech

production contexts.

2 Methods
2.1 Research questions and predictions
We address two research questions:

A) What are the acoustic and articulatory correlates of a loud speaking style compared to a
habitual speaking style?

B) What are the acoustic and articulatory correlates of focus structure in habitual and loud

speaking styles?
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Based on previous evidence, we expect to find the following results:

For A) Vowel durations, FO, and sound pressure level, as well as lip aperture will be
increased, and the tongue body target will be lowered in loud speech compared to

habitual speech.

For B) Similar focus-related modifications are anticipated in habitual and loud speech,
though they may be stronger in habitual speech. Vowel durations, FO, sound pressure
level, and lip aperture will be increased, and tongue body targets will be hyperarticu-
lated when associated with high prosodic prominence. Vowel durations, FO, SPL, and
lip aperture will be decreased, and tongue body targets will be hypoarticulated when

associated with low prosodic prominence.

2.2 Participants

For this experiment, 20 German speakers were recorded, ranging in age from 22 to 27 years
old (mean: 24.7, SD: 1.3). The group comprised of 10 female and 10 male participants. All
participants were native German speakers who were raised monolingually in Germany. None
reported any diagnosed voice or speaking disorders, hearing impairments, or reading and writing
disorders. Additionally, none of the participants were experts in phonetics, phonology, or speech
analysis. This study was approved by the Local Ethics Committee of the University of Cologne.
Each participant gave written informed consent before study participation. The research was

conducted in accordance with the Declaration of Helsinki.

2.3 Experimental procedure

The kinematic signal was recorded using 3D electromagnetic articulography (Carstens AG 501)
at a sampling rate of 1250 Hz, which was subsequently downsampled to 250 Hz for analysis.
Sensors were placed on the chin, lower and upper lips, tongue tip, tongue blade, and tongue
dorsum/body. For the present paper, only the sensors on the lips and the tongue body will be
analyzed. Additional reference sensors were placed on the bridge of the nose and behind both
ears. Simultaneously, speakers were recorded using an AKG C544 headset microphone connected
to a PC via a Tascam US-4x4 audio interface, recording at 48 kHz and 16-bit resolution. The
microphone was placed at a distance of 7 cm from the speaker’s mouth, angled between 45-90°
at the side of the mouth, following the guidelines by Patel et al. (2018). Speakers were seated
underneath the articulograph in front of a screen at approximately 3 meters and were asked to
follow the instructions displayed on the screen. The experiment was written as a browser-based
application using HTML/CSS and JavaScript.
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We devised the experiment to ensure controlled utterances while fostering a natural
communication atmosphere. Participants engaged in a game-like task set in a soccer stadium,
where they interacted with a virtual avatar. In the task scenario, participants attended a soccer
match with their friend Marie, represented by the virtual avatar. It was explained that Marie
had forgotten her glasses at home, impairing her ability to see the game. Therefore, participants
were tasked with answering Marie’s questions and describing the match to her. Figure 1 shows
a screenshot of one experimental trial. Each trial began with an animation depicting a scene
on the field, where one soccer player passed the ball to another player. Subsequently, Marie’s
image appeared in the bottom corner of the screen, accompanied by an auditory presentation
of her question over loudspeakers. The question was also displayed visually in a speech bubble.
Marie’s questions, which served as trigger questions for the participant, were pre-recorded by
a female native speaker of German, who was a trained phonetician and familiar with study’s
objectives. She was instructed to produce the questions without any distinct focus structure
marking and produced them in two speaking styles, generating two sets of questions: one in
habitual speech and the other in loud speech. Following the presentation of the trigger question
in the experiment, participants responded based on the written sentence displayed on the screen,

which was the target utterance.
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a spielt Vanessa zu.

Figure 1: Example of the experiment screen at the end of a trial. In this trial, Labiba passes
the ball to Vanessa. The virtual avatar asks, Spielt Labiba Lotte zu? ‘Does Labiba pass the ball to
Lotte?’, and the participant responds, Labiba spielt Vanessa zu. ‘Labiba passes the ball to Vanessa.’,
where Vanessa is in corrective focus.
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After familiarizing themselves with the target words and completing a training phase of six
trials, participants proceeded to the main experiment, which comprised two blocks. Each block
consisted of 48 target utterances plus six filler trials. In the first block, participants produced
utterances in habitual speech without any specific instructions regarding speaking style. They
were unaware that they would later be instructed to produce loud speech. The pre-recorded
avatar’s questions were from the set of habitual speech. For the second block, participants
were told that during the halftime break, the stadium became very noisy, requiring them to
speak loudly for Marie to understand them. No actual background noise was played during the

experiment (except during the filler trials).

Previous studies have shown that if background noise is played in an experiment, the volume
and specific type of noise (e.g., broadband vs. babble noise) can influence the characteristics of
the produced Lombard speech (Garnier et al., 2010; Lu & Cooke, 2008). We wanted to rule out
this possible confounding factor and opted to elicit deliberately loud speech instead of Lombard
speech to enhance the generalizability of our results. The mention of background noise in the
instructions solely aimed to make the task more relatable for participants. To further encourage
participants to speak loudly, the experimenter communicated with them in a loud speaking
style, and the pre-recorded avatar’s questions were from the set of loud speech productions,
additionally presented at an increased volume. Furthermore, a brief acclimatization phase was
included at the beginning of the loud speech block. The combination of these measures aimed to
alleviate participants’ inhibitions, enabling them to adapt to the game-like task and increase their

sound pressure despite the laboratory setting and absence of actual background noise.

Each of the 20 speakers produced 96 target utterances, resulting in a total of 1,920 recorded
target utterances. The trial order was pseudo-randomized for each speaker, where repetitions
of critical items in two successive utterances were avoided. Twelve utterance productions were
excluded from the analysis due to technical problems or unnoticed speech disfluencies, leaving

1,908 utterances available for analysis.

2.4 Speech material and conditions

Each utterance contained one of six trisyllabic target words, which were German-sounding
pseudo words: Nimami (/ni'ma:mi/), Sibabi (/zi'ba:bi/), Libami (/li'ba:mi/), Nabima (/na'bi:ma/),
Samima (/za'mi:ma/), and Labiba (/la'bizba/). The target syllable was the lexically stressed
penultimate syllable, which invariably comprised the bilabial consonant /b/ or /m/ followed by
the target vowel /a:/ or /ii/. The trisyllabic structure ensured a controlled vocalic context for the
target syllable: The target vowel /a/ was consistently flanked by the vowel /i/, and the target
vowel /i/ was consistently flanked by the vowel /a/. Furthermore, the consonantal context was

controlled so that the target syllable was always succeeded by a bilabial consonant.
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The target words were introduced to the participants as the names of female soccer
players on the field. The carrier sentences, within which the target words were embedded,
followed the structure: subject + verb stem + object + verb affix, as illustrated in examples
(4) and (5). The target words were positioned either in the subject position (referred to as
utterance-initial position), as demonstrated in Example (4), or in the object position (referred
to as utterance-medial position), as demonstrated in Example (5). In the respective other
position, a filler name was inserted, drawn from the set of the four German names Vanessa
(/va'nesa/), Rebecca (/¥a'beka/), Annette (/?a'neta/), and Carlotta (/ka'lota/). The verb stem
and affix options were either spielt ... zu ‘passes the ball to...” or passt ... zu ‘passes the ball

to ...".
(@)) Nabima spielt Vanessa zu.
subject predicate object predicate
(verb stem) (verb affix)
‘Nabima passes the ball to Vanessa.’
5) Carlotta spielt Nabima zu.

subject predicate  object predicate
(verb stem) (verb affix)
‘Carlotta passes the ball to Nabima.’

The utterances were produced in two focus conditions, referred to as [broad, broad] and
[background, corrective]. These two focus conditions were elicited through a question-answer
paradigm, where two types of trigger questions (posed by the virtual avatar) prompted two
focus types in the answers (given by the participant). Table 1 demonstrates exemplary question-
answer pairs for the two focus conditions and the two utterance positions. In the [broad, broad]
condition, both the subject (initial position) and the object (medial position) were in broad focus.
The elicitation question for this focus condition was Was passiert gerade? ‘What is going on?’
In the [background, corrective] condition, the subject (initial position) was in the background,
while the object (medial position) was in corrective focus. The elicitation question for this focus
condition was Passt/Spielt X Y zu? ‘Does X pass the ball to Y?’, where X represented the subject
of the answer utterance, and Y was a competitor name introduced in the trigger question. The
competitor names included the female German names Lotte (/'Iopts/) and Holly (/'holi/) for
target words with the vowel /a/, and Jutta (/'juta/) and Ulla (/'?ula/) for target words with the

vowel /i/.

