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Lexically prominent positions are phonologically privileged: they are often phonetically strengthened and they are
loci of contrast preservation. Cross-linguistically, stress-conditioned alternations target stress-adjacent consonants
independently of syllabic boundaries. We argue that the phonetic bases of these processes can be found in the
articulatory modulations induced by stress. They are anchored in the stressed vowel but have spill-over effects
on adjacent consonants. In this study, we investigate the articulation of velar consonants in a palatalizing context.
By comparing two conditions, with or without stress modulations, we aim to investigate potential articulatory under-

Keywords:
Lexical stress pinnings of a stress-conditioned phonological process, i.e., velar palatalization in Italian plural nouns and adjec-
Articulation tives, which is largely blocked in post-tonic position. Using articulatory data (EMA), we show that lexical stress

Palatalization induces temporal and spatial modulations on post-tonic velar consonants. Temporal modulations surface with a
Italian delayed target achievement of the consonants’ constriction gestures. Spatial modulations surface with a further
z;ﬁcejlt:tfry phonology back place of articulation in post-tonic velars. Both effects are due to the strengthening of the stressed vowel.
We discuss the implications of our findings within the p-gesture proposal of Articulatory Phonology for the distri-

bution of palatalization in Italian.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http:/
creativecommons.org/licenses/by/4.0/).

1. Introduction these consonants in two conditions, with and without stress-
modulation, we aim to investigate potential articulatory under-
pinnings of phonological “blocking” of velar palatalization in

Italian, which is stress-conditioned. First, we introduce an inter-

This paper investigates articulatory modulation patterns in
Italian associated with stressed vowels and their adjacent con-

sonants, which may be phonetic precursors of stress-
conditioned consonantal alternations. The paper presents an
articulatory study on the velar consonants [k, g] in a coarticula-
torily palatalizing context (i.e., followed by [i]). By comparing
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by a public grant overseen by IdEx Université Paris Cité (ANR-18-IDEX-0001) as part of
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action between lexical stress and supra-laryngeal articulation,
focusing on a proposal accounting for the stress-induced mod-
ulations: the ti-gesture proposal within Articulatory Phonology
(AP). Second, we present briefly the phonological and acoustic
aspects of stress-conditioning cross-linguistically, focusing on
the phonetic bases of palatalization and its stress-
conditioning in Italian.

1.1. Lexical stress and effects on supralaryngeal articulation

The articulatory characteristics of lexical stress have often
been described in terms of sonority expansion or hyper-
articulation (Beckman et al., 1992; de Jong et al., 1993; de
Jong, 1995; de Jong, 2004). Both accounts of prominence
marking consider the phonetic nature of stress as an expan-
sion of certain key articulatory features over space and time

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(Iskarous and Pouplier, 2022). This expansion is viewed by
Beckman and Edwards (1994) as being derived from relation-
ships among many different content features specified for
stressed vowels. The phonological content of lexical stress
(i.e., the lower level in the prosodic hierarchy compared to
phrasal prominence) involves a more open vocal tract, and
hence a lower jaw and larger lip displacement in transitioning
into the vowel. The duration difference is also an inherent part
of the specification of the prominence contrast of lexical stress
(Beckman and Edwards, 1994"). This expansion can also be
seen as a hyperarticulation (de Jong, 1995) of stressed vowels.
When stressed, vowels have a lower jaw, and anterior stop con-
sonants have tighter closure. More generally, open sounds are
more open, and closed sounds are more closed.

This expansionary modulation of the articulatory system
needed for the realization of lexical stress is described within
the Articulatory Phonology/Task Dynamics (AP/TD) framework
in gestural grammar (Browman and Goldstein, 1992; Gafos
and Benus, 2006; Goldstein et al., 2006). Stress-induced artic-
ulatory strengthening induces larger, longer, and faster lip
opening and closing movements. This means that the articula-
tory movements of the stressed vowel are bigger in all ways —
in distance, time, and speed (Cho, 2006). These modulations
are modeled in terms of an abstract spatio-temporal gesture,
the p-gesture, associated to the stress domain (Saltzman
et al., 2008), as shown in Fig. 1.