Based on the combination of utterance position and focus condition, the target word
could occur either in broad focus or in the background when elicited in the initial position, as

opposed to broad focus or corrective focus when elicited in the medial position. This enabled a
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comprehensive analysis of focus marking: By comparing the [background, corrective] condition
with the [broad, broad] condition, we could simultaneously explore the nuclear and pre-nuclear
domains. This allowed us to analyze the entity transitioning from broad to corrective focus and

the one transitioning from broad focus to the background.

position focus question-answer pair

initial [broad, broad] Q: Was passiert gerade?
What is going on?

A: [Nabima spielt Vanessa zu.],
[Nabima passes the ball to Vanessa.],

[background, corrective] Q: Spielt Nabima Holly zu?
Does Nabima pass the ball to Holly?

A: Nabima spielt [Rebecca] , zu.
Nabima passes the ball to [Rebecca.],

medial [broad, broad] Q: Was passiert gerade?
What is going on?

A: [Carlotta spielt Nabima zu.],,
[Carlotta passes the ball to Nabima.],

[background, corrective] Q: Spielt Annette Lotte zu?
Does Annette pass the ball to Lotte?

A: Annette spielt [Nabima], zu.
Annette passes the ball to [Nabima.],

Table 1: Exemplary question-answer pairs for the target word Nabima in two utterance positions
and two focus types. Focus is marked by square brackets and the subscript letter F; the target
word is underlined.

2.5 Data processing and measurements

Annotations for words and segments were forced-aligned to the acoustic data using the Montreal
Forced Aligner (McAuliffe et al., 2017) in Praat (Boersma & Weenink, 2022). A pre-trained
acoustic model based on the German Prosodylab dictionary was employed for this purpose.
After the automatic segmentation, manual correction was applied to the first four segments of
the target word where necessary. All acoustic and articulatory measurements that are described
in the following correspond to the vowel of the target vowel (i.e., the vowel of the penultimate

syllable of the target word, which was either /a/ or i/).
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The acoustic analyses involved measurements of vowel duration, FO, and sound pressure
level (SPL). All processing steps for the acoustic data were carried out in R (R Core Team, 2020),
predominantly using the packages PraatR (Albin, 2014) and rPraat (Bofil & Skarnitzl, 2016).
The code is accessible in the online repository (cf. Data accessibility statement). Duration was
determined as the time in milliseconds between the beginning and end of the target vowel, as
annotated in Praat. FO was assessed as the maximum FO during the target vowel, expressed
in semitones relative to a speaker-specific baseline (the 5% percentile of FO values during the
entirety of utterances produced by a speaker). The Praat command “Get maximum...” for Pitch
objects was applied, with floor and ceiling values adjusted based on speaker gender and speaking
style. To enable SPL analyses independent of recording gain, a reference tone was played during
the recording at the beginning of each block (the habitual and the loud block) at a constant
volume and distance from the microphone. SPL was computed as the RMS amplitude of the
target vowel relative to the RMS amplitude of the reference tone for the respective speaker and
recording block. The RMS amplitude was extracted using the Praat command “Get root mean

square...” for the respective time window, and SPL was calculated using the formula:

target =20- logm WMW

reference

SPL

The articulatory data of the lips and tongue body underwent several processing steps. Initially,
using the NormPos program provided by Carstens Medizinelektronik GmbH, the data were
corrected for head movement and transposed for each speaker into a head-based coordinate system
based on the biteplate recording. Subsequently, the kinematic signal from the electromagnetic
articulograph was processed using the ema2wav converter (Buech et al., 2022) to transform it
into multi-channel wav files, which were then displayable in Praat, and CSV files containing
kinematic data, which were used for the analyses described below. The signal was smoothed

using a rolling mean with a window width of 20 samples.

For the articulatory analyses, we investigated the lips (labial system) and tongue body
(lingual system) during the target vowel. We analyzed three articulatory parameters, as depicted
in Figure 2: lip aperture, vertical tongue body, and horizontal tongue body. For the labial
system, we calculated the Euclidean distance between the upper and lower lip, considering both
vertical (y-axis, high-low dimension) and horizontal (x-axis, front-back dimension) movements.
Regarding the lingual system, we examined tongue body kinematics in vertical and horizontal
movement dimensions separately. For both articulator systems, we detected the target of the
vowel gesture, employing a semi-automatic algorithm in R (cf. Data accessibility statement for
the code). Figure 3 illustrates this procedure for an exemplary target word with the target

vowel /i/. For the lips, the algorithm detected the target time as the first zero crossing in the
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velocity curve of the lip distance following the peak velocity of the gesture. For the tongue
body, the target was detected as the time of the first minimum in the tangential velocity curve
following the tangential peak velocity. With this procedure, a target time was identified in all
three articulatory parameters (lip aperture, vertical tongue body, and horizontal tongue body)

for each target vowel production.

All automatically detected target times underwent manual verification and correction, if
necessary. Corrections were made when trajectories exhibited irregularities, such as multiple
velocity peaks, leading to premature “target” detection before the vowel onset. In 29 out of 1,908
utterances, erroneous detections were manually corrected to the visually identified accurate
target position by the first author. Subsequently, the corresponding articulator positions were
extracted at these points in time (cf. Data accessibility statement for the code). For the lips, this
represented the maximum opening during the vowel. For the tongue, this corresponded to a low
and central/retracted position in /a/ and a high and fronted position in /i/. It is important to
note that the target measure employed here differs from the measure of displacement, which
is commonly used in articulatory analyses as the spatial distance between the onset and target
position of an articulatory gesture. We opted for the target measure, as it solely considers the
endpoint of the articulatory movement, which is associated with the maximum position of the
articulator in the oral tract to produce the target vowel. Other than displacement, the target
measure does not depend on the onset position of the articulator, which is associated with the

preceding vowel instead of the target vowel.

Figure 2: Schema of articulatory parameters. Lip aperture is calculated as the Euclidean distance
between the two lip sensors. The tongue body is analyzed on the vertical y-axis (high-low) and
the horizontal x-axis (front-back).
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Figure 3: Illustration of algorithm used to find articulatory targets. From top to bottom: Waveform
with acoustic annotation, lip aperture (LA), velocity of lip aperture (LA ), vertical position of
tongue body (TBO,), horizontal position of tongue body (TBO,), and tangential velocity of tongue
body (TBO, ). Blue vertical lines indicate the time of the peak velocity in the velocity curves. Red
vertical lines indicate the time of the target.

2.6 Bayesian modeling

The acoustic and articulatory results were modeled using Bayesian hierarchical linear models
with the brms package (Biirkner, 2017) in R (R Core Team, 2020). Throughout the analysis,
the tidyverse package was used for data processing (Wickham et al., 2019), and the plots
were created with ggplot2 (Wickham, 2016), tidybayes (Kay, 2023) and patchwork (Petersen,
2020). The complete modeling code can be accessed in the provided online repository (cf. Data
accessibility statement). Each acoustic parameter (duration, maximum FO, and mean SPL), and
articulatory parameter (lip aperture target, vertical tongue body target, and horizontal tongue
body target) was modeled as a function of the factors focus ([broad, broad] vs. [background,
corrective]) and speaking style (habitual vs. loud), as well as their two-way interaction. Random
intercepts were included for speaker and word, and random slopes for the effects of focus and
speaking style by speaker. The reference levels for the predictors were set to ‘[broad, broad]’
for focus and ‘habitual’ for speaking style. Note that response variable values (i.e., acoustic or
articulatory parameter values) went into the analysis without additional standardization (e.g.,

z-score) to retain as much natural variation in the data as possible.
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We used weakly informative priors for the regression coefficients, with normal distributions
centered around zero with a standard deviation of 10. The brms package’s default priors were
employed for all other parameters. Each model was sampled using four Markov Chain Monte
Carlo (MCMC) chains with 9,000 iterations, including 4,500 warmup iterations. This process
yielded 18,000 posterior samples per model for inference. We conducted thorough checks for
convergence issues, which revealed no divergent transitions or R values above 1.01. Additionally,

visual inspection of the predictive posterior checks showed no irregularities.

The results were modeled for each acoustic and articulatory parameter (i.e., three acoustic
and three articulatory parameters). Models were fitted separately for each utterance position
(i.e., medial and initial). Additionally, for the articulatory parameters, separate models were
fitted for each target vowel (i.e., /a/ and /i/). This approach was adopted because the effects of
focus and speaking style on the articulatory target were anticipated to vary depending on vowel
quality and utterance position. For example, a shift in focus from [broad, broad] to [background,
corrective] might result in a more extreme target in the medial position but a less extreme
target in the initial position. Also, a more extreme target may be associated with a lower tongue
position in the vowel /a/ but a higher tongue position in the vowel /i/. Conversely, for acoustic
parameters, no relevant differences were anticipated between the two vowels, so their data were
merged for modelling purposes. As a result, we compiled six models for acoustic parameters (3
parameters X 2 utterance positions) and 12 models for articulatory parameters (3 parameters X
2 utterance positions X 2 target vowels), all following the same basic structure. The subsequent
summary presents the models that were fitted for each acoustic or articulatory parameter, along

with the number of observations in the data that were included in the respective model:

For acoustic parameters:

+ Medial: Target words in medial utterance position (954 observations)

+ Initial: Target words in medial utterance position (954 observations)

For articulatory parameters:

« Medial /a/: Target words with target vowel /a/, in medial utterance position (476
observations)

+ Medial /i/: Target words with target vowel /i/, in medial utterance position (478
observations)

« Initial /a/: Target words with target vowel /a/, in initial utterance position (477
observations)

« Initial /i/: Target words with target vowel /i/, in initial utterance position (477

observations)

The 2 x 2 factorial design with the two categorical predictors focus and style is depicted in

Figure 4. To address the two research questions, three comparisons between cells in the design
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matrix were conducted, as indicated by the blue arrows in the figure. To address research
question A), general differences between speaking style were explored by comparing cells I and
III in the focus condition [broad, broad]. This comparison aimed to establish a foundational
understanding of production differences between habitual and loud speech in the present data
set (cf. Section 3.1). To address research question B), differences between focus types were
examined: initially for habitual speech by comparing cells I and II, followed by an examination
of loud speech by comparing cells III and IV (cf. Section 3.2).

research question B)
focus difference in habitual

/_\
2, I 1
S & style: habitual | style: habitual
g % focus: [broad, broad] | focus:  [background, corrective]
EE I v
% 4; style: loud | style: loud
g focus: [broad, broad] | focus:  [background, corrective]
e

focus difference in loud
research question B)

Figure 4: Schematic factorial design matrix with factors focus (horizontal) and speaking style
(vertical).

The results for the three acoustic parameters (duration, FO, and SPL) and the three articulatory
parameters (lip aperture target, vertical tongue body target, and horizontal tongue body target)
are consistently presented in terms of the estimated mean difference of the respective cell
comparison (f), a posterior distribution and 95% credible interval (CI) of this difference, along
with the probability that the difference is above or below zero, Pr([§ > 0) or Pr(ﬁ < 0). We
consider there to be reliable evidence for a hypothesis if the probability Pr(f > 0) or Pr(f < 0)
is close to one, if nearly all posteriors for the difference § are distributed on one side of zero, and
if zero is not within the 95% credible interval of . Given our decision not to adhere to a strict

threshold for interpretating effect sizes, the results are evaluated in a graded manner.

3 Results

In a first step, loud speech is compared to habitual speech to address research question A) (cf.
Section 3.1). In a second step, differences between focus structures are examined in the two
speaking styles to tackle research question B) (cf. Section 3.2). The results are reported for the

Bayesian models of acoustic duration, maximum FO, and relative sound pressure level (SPL), as

21
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well as articulatory targets of lip aperture, vertical tongue body, and horizontal tongue body
target, each during the target vowels /a/ or /i/. The included plots consistently illustrate the
results for the analyzed parameter with estimated conditional means and their 95% credible
intervals in the left panel, and the posterior distribution of the difference  between these
estimates, including a mean (represented as a black dot) and a quantile-based 95% credible
interval (represented as a black horizontal line), as well as the probability of § being above or

below zero in the right panel.

3.1 Correlates of loud speech

This section aims to provide answers to research question A). To capture general differences
between speaking styles without the influence of focus structure, the parameters are compared
between speaking styles in the baseline condition [broad, broad] only. First, results for the
acoustic parameters of duration, maximum FO, and SPL during the target vowel are presented.
We then turn to the articulatory results for the lip aperture target (associated with the position of
maximum opening during the target vowel) and the tongue body target (corresponding to a low

and central-retracted position in the vowel /a/ and a high and fronted position in the vowel /i/).

311 Acoustic parameters

Figure 5 illustrates the estimated conditional means of vowel duration (on the left side) and
the posterior distribution of the difference between these estimates, including a mean and 95%
credible interval (on the right side). In both utterance positions, the estimates of duration are
higher in loud speech compared to habitual speech, indicating a positive difference  between
them (medial: § = 34.38; initial: § = 25.80). This suggests that the target vowel is produced
with a longer duration in a loud style than in a habitual one, regardless of utterance position.
The posterior distribution for f demonstrates that the entire posterior mass falls onto the positive
side of zero in both utterance positions, and no 95% credible intervals cross zero (medial: lower
CI = 26.93, upper CI = 40.78; initial: lower CI = 18.63, upper CI = 32.17). The probability of
the difference being above zero (Pr(f > 0)) is 1.00 in both cases. In summary, the difference f,
its posterior distribution, and credible intervals provide robust evidence that vowel duration is

increased in loud speech compared to habitual speech in both utterance positions.

The model results for maximum FO during the vowel are displayed in Figure 6. The
estimates reveal clear differences 3 between speaking styles (medial: f = 12.21; initial: § =
11.35), indicating higher FO maxima in loud speech compared to habitual speech. The posterior
distributions illustrate the robustness of these differences, since the entire mass of the distribution
falls onto the positive side of zero and the 95% credible intervals do not cross zero (medial: lower
CI = 10.87, upper CI = 13.53; initial: lower CI = 10.04, upper CI = 12.66). The probability
that the difference [3 is above zero (Pr([§ > 0)) is 1.00 in both utterance positions.
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Figure 5: Correlates of speaking style in vowel duration. Left: Estimated conditional means
for habitual and loud speech in [broad, broad]. Right: Posterior distributions of the difference
between these estimates.
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Figure 6: Correlates of speaking style in maximum FO of vowel. Left: Estimated conditional
means for habitual and loud speech in [broad, broad]. Right: Posterior distributions of the
difference between these estimates.
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Figure 7 illustrates the results for the mean SPL of the vowel relative to the reference tone.
For this parameter, too, the estimates differ vastly between speaking styles, with the difference
B (medial: = 12.84; initial: § = 11.81) indicating a higher SPL in loud speech compared to
habitual speech in both utterance positions. The entire mass of the posterior distribution of f
falls onto the positive side of zero and the 95% credible interval does not cross zero in either
utterance position (medial: lower CI = 10.61, upper CI = 15.02; initial: lower CI = 9.48, upper
CI = 14.05). The posterior probability of Pr(f > 0) = 1.00 demonstrates a robust effect of

speaking style for both utterance positions.
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Figure 7: Correlates of speaking style in mean SPL of vowel. Left: Estimated conditional means
for habitual and loud speech in [broad, broad]. Right: Posterior distributions of the difference
between these estimates.

3.1.2 Articulatory parameters

Now we turn to the articulatory results of lip aperture, as depicted in Figure 8. In all four models,
i.e., in both vowels and both positions, the estimates of the lip aperture target are higher in loud
speech than in habitual speech, corresponding to a positive difference § between them (medial
/a/: B = 8.22; medial /i/: f = 3.72; initial /a/: § = 7.73; initial /i/: § = 3.07). This indicates
that the lip aperture during vowel production is greater in a loud than in a habitual speaking
style in both utterance positions and vowels. It can be observed that this increase in lip aperture

in loud speech is greater in /a/ than in /i/, as indicated by higher f§ values in this vowel.

The posterior distribution for  shows that the entire posterior mass falls onto the positive side

of zero in all four models, and no 95% credible intervals cross zero (medial /a/: lower CI = 6.89,
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upper CI = 9.55; medial /i/: lower CI = 2.98, upper CI = 4.44; initial /a/: lower CI = 6.65,
upper CI = 8.83; initial /i/: lower CI = 2.34, upper CI = 3.79). The probability of the difference
being above zero (Pr(ﬁ > 0)) is 1.00 in all cases. Taken together, the difference [?, its posterior
distribution, and credible intervals can be interpreted as robust evidence that lip aperture is

increased in loud speech compared to habitual speech across all vowels and utterance positions.
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Figure 8: Correlates of speaking style in lip aperture targets. Left: Estimated conditional means
for habitual and loud speech in [broad, broad]. Right: Posterior distributions of the difference
between these estimates.
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Figure 9 illustrates the results for the correlates of loud speech in tongue body targets. Once
again, the results are displayed in terms of estimated conditional means (on the left) and posterior
distributions of the difference between these estimated means (on the right). The estimates on
the left side can be interpreted similarly to a vowel chart, where high values on the y-axis
correspond to high tongue positions and values on the right of the x-axis correspond to retracted
tongue body positions (cf. Figure 2 for an illustration). When abbreviating the two movement
dimensions, y will denote vertical (high-low) movements, and x will denote horizontal (front-
back) movements. It is important to note that the x-axis is flipped in the estimate plots to match
the visual display of the vowel chart, meaning that higher values correspond to front tongue

positions when inspecting the raw x-numbers.