Concretely, temporal differences between stressed and
unstressed syllables are in this view the result of a temporal
Urgesture being active during a stressed syllable. This tempo-
ral pr-gesture operates at the level of gestural planning and
modulates the stiffness of a syllable-planning oscillator
(Iskarous and Pouplier, 2022) and slows the gestural activation
of co-active gestures (Krivokapi¢, 2020). As a consequence,
stressed syllables are longer than unstressed syllables. The
spatial lis-gesture has not received any definition yet
(Iskarous and Pouplier, 2022). Recent empirical studies from
Katsika (2016) and Katsika and Tsai (2021) have however
shown that a spatial effect may be independent from a tempo-
ral one.

The stress domain is larger than the stressed syllable itself
and extends into (at least) the following unstressed syllable to
its right within a word (Turk and Sawusch, 1997). The pu-
gesture model also predicts that the stress domain may be lar-
ger than the stressed syllable itself; it is predicted to affect
articulatory properties of pre-tonic as well as of post-tonic seg-
ments regardless of a syllabic boundary. Katsika and Tsai
(2021) reported that in Greek, a p-conditioned vowel has
longer, larger, and faster gestures than its unstressed counter-
parts. This stress-conditioned modulation has a direct impact
on the surrounding sounds. Henceforth, we follow Katsika
(2016) and Katsika and Tsai (2021) in referring to these
impacts which extend beyond the stressed vowel as anticipa-
tory and spill-over effects of the modulation. Katsika and Tsai
(2021) also showed that the spill-over effect is stronger than
the anticipatory one. The pi-gesture approach is thus useful
for the investigation of the phonetic bases of stress-

" The experimental design of Beckman and Edwards (1994) put the targeted syllables in
different phrasal prominence contexts, thus the lexical stress effects measured in this study
are post-lexical effects.

p-gesture

Activation
strength

Constriction

Constriction

Constriction

Fig. 1. A schematic representation of the p-gesture model showing the overlap of the pi-
gesture and constriction gestures. The arrow indicates the strength of activation of the
gesture, and the shading represents the scope of its effect, with darker shading
indicating stronger activation. Figure adapted from Krivokapi¢ (2020).

conditioned phonological processes taking place in post-
stress position, in the sense that it provides a theoretical tool
for the interpretation of spatio-temporal articulatory effects
across a syllabic boundary on both spatial and temporal
aspects.

The stress modulation is a general enhancement of the seg-
mental phonetic realization. Speakers use different strategies
to enhance the realization of segmentally contrasting features.
A primary mechanism for enhancing distinctions is to decrease
coarticulatory overlap so that gestures for segments in
stressed syllables blend less with each other or with segments
in neighboring syllables (de Jong et al., 1993). This is viewed
as a stress-induced resistance to coarticulation as argued by
Cho (2004): coarticulatory reduction in prosodically strong
positions gives rise to heightened phonetic clarity, which can
be interpreted as enhancing linguistic contrast. This view can
be interpreted within the pu-gesture proposal as follows:
stress-induced resistance to coarticulation shall be the stron-
gest within the u-conditioned syllable, where segments are
enhanced by the p-modulation; this resistance is less strong
- but present - during the anticipatory and the spill-over effects
of the modulation, the segments under the activation scope of
the p-gesture are enhanced but to a lesser degree. Cho (2004)
further states that stress-induced coarticulatory variation can-
not be attributed to a duration factor. This means that the pir-
conditioning may not be able to fully explain a resistance to
coarticulation, the us-conditioning in both anticipatory and
spill-over effects of the p-gesture shall act as a resistance to
coarticulation in the spatial domain.