In all four models, the estimated means indicate that the overall tongue position is lower (i.e.,
lower y-values) and fronted (i.e., higher x-values) in loud speech compared to habitual speech
(medial /a/: B, = -2.58, B = 1.14; medial /i/: f, = -1.10, B, = 1.03; initial /a/: B, = -2.57,
B, = 0.61; initial /i/: B, = -1.12, §, = 0.80). Although this is consistent across both utterance
positions and vowels, there are some differences between vowels: In /a/, there is a greater lowering
of the tongue associated with loud speech than in /i/, as indicated by more extreme negative

By values.

When examining the posterior distributions of f for the vertical movement dimension, it
is observed that the entire posterior mass falls onto the negative side of zero and the 95%
credible interval is outside of zero in all four cases, i.e., in /a/ and /i/ in both utterance positions
(medial /a/: lower CI = -3.62, upper CI = -1.55; medial /i/: lower CI, = -1.53, upper CI,
= —-0.66; initial /a/: lower CIy = -3.53, upper CIy = -1.64; initial /i/: lower CIy = -1.60,
upper CI = -0.63). The probability of the estimate being below zero, Pr(f, < 0), is 1.00 in
all cases. For the horizontal movement dimension, the posterior mass falls onto the positive
side of zero and the 95% credible interval is outside of zero in three out of four cases, i.e.,
in medial /a/, medial /i/ and initial /i/ (medial /a/: lower CI = 0.07, upper CI = 2.23;
medial /i/: lower CI_ = 0.26, upper CI_ = 1.82; initial /a/: lower CI_ = -0.45, upper CI =
1.66; initial /i/: lower CI = 0.09, upper CI = 1.49). The probability of the estimate being
above zero is very high in these three cases (medial /a/: Pr(Bx > 0) = 0.98, medial /i/: Pr(ﬁx
> 0) = 0.99, initial /i/: Pr([§x > 0) = 0.99) but indicates only a trend in the case of initial
/a/ (Pr(ﬁx > 0) = 0.88). All things considered, there is compelling evidence for the tongue
body to be lower in /a/ and /i/ in loud speech than in habitual speech in both utterance
positions. Additionally, in loud speech, there is a robust effect of fronting in /i/ in both
utterance positions and in /a/ in the medial position, as well as a trend for fronting in /a/ in the

initial position.
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Figure 9: Correlates of speaking style in tongue body targets. Left: Estimated conditional means
for habitual and loud speech in [broad, broad]. Right: Posterior distributions of the difference
between these estimates.

3.2 Correlates of focus in habitual and loud speech

This step of the analysis addresses research question B). We present results for the acoustic
parameters of duration, FO, and SPL, as well as for the articulatory targets of the lip aperture,
vertical, and horizontal tongue body movements, and compare them between focus conditions in
both habitual and loud speech. Within each speaking style, differences are investigated between the
condition [broad, broad] (or abbreviated to [br, br]) and the condition [background, corrective]

(or abbreviated to [ba, co]). The analysis includes both utterance positions, capturing a change
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from broad to corrective focus in the medial position and from broad focus to the background in
the initial position. First, acoustic results are presented for vowel duration, maximum FO, and mean
SPL. Next, we turn to articulatory results for the lip aperture target (which represents the position of
maximum opening during the target vowel) and the tongue body target (which corresponds to a low

and central/retracted position in the vowel /a/ and a high and fronted position in the vowel /i/).

3.2.1 Acoustic parameters

Results for the vowel duration are displayed in Figure 10. In the medial utterance position, the
estimated means show only subtle differences between focus conditions in habitual speech but
more robust differences in loud speech (medial habitual: = 1.40; medial loud: § = 2.67).
These observations are supported by the posterior distributions, credible intervals, and posterior
probabilities (medial habitual: lower CI = -1.25, upper CI = 4.02; medial loud: lower CI =
—0.03, upper CI = 5.35). They indicate that vowel durations in the medial position are longer in
corrective focus than in broad focus in loud speech (Pr([§ > 0) = 0.97), but there is only a trend

for longer durations in habitual speech (Pr(ﬁ > 0) = 0.85).

In the initial position, we observe that the estimated means differ markedly between focus
conditions in both speaking styles (initial habitual: § = -8.53; initial loud: § = -11.52). The
posterior distributions, credible intervals, and posterior probabilities emphasize the robustness
of the focus effect in both speaking styles (initial habitual: lower CI = -13.48, upper CI = -3.49;
initial loud: lower CI = -16.55, upper CI = -6.37). Consequently, we find that vowel durations
are reliably shorter in the background than in broad focus in both habitual and loud speech
(habitual: Pr(8 < 0) = 1.00; loud: Pr(f < 0) = 1.00).
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Figure 10: Correlates of focus in vowel duration. Left: Estimated conditional means for both
focus conditions in habitual and loud speech. Right: Posterior distributions of the difference
between these estimates.
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Figure 11 presents model results for the maximum FO of the target vowel. In the medial
position, between-focus differences in the estimated means are more pronounced in habitual
than in loud speech (medial habitual: § = 0.70; medial loud: § = 0.19). The posterior
distributions and credible intervals confirm that while the differences in FO between broad
and corrective focus are robust in habitual speech, they are less reliable in loud speech
(medial habitual: lower CI = 0.26, upper CI = 1.13; medial loud: lower CI = -0.23,
upper CI = 0.63). We find that with a posterior probability of Pr(f > 0) = 1.00, vowels
are robustly produced with a higher maximum FO in corrective than in broad focus in
habitual speech, whereas there is only a subtle trend into the same direction in loud speech
®r(f > 0) = 0.81).

In the initial position, marked between-focus differences can be observed in both
speaking styles, indicating that maximum FO is lower in the background than in broad focus
(initial habitual: § = —0.62; initial loud: f§ = —0.58). Since the entire mass of the posterior
distribution falls onto the negative side of zero, and neither 95% credible interval crosses
zero (initial habitual: lower CI = -0.99, upper CI = -0.26; initial loud: lower CI = -0.95,
upper CI = -0.21), we find that maximum FO is reliably decreased in the background
compared to broad focus in both habitual and loud speech (habitual: Pr(f < 0) = 1.00; loud:
pPr(B < 0) = 1.00).

medial

P .

K !
~ o
AN 'I' E | )
o habitual 1 Pr(f > 0) = 1.00
= 1
3} 15 | ——
> 1
.‘g i
< 10 } loud : Pr(f > 0) = 0.81
Sz

[br, br] [ba, co] [br, br] [ba, co] -3 -2 -1 0 1 2 3
. estimate
habitual loud
initial

= .

K4 '
~
R @ E X .
o habitual 1 Pr(f < 0) = 1.00
= 1
o 15 —— |
> 1
.‘g i
o) 10 loud : Pr([? < 0) = 1.00
SR 1

= , . , . . . — . . .

[br, br] [ba, co] [br, br] [ba, co] -3 -2 -1 0 s 2 3
. estimate
habitual loud

Figure 11: Correlates of focus in maximum FO of vowel. Left: Estimated conditional means for
both focus conditions in habitual and loud speech. Right: Posterior distributions of the difference
between these estimates.
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Results for the third and last acoustic parameter, mean SPL, are presented in Figure
12. In the medial position, estimated means are higher in corrective than in broad focus in
habitual and loud speech (medial habitual: § = 0.51; medial loud: § = 0.50). In the posterior
distributions and credible intervals, we find robust evidence for between-focus differences in
both speaking styles (medial habitual: lower CI = 0.02, upper CI = 0.99; medial loud: lower
CI = 0.01, upper CI = 0.98). The posterior probability that the target vowel is produced with
a higher SPL in corrective focus than in broad focus is Pr(f > 0) = 0.98 in both speaking
styles.

In the initial position, the estimated means are only slightly lower in the background than in
broad focus in both habitual and loud speaking styles (initial habitual: = —0.19; initial loud: 3
= -0.28). The posterior distributions, 95% credible intervals, and posterior probabilities show
that these between-focus differences of decreased SPL are only trends and not robust in either
habitual or loud speech, but the trend is more pronounced in loud speech (initial habitual: lower
CI = -0.62, upper CI = 0.25, Pr(f < 0) = 0.80; initial loud: lower CI = -0.71, upper CI =
0.16, Pr(8 < 0) = 0.89).
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Figure 12: Correlates of focus in mean SPL of vowel. Left: Estimated conditional means for
both focus conditions in habitual and loud speech. Right: Posterior distributions of the difference
between these estimates.
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3.2.2 Articulatory parameters

We now delve into the articulatory results, starting with the lip aperture (cf. Figure 13). For the
medial position in habitual speech, the between-focus differences as shown by the differences
between estimated means are rather small (medial /a/: [3 = 0.08; medial /i/: [3 = 0.24). However,
upon inspecting the posterior distributions, credible intervals, and posterior probabilities, a clear
trend emerges for a greater lip aperture in corrective focus in /i/ but not in /a/ (medial /a/:
lower CI = —0.46, upper CI = 0.62, Pr(} > 0) = 0.62; medial /i/: lower CI = —-0.09, upper CI
= 0.56, Pr(f > 0) = 0.93). Conversely, for the medial position in the loud speaking style, the
differences between estimated means indicate a consistent increase in lip aperture in corrective
focus compared to broad focus (medial /a/: f = 0.52; medial /i/: § = 0.45). Examining the
posterior distributions of § for loud speech, it is apparent that most of the posterior mass falls
onto the positive side of zero, with the 95% credible interval being either entirely or nearly
outside of zero for both vowels (medial /a/: lower CI = -0.02, upper CI = 1.08; medial /i/:
lower CI = 0.13, upper CI = 0.77). The robustness of this observation is also reflected in the
high probability of the posterior being above zero (medial /a/: Pr(f > 0) = 0.97; medial /i/:
Pr(f > 0) = 1.00).

For the initial position, we explore differences in lip aperture when the word is in the
background as opposed to broad focus. In habitual speech, the between-focus differences
in the initial position suggest that lip aperture is smaller in the background (initial /a/:
B = -0.81; initial /i/: § =-0.43). The posterior distributions, credible intervals, and
posterior probabilities provide robust evidence for a smaller lip aperture in the background
in habitual speech (initial /a/: lower CI = -1.56, upper CI = -0.06, Pr(B < 0) = 0.98;
initial /i/: lower CI = -0.96, upper CI = 0.10, Pr(3 < 0) = 0.95). For loud speech, the
between-focus differences in the initial position go into the same direction and are
even more pronounced than in habitual speech, again revealing a smaller lip aperture in
the background than in broad focus (initial /a/: § = -1.24, lower CI = -2.00, upper CI
= -0.50, Pr([§ < 0) = 1.00; initial /i/: [3 = -1.20, lower CI = -1.74, upper CI = -0.66,
pr(B < 0) = 1.00).

Taking both utterance positions into account, the evidence suggests that lip aperture is mostly
increased when a word is in corrective focus and reduced when it is in the background, compared
to broad focus, respectively. While there is only weak evidence for habitual speech in some cases
(i.e., only a trend in medial /i/ and no modification in medial /a/), the differences are larger and

the evidence is robust in all cases in loud speech.
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Figure 13: Correlates of focus in lip aperture targets. Left: Estimated conditional means for
both focus conditions in habitual and loud speech. Right: Posterior distributions of the difference
between these estimates.

Results for the tongue body targets are depicted in Figure 14. Once more, the estimated
means in the left panel can be interpreted akin to vowel charts, where high values on the y-axis

correspond to high tongue positions, and values on the right of the x-axis correspond to retracted
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tongue positions (cf. Figure 2 for an illustration). In the medial position, i.e., when comparing
corrective to broad focus, habitual speech exhibits no clear modifications between focus types in
either vowel or movement dimension (medial /a/: By = 0.10, BX = -0.10; medial /i/: [§y = 0.01,
B, = 0.09). Posterior distributions, credible intervals, and posterior probabilities affirm that the
tongue body target does not change systematically in the medial position in this speaking style
(medial /a/: lower CI, = -0.28, upper CI, = 0.48, Pr([j’Ay < 0) = 0.30, lower CI_ = -0.50, upper
CI, = 0.30, Pr(B, < 0) = 0.69; medial /i/: lower CI, = -0.21, upper CI, = 0.23, Pr(5, > 0)
=0.54, lower CI_ = -0.35, upper CI_ = 0.51, Pr([3x > 0) = 0.65).

For the medial position in loud speech, clear differences between focus conditions are
observed only in the vertical dimension in /a/, whereas the horizontal dimension in /a/and both
dimensions in /i/ exhibit only minor differences (medial /a/: [§y = -0.45, BX = -0.19; medial
/i/: B, = 0.03, B, = 0.25). Regarding /a/, the posterior distributions, credible intervals, and
posterior probabilities provide compelling evidence for a lower tongue body target in corrective
focus compared to broad focus in the vertical dimension. For the horizontal dimension, they
reveal only a marginal trend toward tongue retraction in corrective focus compared to broad
focus (medial /a/: lower CIy = -0.83, upper CIy = -0.07, Pr(ﬁy < 0) = 0.99), lower CI_ = -0.59,
upper CI = 0.22, Pr(B_ < 0) = 0.82). For /i/, posterior distributions, credible intervals, and
posterior probabilities emphasize the absence of a systematic between-focus difference in the
vertical dimension and show only a trend towards a fronted tongue in the horizontal dimension
in corrective focus (medial /i/: lower CIy = -0.19, upper CIy = 0.26, Pr([§y > 0) = 0.62, lower
CI_ = -0.18, upper CI_ = 0.69, Pr(f_. > 0) = 0.88).

In the initial position in habitual speech, notable modifications can be observed in the
background compared to broad focus, namely a higher and fronted tongue in /a/ and a lowered
and retracted tongue in /i/ (initial /a/: [§y = 0.26, [§X = 0.46; initial /i/: [§y = -0.26, BX = -0.32).
The posterior distributions, credible intervals, and posterior probabilities indicate systematic
patterns for all these between-focus differences, except for the higher tongue in /a/, where they
reveal only a trend (initial /a/: lower CI = -0.28, upper CI, = 0.81, Pr([§y > 0) = 0.84, lower
CI_ = -0.04, upper CI_ = 0.98, Pr(f_ > 0) = 0.96; initial /i/: lower Cl, = -0.60, upper CI =
0.08, Pr(B, < 0) = 0.93, lower CI_ = -0.74, upper CI_ = 0.09, Pr(B, < 0) = 0.94).

For the initial position in loud speech, we see a higher tongue in /a/ and a lowered and
retracted tongue in /i/ in the background (initial /a/: [3’y = 0.63, [3X = 0.08; initial /i/: [3y = -0.37,
B, = —0.36). The evidence supporting these modifications in the posterior distributions, credible
intervals, and posterior probabilities is compelling, whereas there is no clear pattern in initial /a/
in the horizontal dimension (initial /a/: lower CI, = 0.10, upper CI, = 1.17, Pr([j’Ay > 0) = 0.99,
lower CI, = -0.43, upper CI, = 0.59, Pr(B, > 0) = 0.62; initial /i/: lower CI = -0.72, upper CI,
= -0.02, Pr([3y < 0) = 0.98, lower CI = -0.78, upper CI_= 0.05, Pr([j’X < 0) = 0.96).
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Taken together, the analysis reveals that in habitual speech, the tongue body target is not
systematically modified between corrective focus and broad focus. In loud speech, however, the
tongue is lowered and slightly retracted in /a/ in corrective focus, as well as slightly fronted in
/i/. In the background compared to broad focus, habitual speech shows a fronted and slightly
higher tongue body target in /a/, as well as a lowered and retracted tongue body target in /i/.
In loud speech, the target is higher in /a/ and lowered and retracted in /i/ in the background

compared to broad focus.
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Figure 14: Correlates of focus in tongue body targets. Left: Estimated conditional means for
both focus conditions in habitual and loud speech. Right: Posterior distributions of the difference
between these estimates.
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4 Discussion

We carried out a study on acoustic parameters and articulatory kinematics of loud speech and
of focus marking in habitual and loud speech. A summary of the results is provided in Table 2
for research question A), the differences between speaking styles, and in Table 3 for research

question B), the differences between focus conditions.

In Table 2, Brackets indicate when only a trend could be observed. The results indicate the
characteristics of loud speech compared to the baseline habitual speech (e.g., “greater” means

that the given parameter is greater in loud than in habitual speech).

parameter medial initial
/a/ /i/ /a/ /i/

duration longer longer

max. FO higher higher

mean SPL louder louder

lip aperture greater greater greater greater
vertical tongue body lower lower lower lower
horizontal tongue body fronted fronted (fronted) fronted

Table 2:

Summary of results on differences between speaking styles.