1.2. Stress-conditioning

Lexically prominent positions are known to be privileged.
They manifest positional maintenance of contrasts which are
otherwise neutralized, and resistance to processes which apply
elsewhere (Beckman, 1998). For instance, vocalic contrasts
are preferentially realized in stressed positions and may be
reduced in unstressed positions (see Crosswhite (1999) for a
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review; e.g., English (Fourakis, 1991), Brazilian Portuguese
(Nobre and Ingemann, 1983), Western Catalan (Marcet et al.,
2022)). This phonological pattern is phonetically grounded,
since syllable nuclei bearing lexical prominence are longer in
duration, higher in f0, more peripheral and more intense than
their unstressed counterparts (Gordon and Roettger, 2017).
Thus, the reduction in unstressed vowels represents the pho-
netic implementation of a vowel that lacks the acoustic corre-
lates of stress (Flemming, 2005). A similar behavior is
observed for consonantal contrasts, which are preferentially
maintained in lexically prominent positions. For instance, in
Copala-Trique the contrast between voiced and voiceless con-
sonants is realized in pre-tonic position but neutralized else-
where (Hollenbach, 1977). Another example comes from
Finnish verbs, where the contrast between alveolar stops and
fricatives before [i] is neutralized through assibilation, except
when the stop is immediately post-tonic (Anttila, 2003; Suomi
and Ylitalo, 2004). Giavazzi (2010) extends the contrast-
based account of Flemming (2005) to the consonantal domain,
proposing a unified account of these processes: Just as for the
preservation of vocalic contrasts under stress, the preservation
of consonantal contrasts in the domain of stress is a phonetic
consequence of lexical prominence. Processes such as voicing
neutralization (in Copala-Trique) or assibilation (in Finnish)
apply outside of the stress domain due to the absence of the
phonetic correlates of stress that would typically result in hyper-
articulation and/or lengthening in these positions.

However, while acoustic correlates of stressed vowels have
been extensively studied (Gordon and Roettger, 2017), acoustic
properties of consonants in a lexically prominent position have
received less attention. Consonants in these positions are the pre-
ferred target of a small class of frequent phonetic processes
(Gonzalez, 2003; Smith, 2002). For instance, consonants are
often lengthened in pre-tonic and post-tonic position (as in English
and Somali, respectively; Armstrong (1964); Turk and Sawusch
(1997)). Also, consonants in these positions are described as hav-
ing louder [sic] or affricate-like bursts, e.g., in Farsi, (Samareh,
1977) and Maori (Bauer, 2003). Giavazzi (2010) argues that, like
the resistance to neutralization, these phonetic processes also
result from the grammatical pressure to enhance the perceptual
prominence of a metrically strong position.

1.3. Velar palatalization in Italian: A stress-conditioned phonological
process

Velar palatalization is the process through which a velar
stop, /k, g/, is fronted to a palatal or a palato-alveolar affricate
(or fricative) (Kochetov, 2011). It applies more frequently before
high and mid-high front vowels (e.g., /i, e/) than before other
vowels. The palatalization process in modern lItalian is the
alternation of /k, g/ becoming [tAf, dA3], respectively, when they
are directly followed by /i/.

In Romance languages, the origins of palatalization can be
found in Late Latin: this process is known as the 2" Romance
palatalization, and it occurred after the 5" century CE (Rohlfs
et al., 1972; Recasens, 2020; Petrosino and Calabrese,
2021). It occurred before all front vowels, both root-internally
and at the morpheme boundary, and independently of mor-
pheme boundaries and stress position (Celata and
Bertinetto, 2005). In contemporary ltalian, palatalization of