In Table 3, a dash indicates no robust results, and brackets indicate when only a trend could
be observed. In the medial position, the results indicate the characteristics of corrective focus
compared to the baseline broad focus (e.g., “greater” means that the given parameter is greater
in corrective than in broad focus); in the initial position, the results indicate the characteristics of

background compared to the baseline broad focus (e.g., “smaller” means that the given parameter

is smaller in the background than in broad focus).

parameter | habitual loud
medial initial medial initial
corr. vs. broad | backgr. vs. broad | corr. vs. broad backgr. vs. broad
/a/ |/i/ /a/ /i/ /a/ /i/ /a/ /i/
duration (longer) shorter longer shorter
max. FO higher lower (higher) lower
mean SPL louder (quieter) louder (quieter)
lip aperture | - (greater) | smaller | smaller | greater greater | smaller | smaller
vertical - - (higher) | lower lower - higher | lower
tongue body
horiz. - - fronted | retracted| (retracted)| (fronted)| — retracted
tongue body

Table 3: Summary of results on differences between focus conditions in both speaking styles.
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First, the results reveal overall differences between speaking styles regarding acoustic and
supra-laryngeal articulatory parameters of target vowels. Loud speech is systematically produced
with longer acoustic durations, a higher maximum FO, higher mean sound pressure level (SPL),
a greater lip aperture, and a tongue body that is lowered and mostly fronted in both investigated
vowels. Second, concerning correlates of focus structure, the results show that in habitual
speech, target vowels are produced with a higher maximum FO and mean SPL, and tend to have
longer durations when in corrective as opposed to broad focus. When they are produced in the
background as opposed to broad focus, vowels in habitual speech exhibit shorter durations and a
lower FO, and tend to have a lower SPL. In loud speech, when vowels occur in corrective focus as
opposed to broad focus, they are longer, louder, and tend to have a higher FO. When they occur
in the background as opposed to broad focus, they are shorter, have a lower FO, and tend to be
produced with a lower SPL. In terms of articulatory kinematics, there is a trend for lip aperture
in habitual speech to be greater in corrective than in broad focus only in /i/. Importantly, lip
aperture in habitual speech is systematically smaller in the background than in broad focus in both
vowels. In loud speech, there is compelling evidence for an enhanced lip aperture in corrective
focus compared to broad focus, as well as a reduced aperture in the background compared to
broad focus in both vowels respectively, and the observed between-focus differences are overall
greater than in habitual speech. Concerning the tongue body target, the data for habitual speech
do not show systematic modifications connected to corrective focus compared to broad focus.
However, in the background compared to broad focus, the target in habitual speech is fronted
and tends to be higher in /a/, and it is lowered and retracted in /i/. In loud speech, the tongue
target is lower and tends to be retracted in /a/ and fronted in /i/ in corrective focus compared
to broad focus. Additionally, in the background compared to broad focus, it is higher in /a/ and
lowered and retracted in /i/. In many instances, between-focus differences in the tongue target

tend to be larger, and the evidence is generally stronger in loud speech than in habitual speech.

The primary objective of the study was to investigate focus marking in two speaking styles.
The inquiry centered on whether the marking of prominence relations could be maintained in
loud speech, a speaking style that is produced with high vocal effort. The findings indicate that
not only can correlates of focus be observed in loud speech, but in certain parameters, they
appear to be even more pronounced than in habitual speech. In the following section, the results

are discussed in greater depth in relation to the two research questions.

41 Correlates of loud speech

The study contributes new findings on articulatory correlates of a loud speaking style (irrespective
of focus, for now), which provide answers to research question A). In terms of acoustic parameters,
our results reveal longer vowel durations, a higher maximum FO, and higher SPL in loud speech

compared to habitual speech. These findings suggest that participants in our study successfully



Pagel et al: The encoding of prominence relations in supra-laryngeal articulation across speaking styles

produced deliberately loud speech, despite the laboratory setting. Our results on German add to
the existing body of literature on loud speech across various languages, which consistently report
increased vowel durations (e.g., Bonnot & Chevrie-Muller, 1991; Geumann, 2001b; Tjaden,
Richards, et al., 2013), higher FO (e.g., Dromey & Ramig, 1998; Geumann, 2001b; Liénard & Di
Benedetto, 1999; Raitio et al., 2013), and elevated SPL (e.g., Koenig & Fuchs, 2019; Mefferd &
Green, 2010; Tjaden, Richards, et al., 2013). While the increased SPL is inherent to loud speech,
the higher FO may partly be attributed to the tight interconnection between FO and SPL in
physiological and structural ways (Alku et al., 2002; Gramming et al., 1988). The longer vowel
durations may further contribute to enhancing the SPL by prolonging the duration of highly

sonorant sounds, where the vocal tract is opened wide.

Turning to the articulatory parameters, we find that the lip aperture is greater in loud speech
compared to habitual speech, evident in both high /i/ and low /a/ vowels. The findings are
in line with previous studies on loud speech (Darling & Huber, 2011; Dromey & Ramig, 1998;
Garnier et al., 2022; Huber & Chandrasekaran, 2006; Schulman, 1989). A larger lip aperture
contributes to a more open vocal tract, enhancing the sonority of loud vowels and increasing
the SPL, which is crucial for a loud speaking style. It has also been proposed that an increased
lip opening is correlated not only with increased overall SPL but also with heightened spectral
energy in specific frequency bands (Garnier et al., 2006), potentially aiding in differentiating
speech from background noise (Garnier & Henrich, 2014). Additionally, as lip movements are
typically visible to listeners in face-to-face conversations, the greater lip opening may serve as
a listener-driven strategy to enhance intelligibility in the presence of auditory disturbances by

exploiting the visual channel (Fitzpatrick et al., 2015; Garnier et al., 2018).

In addition to modifications of the labial system, loud speech is produced with an overall
lowered and fronted tongue body in the present data. Interestingly, the lingual system is modified
in the same direction in /a/ and /i/, despite their different phonological targets. This suggests
that the modifications are not specific to individual vowels in terms of feature enhancement but
might instead be generally associated with the production of loud speech - at least for non-back

vowels.

The finding of a lower tongue body is in line with an existing study on shouted vowels in
German (Xue et al., 2021). Moreover, indirect evidence for a tongue lowering in loud speech is
provided by acoustic analyses showing higher first formants in this speaking style (Geumann,
2001b; Koenig & Fuchs, 2019; Tjaden & Wilding, 2004; Xue et al., 2021). A lower tongue
position contributes to a greater opening of the vocal tract, thereby potentially contributing to an
enhanced SPL. Additionally, the lowered tongue may be necessary for preserving the perceived
vowel quality: It has been suggested that the perception of vowels is connected to the relation
between FO and the first formant (Syrdal & Gopal, 1986). Therefore, if FO is raised, as typically
the case in loud speaking styles, the F1 may need to be raised as well to maintain vowel quality
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(Geumann, 2001b; Simko et al., 2016). Another factor could be that the same degree of vowel
constriction that is produced in habitual speech, such as in /i/, may result in friction when
intraoral pressure is increased in loud speech, hence necessitating a lower tongue position than
in habitual speech (Schulman, 1989). Furthermore, if both vowels are lowered in the vowel

space in loud speech, the overall perceptual distance between them can be preserved.

The finding of a fronted tongue in loud speech presents challenges in interpretation, as it
has not been explicitly described by previous studies on this speaking style, which primarily
investigated contrasts between vowel types rather than vowel-specific tongue targets. It should be
noted that the larger differences reported between /a/ and /i/ in these previous studies (Mefferd,
2017, 2019; Mefferd & Dietrich, 2020; Mefferd & Green, 2010) do not necessarily contradict our
finding of a general fronting of vowels. Such increased contrast is possible despite an overall
fronting of all vowels, although this aspect has not yet been explored in the present data. Some
indirect evidence supporting the fronting of /a/ and /i/ in loud speech can be found in second
formant analyses, showing a (trend towards) a higher F2 (Bond et al., 1989; Bond & Moore, 1990;
Geumann, 2001a; Huber & Chandrasekaran, 2006; Lu & Cooke, 2008; Tjaden & Wilding, 2004).
Additionally, an articulatory study on Lombard speech has reported a general fronting of vowels
(Garnier et al., 2018). However, this is not consistent across studies, with some indicating a lower
F2 or showing varied and non-significant results for Lombard or loud speech (Bond et al., 1989;
Huber et al., 1999; Koenig & Fuchs, 2019). Several hypotheses could explain the fronted tongue
position in loud speech. It could be the case that fronting helps enhance the perceptual quality
and salience of loud vowels by raising the F2. Alternatively, it may simply be a concomitant of the
simultaneous tongue lowering, given the strong physiological link between the two movement
dimensions of one articulator. For a more precise interpretation of the fronted tongue position in

loud speech, further investigations with a wider set of vowels would be necessary.