velars takes place at the boundary between the root and inflec-
tional (or derivational) suffixes in /-i/. In masculine nouns and
adjectives, palatalization before the plural ending /-i/ is pre-
dominantly stress-conditioned. It occurs in the onset of the final
syllable when stress occurs remotely in the antepenultimate
position, while it is much rarer in the onset of the final syllable
when stress occurs adjacently in the penultimate position
(Giavazzi, 2008; Giavazzi, 2010), see Steddy (2015) and
Flor (2023) for a discussion of palatalization in verbal domain,
and more generally across the Italian lexicon.? In other words,
when adding the plural suffix /-i/ to a trisyllabic word having /k/ as
the onset of the final syllable, the palatalization of /k, g/ largely
depends on its relative position to lexical stress. We refer to this
phonological process as “phonological palatalization”, which is
illustrated in (1) (different from “coarticulatory palatalization” pre-
sented in Section 1.4).

(1) FAR comico ['ko.mi.ko] “comedian m. sg.” — comici [ ko.mw.{ji] “comedians m. pl.”

close  caduco  [ka'duko]  ‘deciduous m.sg’  —  caduchi  [ka.'duk] ‘deciduous m. pl.’

The case of (1) FAR presents lexical stress far from the onset
/k/ of the final syllable (i.e., there is another syllable in-between).
In this case, adding the suffix /-i/ causes palatalization of the final
onset /k/, and the underlying /k/ is realized as [ﬁ] before [i]. This
also happens when there are multiple syllables between lexical
stress and final onset /k/. In (1) cLosk, on the contrary, the final
onset /k/ is close to the stressed syllable, i.e., directly post-
tonic (no syllable occurs between the stressed syllable and the
final onset /k/). Adding the suffix /-i/ does not cause palataliza-
tion, the final onset /k/ is realized as [k]. Thus in the cLose con-
dition, the palatalization process is “blocked”.

The result of palatalization in the Far context is that the con-
trast between /ki, gi/ and phonemic /tfi, dsi/ (as in fradicio-
fradici, ['fra.di.tfo]-['fra.di.tﬁ], “soaked”]) is neutralized. Con-
versely, the result of the blocking of palatalization in the cLose
context, is that the contrast between /ki, gi/ and /tfi, dsi/ is
maintained. This stress-conditioned distribution of a consonan-
tal contrast thus makes velar palatalization in Italian compara-
ble to the cases of assibilation in Finnish, of voicing
neutralization in Copala Trique, presented in Section 1.2.

It should be noted that the result of the palatalization of /ki/
differs across Italian varieties, with [tfi] being the most frequent
voiceless phonetic realization in Northern varieties, and [fi] the
most frequent voiceless phonetic realization in Central and
Southern varieties. This dialectal variability justifies our criteria
of speakers recruitment (see Section 2).

1.4. Coarticulatory velar palatalization in articulation

The palatalization process has been studied in its acoustic and
perceptual aspects (Guion, 1998; Kochetov, 1998; Kochetov,
2013). Ohala (1992) proposes that it is primarily perceptually-
based. Guion (1998) reports that velar consonants before front
vowels tend to be produced with greater frication at the release,
which makes them both acoustically and perceptually similar to
palato-alveolar consonants. The process also has articulatory
bases (Kochetov, 2011): the articulatory motivation is seen as

2 There are notable exceptions (e.g., amico — amici, [a.'mi.ko] — [a.'mi.tfi], “friend” —
“friends”).



4 B. Shao et al./Journal of Phonetics 108 (2025) 101371

the impossibility to co-produce a tongue body backing gesture for
[K] and a tongue body fronting for [i]. Thus, a syllable such as [ki]
can only be produced with an automatic coarticulatory adjustment.
This gradient fronting of a [k] before [i] is considered as a “natural
rule” (Hyman, 1975, p. 158). The velar palatalization, be it
articulatorily-based or perceptually-based, is rooted in the coartic-
ulation (and its acoustic output) between a velar plosive and a
high vowel. The high vowel in nucleus position modifies acoustic
and articulatory properties of preceding velar plosive in onset posi-
tion, resulting in a acoustically more fricative-like and articulatorily
fronted consonant. Henceforth, we refer to this “automatic” or “nat-
ural” palatalization as coarticulatory palatalization.