4.2 Correlates of focus in acoustic parameters

To answer research question B), we investigated focus structure in both habitual and loud speech.
In the acoustic domain, we examined duration, maximum F0O, and mean SPL of the target vowel.
Our findings for habitual speech are in line with previous research, revealing a higher FO (e.g.,
Baumann et al., 2007; Grice et al., 2017; Roessig, Winter, et al., 2022) and higher SPL (e.g.,
Fowler, 1995; Roessig, Winter, et al., 2022; Wang, 2020), along with a trend for longer durations
(e.g., Cao & Zheng, 2006; Cho & McQueen, 2005; de Jong, 1995) in corrective focus compared
to broad focus. These parameter modulations can be associated with an increase in prosodic
prominence. For focus differences in loud speech, we observe longer durations, a higher SPL,
and a trend for higher FO in corrective focus compared to broad focus, once again suggesting an
association with increased prosodic prominence. Remarkably, correlates of increased prosodic

prominence are very similar in both speaking styles, despite the overall increase in duration,
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F0, and SPL found in loud speech (cf. Section 4.1). This is, to our knowledge, novel evidence, as
prior studies have not yet explored focus marking in loud speech (but cf. Cho et al., 2011; Rivers
& Rastatter, 1985; Vainio et al., 2012, for insights into interactions between prosodic structure
and speaking style).

Another notable contribution of our study is the incorporation of a second utterance position
in the analysis, wherein background is compared to broad focus, to investigate prominence
relations. In this condition, we observe shorter acoustic durations, a lower FO, and a trend for a
lower SPL in the background, both in habitual and loud speech. These parameter modulations
can be associated with a decrease in prosodic prominence in both speaking styles and they
complement the modulations associated with increased prominence in the other utterance
position. This underscores that the attenuation of words, simultaneously to the strengthening
of others, can contribute to the differential production of focus structures. The observation that
the modifications associated with decreased prominence are similar in both speaking styles
further emphasizes that focus encoding remains feasible in loud speech despite the overarching

modifications characteristic of this speaking style.

Interestingly, we observe that in both utterance positions, the effects of focus on the acoustic
parameters of duration and SPL tend to be more pronounced in loud speech compared to habitual
speech (as indicated by the modeled posterior distributions and posterior probabilities). However,
there is an exception for FO, where an opposite pattern can be observed, with weaker effects in
loud speech compared to habitual speech. It is possible that prominence-related modulations
of FO are more limited in loud speech due to a physiological relation between FO and intensity.
For a more detailed account on intonational focus marking across speaking styles, we refer
readers to Roessig et al. (2022), where a comprehensive analysis of FO for a subset of the data is
presented. It is demonstrated that the variability in pitch accent realization is decreased in loud
speech, resulting in a reduced intonational differentiation between broad and corrective focus,

and potential physiological factors underlying these findings are discussed.

To sum up, we solidify and extend the existing studies on acoustic correlates of prosodic
prominence by adding evidence for German, investigating simultaneous correlates of increased

and decreased prominence, and comparing them across speaking styles.

4.3 Correlates of focus in articulatory parameters

Now, we turn to the articulatory results. The analysis of lip aperture yields somewhat unexpected
results for habitual speech. While a smaller lip aperture can be observed in the background
compared to broad focus in both vowels, there is only a trend for greater lip aperture in words
in corrective focus than in broad focus for /i/ and no clear trend at all for /a/. These findings
contrast with the majority of existing studies which have found greater lip opening associated

with prosodic prominence, which is connected, for example, to corrective focus (Cho, 2005;
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Harrington et al., 1995; Miicke & Grice, 2014; Roessig, 2021; Roessig & Miicke, 2019). This
greater aperture has been interpreted in previous research as a means of enhancing vowel
sonority, enabling a greater amount of acoustic energy to radiate from the mouth (Beckman et
al., 1992).

The divergent findings of the present study could potentially be attributed to the experimental
design. The focus conditions compared in the medial utterance position, broad and corrective
focus, represent two cases where the target word is in focus and receives the nuclear pitch
accent. Consequently, these words exhibit only slightly different degrees of prominence. In
contrast, previous experiments often compared words in the background with those in corrective
focus, representing two highly divergent poles on a scale of prosodic prominence. It could be
hypothesized that the differences between the two conditions in the present study are too subtle
to elicit clear articulatory modifications in all cases. However, in other studies on German, such
modifications still surface between these focus conditions (Miicke & Grice, 2014; Roessig, 2021),

leaving the lack of reliable effects in habitual speech in the present study an open question.

Nonetheless, an important insight from our data is that despite the partial subtlety of
articulatory differences between nuclear-accented words across focus conditions in habitual
speech, marked distinctions still surface when considering the entire utterance. In fact, they can
be found in the initial position. The observed smaller lip aperture in the background compared
to broad focus can be related to a sonority reduction in the initial position, wherein the acoustic
energy of a vowel is reduced. As discussed previously for the acoustic domain, this emphasizes
the relevance of the attenuation of words in encoding focus structures — here, the attenuation

appears to be even more consistent than the corresponding strengthening in the medial position.

In contrast to habitual speech, our findings for loud speech reveal a dual pattern of articulatory
adjustments in both vowels: a reduced lip aperture in the background compared to broad focus,
and simultaneously, an enhanced aperture in corrective focus compared to broad focus. This
suggests that speakers make use of the wider range of prosodic options on the articulatory tier
in loud speech: They do not only (or mainly) attenuate words in the pre-nuclear domain but also
strengthen the nuclear-accented word. Notably, this pattern is consistent in both open /a/ and
close /i/ vowels. In loud speech, we thus find between-focus modifications in all four examined
cases, encompassing both vowels and both utterance positions. Furthermore, all differences are
more pronounced and supported by more robust evidence in loud speech compared to habitual
speech. This suggests that the loud speaking style does not impede the signaling of focus structure
in the labial system compared to a habitual speaking style; rather, it amplifies it. Despite the
overall increase in lip aperture associated with a loud speaking style, speakers can still open their
lips even further in words with higher prosodic prominence, and conversely, reduce lip aperture
in words with lower prominence. This results in greater between-focus differences than those

observed in habitual speech.
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Now, we discuss the findings regarding the tongue body. In habitual speech, the lingual
data reveal no systematic modifications in corrective focus compared to broad focus. As
it was the case for habitual speech in the labial system, this absence of systematic lingual
modifications was rather surprising, given that previous studies have identified prominence-
related differences, such as a lower target in /a, a/ (Cho, 2002; de Jong, 1991; Macchi, 1985)
and fronting and/or raising in /i/ (Cho, 2002; Harrington et al., 2000; Katsika, 2018; Kent
& Netsell, 1971; Kim & Cho, 2011; Roessig, 2021; Roessig & Miicke, 2019). However, once
again, this may be attributed to the subtle differences between focus structures elicited in the
present experiment, and robust between-focus differences might emerge in more divergent

focus conditions.

On the contrary, for the initial utterance position, there are some clear tongue body
differences in the background compared to broad focus in habitual speech. The lowered and
retracted tongue body target in /i/ corresponds to a hypoarticulation, or centralization, of the
high front vowel, reflecting a decrease in prominence. This implies that the tongue body target
produced in the background does not reach the same high front position as in broad focus. This
hypoarticulation can be understood as the opposite of the localized hyperarticulation associated
with increased prominence (de Jong, 1995), and we might call it localized hypoarticulation for
structural reasons. In /a/, the trend towards a higher tongue target can also be interpreted as
a hypoarticulation of the low vowel. The case is less clear for the observed fronted target in
this vowel, as /a/ is a central vowel in German and phonologically neither a front nor a back
vowel. In our study, /a/ was always flanked by the front vowel /i/. In this context, a retraction
of the tongue in /a/ would correspond to an enhanced contrast between /a/ and /i/, whereas
a fronting would correspond to a weakened contrast. Thus, the observed fronting in /a/ in
the background condition does not directly equate to a hypoarticulation strategy but is still in

accordance with a weakening of contrasts.

In loud speech, unlike habitual speech, we observe clear tongue body modulations in
corrective compared to broad focus. In corrective focus, the observed lower (and slightly retracted)
target in /a/, as well as the slightly fronted target in /i/, can all be related to the strategy
of localized hyperarticulation, enhancing the respective vowel’s phonological place features
on the paradigmatic axis. It is plausible that the target in /i/ is fronted but not additionally
higher because this would conflict with the low tongue body required for an open vocal tract in
loud speech. This may indicate that prominence-induced modulations occur preferably in those
articulatory dimensions where no conflicts arise with physiological or phonological requirements
or sonority expansion (Cho, 2005). In the background, the higher tongue target in /a/, as well
as the lowered and retracted target in /i/, are all clear cases of localized hypoarticulations,
weakening their characteristic place features. Overall, the between-focus differences are mostly

greater, and the evidence is more robust in loud speech than in habitual speech.
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4.4 Summary: Correlates of focus across speaking styles

Taking into consideration both the results for the acoustic domain (duration, FO, and SPL) and
the articulatory domain (labial and the lingual system), the present study provides evidence that
a loud speaking style does not impede the marking of focus structure compared to a habitual
speaking style. In fact, quite the opposite is observed in many of the analyzed parameters. In
the acoustic domain, although loud speech is produced with altered characteristics, prominence-
induced modifications can still be observed in this speaking style, similar to habitual speech,
with effects on duration and SPL tending to be even greater than in habitual speech. Similarly, in
the articulatory domain, while loud speech seems to require a different overall configuration of
the lips and tongue body, this does not prevent the articulators from exhibiting clear differences
between focus conditions. These differences are mostly even greater than in habitual speech.
This is evident, firstly, in cases where there are no differences in habitual speech, but differences
emerge in loud speech (primarily in corrective compared to broad focus), and secondly, in cases

where differences are present in both speaking styles, but they are stronger in loud speech.

Our current findings suggest that the effects of focus structure are not impeded by the
overarching goal of increasing the sound pressure level. Rather, these effects appear to be
cumulative. While speaking loudly may serve various purposes, it is probable that, in our
scenario, the primary objective of a loud speaking style is to enhance intelligibility in adverse
listening conditions. This objective does not seem to be achieved by simply “scaling up” the
vocal effort of all words in an utterance uniformly. Instead, focus structure, which shall facilitate
speech comprehension and processing for the listener, appears to be effectively conveyed in this
speaking style as well. It is conceivable that the overall heightened production effort in loud
speech extends beyond the goal of speaking loudly but encompasses other aspects of speech

production, such as focus marking.

However, it should be noted that focus marking may not be uniformly achieved across all
parameters. As the analysis of FO shows, the effect sizes of focus-related modifications of this
parameter are smaller in loud speech compared to habitual speech. This implies that some speech
production subsystems may retain their flexibility across speaking styles, whereas others (such
as intonation) appear to be more constrained. One could speculate that this reduced modulation
strength in FO is partially compensated for by the higher modulation strengths observed in other
systems. Further, it could be hypothesized that in loud speech, the multiple parameters of focus

encoding are weighted differently in the multidimensional phonetic space.

On a side note, a multimodal analysis of a subset of the data, as presented in Pagel et al. (2023),
further corroborates the present findings of focus-related effects in loud speech. We discovered
that differences between broad and corrective focus are also encoded in the kinematics of speech-

accompanying head movements. While this can be observed in both habitual and loud speech,
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the differences in terms of movement displacement and velocity are more pronounced in loud
than in habitual speech, despite head movements being generally enhanced in loud speech. This

underlines that focus can be encoded in loud speech in a range of dimensions and modalities.

Another important finding that emerges from the results on acoustic parameters, as well as
the labial and lingual systems, is that focus structure indeed influences the production of the
entire utterance. This has been pointed out by previous studies for intonational and temporal
characteristics (Baumann et al., 2007; Dohen & Leevenbruck, 2004; Féry & Kiigler, 2008; Kiigler,
2008; Roessig, 2024; Yang & Chen, 2020). The present study adds supporting evidence on supra-
laryngeal kinematics, which, to our knowledge, have only been investigated by Im et al. (2023)
thus far. While most existing studies report results for words immediately preceding a nuclear-
accented word, we extend these findings to words occurring earlier in the utterance. Both the
acoustic and articulatory data indicate that words in corrective focus are produced with greater
prominence, while words in the background are produced with reduced prominence, compared
to broad focus respectively. Thus, we observe not only an articulatory strengthening of the
word that receives more prosodic prominence (in the nuclear position), but also a simultaneous
weakening, or attenuation, of other words in the utterance (in the pre-nuclear position). The
two inverse mechanisms (strengthening and weakening, or for the articulation: localized
hyperarticulation and localized hypoarticulation) may both be present in some cases, whereas
only one can be observed in others. In our results on lip and tongue kinematics, the attenuation
in the pre-nuclear domain appears to be even more robust than the strengthening in the nuclear
domain, especially in habitual speech. This is particularly interesting because the pre-nuclear
domain of an utterance has been previously described as following a meaningless default pattern
(Biiring, 2007). Our results contradict this view and underscore the importance of the pre-nuclear
domain for signaling focus structure. In line with previous interpretations (e.g., Cho et al., 2013;
Erickson & Lehiste, 1995; Im et al., 2023; Roessig, 2024), we propose that the attenuation of pre-
nuclear elements may serve as a “boost” for the saliency of the following prominent word in the
nuclear position. As suggested by Im et al. (2023) this may simultaneously be listener-oriented

(by increasing perceptual saliency) and speaker-oriented (by enhancing motor efficiency).

Overall, the present data emphasize the flexibility of the speech system in the encoding of
focus structure. There are numerous potential parameters through which it can be realized,
and all of them can but do not necessarily have to be modified simultaneously. This surfaces in
complementary processes of strengthening and weakening across different positions of a word
within the utterance and, on the other hand, in various acoustic and articulatory parameters.
Crucially, this flexibility of the speech system in the encoding of prominence relations in a
multidimensional phonetic space is not confined to a habitual speaking style but is maintained,

and in some respects even enhanced, in loud speech.
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4.5 Limitations and future directions

The present study exclusively focuses on selected acoustic parameters (duration, FO, and SPL)
and supra-laryngeal articulation (lips and tongue body), while disregarding other parameters,
such as additional articulators or non-verbal cues like speech-accompanying gestures, which
may play an important role in the encoding of prosodic structure. A full account on focus
marking across speaking styles should encompass a broader range of parameters to fully
elucidate the underlying mechanisms at play. In the present study, FO is modulated as a
function of focus type to a smaller extent in loud than in habitual speech. Based on this
observation, it is interesting to investigate potential underlying reasons for the differential
behavior of this parameter and examine the modulation patterns of further parameters
across speaking styles. Moreover, considering speaker-specific differences in addition to
aggregate data across speakers could offer a deeper understanding of potential individual
strategies. Another limitation of the experimental design could be the selection of two focus
conditions in the medial position (broad and corrective focus) that elicit relatively similar
degrees of prominence. This might have resulted in less pronounced results compared to focus
conditions eliciting highly divergent degrees of prominence. However, we view the choice
of less divergent focus conditions as a strength of the study, demonstrating that even subtle
differences in prominence degrees can manifest in clear acoustic and articulatory correlates

in certain cases.

It should also be noted that we did not decouple the tongue position from the jaw movement,
as proposed and implemented in certain previous papers (de Jong, 1991; Geumann, 2001a;
Henriques & Van Lieshout, 2013; Mefferd, 2017; Westbury et al., 2002). Therefore, it cannot be
ruled out that the lowered tongue body targets found in the data might simply be a concomitant
of alowered jaw in loud speech. Nevertheless, previous research has indicated that the tongue can
move relatively independently, if necessary. For example, it can still produce close constrictions
despite a lowered jaw (Geumann, 2001a; Macchi, 1985). This suggests that the tongue body can
compensate for jaw movement and is passively lowered with the jaw only when the resulting
lingual configuration is intended. Nonetheless, future work could move beyond the analysis of
composite lingual movements by further investigating the intrinsic tongue position decoupled

from the jaw to compare the two measures.

Additionally, our study could be complemented by a perception experiment. Thus far, we have
investigated speech production, and can only speculate on how the observed strategies of focus
marking may shape the perception of an utterance by listeners. A controlled perception study
could shed light on the detectability and relative importance of the focus-related modifications

in supra-laryngeal articulation.
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5 Conclusion

An articulatory study with 20 German speakers was conducted to investigate the realization
of focus structure in acoustic duration, FO, and sound pressure level (SPL), as well as lip and
tongue kinematics in habitual and loud speaking styles. The findings reveal that not only can
acoustic and articulatory correlates of focus structure be found in loud speech, but the focus-
related modifications are partially even stronger compared to habitual speech. In adverse
listening conditions, a loud speaking style aims for maximum intelligibility, which appears to
include a clear encoding of prosodic structure. Specifically, we generally observe longer vowel
durations, higher maximum FO, increased SPL, greater lip aperture, and hyperarticulated tongue
body targets associated with increased prosodic prominence, as well as shorter durations, lower
maximum FO, decreased SPL, smaller lip aperture, and hypoarticulated tongue body targets
associated with decreased prosodic prominence. Notably, in habitual speech, the articulatory
modifications associated with decreased prominence are more pronounced than those associated
with increased prominence. This highlights the importance of the entire utterance, including the
pre-nuclear domain, in focus realization. Conclusively, the study emphasizes the flexibility of the
speech production system in the encoding of focus structure across different speaking styles in a

multidimensional phonetic space.
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