As presented earlier, the phonological palatalization in mod-
ern ltalian is also stress-conditioned with post-tonic velar
palatalization being “blocked”. This suggests that the lexical
stress potentially modifies the coarticulation between the
post-tonic velar plosive and the high vowel. The coarticulatory
palatalization under stress-conditioning may result in a less
palatalized realization of the velar plosive, compared to the
same coarticulatory palatalization in a context without stress-
conditioning. This less palatalized velar plosive, compared to
more palatalized velar plosive without stress-conditioning,
could be the perceptual and articulatory basis of the blocking
of phonological palatalization.

The phonetic bases of stress-conditioned phonological
palatalization have not received much attention (with the
exception of Giavazzi (2010)); how lexical stress impacts
post-tonic coarticulatory palatalization is largely unknown.
Comparing the acoustic properties of velar stops in nonce
words, such as, ['pi.ta.ki] (FAR) vs. [pi.'ta.ki] (cLosE), our recent
studies (Shao et al., 2023b; Shao et al., 2023c) found that the
release of [k, g] before [i] has a similar acoustic shape to [ti
dz] in terms of center of gravity. This confirms Guion (1998).
We also found a significantly longer closure duration of [k] in
the cLose context (see also Giavazzi (2010)). These acoustic
properties of post-tonic plosives are likely caused by stress
conditioning, which is the focus of the current study.

Within AP/TD, palatalization is analyzed in terms of gestural
blending (Saltzman and Munhall, 1989; Browman and Goldstein,
1992; Kochetov, 1998; Bateman, 2007; Oh, 2022). Gestural blend-
ing occurs between two gestures on the same articulatory tier. In
the case of palatalization, the targets of the process, /k, g/, and
the trigger of the process, /i/, all recruit the tongue body. The con-
sonantal and vocalic gestures inevitably overlap with each other,
producing an outcome that differs from that of either individual ges-
ture (Browman and Goldstein, 1989). This gestural blending is in
turn under the impact of the p-gesture, which shall introduce a
resistance to coarticulation (de Jong et al., 1993; Cho, 2004). That
is to say, under the impact of the p-gesture, there shall be less
gestural blending, similar to what has been reported in Fougeron
and Keating (1997). Temporally, less gestural blending would
result in longer velar consonantal gestures; spatially, it would result
in less palatalized velar consonants.

1.5. Aims of this study

This study investigates stress-induced articulatory modula-
tions on the coarticulatory palatalization. It focuses on spill-
over effects of these modulations in the velar consonant

directly preceded by lexical stress. The study aims to describe
how [k] and [g] differ in relation to lexical stress, in a context
where both have a fronted tongue dorsum due to the coarticu-
latory palatalization triggered by the following [i]. In other
words, we aim to investigate how the spill-over effects of lexi-
cal stress interact with the coarticulatory palatalization in the
following unstressed syllable. To do so, we will focus on artic-
ulatory transitions between [V.C] (i.e., the vowel and the follow-
ing velar plosive across a syllabic boundary), by comparing the
FAR condition (e.g., ['pi.ta.ki]) to the cLosE condition (e.g., [pi. ta.
ki]). We aim to provide answers to the following questions:

1. How do stress-induced modulations affect stressed vow-
els and, more importantly, the [V.C] transition from the
stressed vowel to the following consonant across a syl-
labic boundary?

2. What are the quantitative spill-over effects of lexical stress
on both temporal and spatial domains?

3. How does stress-modulated coarticulatory palatalization
relate to stress-conditioned phonological palatalization
in modern ltalian?

To answer these questions we present a direct investigation
of the tongue dorsum movement ftransitioning from the
stressed vowel to the following consonant. This is compared
to the same vowel and consonant in an unstressed condition.
Discussing our articulatory results in relation to acoustic find-
ings presented in our work (Shao et al., 2023a; Shao et al.,
2023b; Shao et al., 2023c) will allow us to better understand
acoustic and perceptual consequences of these stress-
induced modulations.

Considering phonological alternations described in Sec-
tion 1.2 and Section 1.3, we hypothesize that the phonological
processes targeting stress-adjacent consonants are phoneti-
cally grounded, and result from the grammatical pressure to
enhance the perceptual prominence of the stress domain.
The study presented here focuses on one such phonological
process, i.e., velar palatalization in Italian, more concretely
on its stress-conditioned “blocking”. The phonetic bases of this
phonological process are the coarticulatory palatalization
between a velar consonant and a high front vowel, and its
“blocking” is argued to be rooted in the spatio-temporal modu-
lation of the spill-over effects of lexical stress. That is to say,
these spill-over effects could be the potential articulatory basis
of the blocking of the phonological palatalization in post-tonic
position in modern ltalian.

More generally, this paper contributes to the study of the
“prosodically driven phonetic details” (Cho et al., 2007) of Italian
stress, and to the study of correlates of lexical stress more
broadly. Further, it also shapes our understanding of the definition
of the stress domain and suggests a paradigm which can be
extended to similar phonological processes in other languages.

2. Method
2.1. Speakers

We recorded articulatory and acoustic data from 15 speak-
ers from the northern regions of Italy based on their place of
birth and primary school attendance. Seven were female and
eight were male based on self-identification, the mean age
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was 24.7 (+4.3) years. These speakers were born in and com-
pleted their primary education in their respective birth regions.
See Appendix A for more information.

2.2. Stimuli construction and recording procedure

The structure of the target words was [C4V4.C,V5.C3V3).
The C4 and C, positions were occupied by either /p/ or /t/.
The V, position was occupied by either /a/ or /e/. The nonce
words were constructed to compare how the target consonants
/k, g, tf, d3/ were produced in both Far and cLose conditions,
thus these four consonants were placed in C; position. The
V3 position was always occupied by the trigger of palataliza-
tion, i.e., the vowel /i/. Two examples are given in (2). The com-
plete list of stimuli is presented in Appendix A.

(2) FAR pitachi ['pi.ta.ki]

[pi. ta.ki]

CLOSE pitachi

As indicated in (2), the target words were transcribed using
standard Italian orthography. The stressed syllables were
denoted by placing an accent mark on the vowel, following
the common convention for marking stress in unfamiliar nouns
in Italian. The two nonce words in (2) differ only by the stress
position. In “pitachi” ['pi.ta.ki], the stress is on the first syllable,
Cs [K] is thus FaRr from stress. In “pitachi” [pi. ta.ki], the stress is
on the second syllable, C; [k] is thus cLosE to stress. During the
recording session, the target words were presented on a com-
puter screen to the speakers within a carrier phrase. The
screen displayed a map of Italy with a nonce word (represent-
ing a village name), and below it was the carrier phrase “Pimpa
parte da __ la mattina presto” (English translation: “Pimpa
leaves from ___early in the morning.”). The speakers were told
that the cartoon dog “Pimpa” was visiting small villages across
Italy. The target words, representing the names of these vil-
lages, were displayed on the map in a randomized order. Since
the nonce words were presented as proper nouns, there is no
morphological boundary between C3 and V.

Since the nonce words were embedded within a carrier sen-
tence, the stressed syllables of interest were not only stressed
but also post-lexically accented in both the FarR and cLose con-
ditions.® We consider that the effect of phrasal prominence was
controlled for since it was kept constant across conditions, and
only comparative measurements between the two conditions
were carried out. Therefore, although it is impossible to isolate
the embedded words from phrasal prominence, the observed
effects could solely be explained as risidual effects of lexical
stress. We thus referred to the observed effects as “effects of
lexical stress”.

The entire list of target words was repeated four times,
which resulted in a total of 3840 utterances (64 targets x 4 rep-
etitions x 15 speakers), among which 3635 utterances were
usable.* In this study, we only analyze utterances containing
the consonants [k, g] (n=1809).

3 We thank an anonymous reviewer for bringing this point to our attention.
4 205 utterances (5.3%) were eliminated: 64 due to a detached sensor, 141 due to
stuttering, hesitation, incorrect placement of stress, or error in production.

2.3. EMA data acquisition

Articulatory and acoustic data were collected simultane-
ously using the Electromagnetic Articulograph (EMA) AG501
(Carstens Medizinelektronik GmbH). Speakers were placed
in the center of the electromagnetic field generated by EMA
and they wore a head-mounted microphone for acoustic
recording (Fig. 2 left). EMA sensors were placed on upper
and lower lips, tongue tip, tongue mid, and tongue dorsum,
with additional sensors behind the left and right ear for head
correction (Fig. 2 right). The articulatory signal was recorded
with a sample rate of 1250 Hz and filtered using a Butterworth
lowpass filter with a cut-off frequency of 25 Hz and order 5
afterwards. The acoustic signal was recorded at a sample rate
of 48 kHz and 32-bit float.

The utterances were pre-segmented using Audacity v3.1.3
(Audacity Team, 2022), then extracted and automatically anno-
tated using the Montreal Forced Aligner v2.0.6 (McAuliffe et al.,
2017) and manually inspected in Praat v6.3.10 (Boersma and
Weenink, 2023). Gestural landmarks were automatically
detected based on the acoustic annotations and using a cus-
tom script written in Python v3.10 (Van Rossum andDrake,
2009). Within a window specified by the acoustic segment
boundaries of the targets [k, g] (with various temporal exten-
sions for each speaker, the mean extension is + 400 ms),
the landmarks were detected using a 20% peak velocity
threshhold of the vertical tongue dorsum trajectory. The anno-
tations and gestural landmarks were then manually inspected
using ema2wav (Buech et al., 2022b), as shown in Fig. 3.

2.4. Data extraction and statistical analysis

We have conducted the measurements and the statistical
models to account for both spatial and temporal aspects of
the stress effects, by systematically comparing the Far condi-
tion to the cLose condition. The gestural landmarks and the
acoustic annotations are combined to provide insights into
the stress-induced temporal interaction between articulation
and acoustics. The modeling of the tongue dorsum movement
trajectories provides direct access to the spatio-temporal differ-
ences between FAR and cLose conditions. The tongue dorsum
position analyses investigate the stress-induced spatial differ-
ences. These three analyses are therefore complementary.

2.4.1. Dynamic data extraction and generalized additive mixed
modeling

A dynamic analysis on the tongue dorsum sensor is con-
ducted without the specific constriction gestures of each con-
sonant or vowel. As illustrated in Fig. 3, the trajectories of
the tongue dorsum sensor from the acoustic onset of V, to
the acoustic offset of V3 were extracted and modeled. These
trajectories will show how fast and how far the tongue dorsum
moves from V, to Cj [i].

For this dynamic analysis, we compared the trajectories of
the tongue dorsum movement from V, to V3 in the high-low
dimension. The trajectories were measured in 30 steps over
the time-course of the movement from the acoustic onset of
V., to the acoustic offset of V3. The EMA data was normalized
for each speaker according to the highest y-position measured



Fig. 2. (Left) lllustration of the Electromagnetic Articulograph (EMA) AG 501 with the
speaker placed inside the electromagnetic field. The speaker wears a head-mounted
microphone. (Right) lllustration of the positions of the sensors. Additional sensors behind
the left and right ear are not shown here. This figure is a courtesy of Andrés Felipe Lara.

with the tongue dorsum sensor (Buech et al., 2022a). General-
ized additive mixed models (GAMMSs) were constructed using
the mgcv package (1.8-40) in R (4.2.2) (Wood, 2011; Wieling
et al., 2016; Wieling, 2018; R Core Team, 2023), and visual-
ized using Tidyverse (1.3.2) and Tidymv (3.3.2) (Wickham
etal., 2019; Coretta et al., 2023). The GAMMs were performed
on each type of C; with Stress Position (V4, V,) as fixed
effect and smoothing parameters, with by-Stress Position
factor smooths for Speaker as random effect. The bam func-
tion was used because of the large size of the data-set. The
left-skewed distribution of the position data justified the use
of scaled-t family. The structure of the models is as follows:
bam(TD position ~ Stress Position + s(Time-
step, by Stress Position) s(Timestep,
Speaker, by = Stress Position, bs = "fs", m=1),
data data, scat(theta NULL, 1ink = "iden-
tity", min.df = 3))

This dynamic analysis was applied to show how the tongue
dorsum moves through different locations and heights over rel-
ative time. The acoustic duration difference is thus normalized.

+
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To complement and reinforce the dynamic analysis, the win-
dow method and corresponding statistical modeling is applied
to the same data set, as presented below.

2.4.2. Window method data extraction and parametric statistical
modeling

To measure the absolute tongue dorsum position in both
high-low (vertical) and front-back (horizontal) dimensions dur-
ing the sequences [V..C3], we applied the window method
(Roessig, 2021; Roessig et al., 2022), where a part of the
acoustic segment is used as a time window to measure the
averaged tongue dorsum position therein. The window method
is a complementary analysis to the dynamic analysis, since it
provides crucial and comparable information on where the ton-
gue dorsum is located during the articulation of the vowels and
consonants. For V, [a, €], the mean position values of the ton-
gue dorsum movement was calculated over the mid-50% to
capture the representative tongue dorsum position in the
vowel. For C3, the mean position of a 10 ms window around
the acoustic burst (i.e., 5 ms before the burst and 5 ms after
it) of the consonant was used as an indicator to capture the
constriction location of the consonant. The extracted mean
position data were then standardized for each speaker utilizing
z-scores. Note that in the horizontal domain, lower values indi-
cate more fronted tongue positions; in the vertical domain,
lower values indicate lowered tongue positions. A linear mixed
effects model (Ime4, 1.1-33) (Bates et al., 2015) was run for
each V, and C; context using the same model structure as pre-
sented in Section 2.4.3.

2.4.3. Gestural landmark and relating articulation to acoustics

The gestural target of the plosives [k, g] was achieved dur-
ing their acoustic closure, which is shown in Fig. 3 and
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Fig. 3. An example from speaker 3 showing the target word [ti'taki], generated with ema2wav (Buech et al., 2022b). The upper panel shows the acoustic signal, the mid panel shows
the movement of tongue dorsum sensor in the high-low (y) dimension accompanied with velocity (blue dotted line), and the lower panel shows the annotations with gestural landmarks.
k_ONS refers to the gestural onset of [K], k_pVelTo refers to the peak velocity to achieve the gestural target of [k], k_TAR refers to the gestural target of [k], k_REL refers to the gestural.
release of [k]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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schematised in Fig. 4. The gestural target landmark thus
divided the acoustic closure of the plosive into a first part from
the acoustic offset of V, (or, the acoustic onset of Cj3) to the
gestural target, and a second part from the gestural target to
the acoustic burst of the plosives. The first interval indicated
to what extend the gestural target was delayed with respect
to its acoustic onset, referred to as “Target delaying (ms)”.
The second interval indicated how long it takes for the constric-
tion gesture to be released acoustically, referred to as “Target
to burst (ms)”.

These two time lag measurements were chosen to
directly relate the acoustic closure duration to the articulation
of plosives. In the [V,.C3] sequences, the full constriction of
Cs [k, g] (indicated by the gestural target landmark) should
be found after the vowel V, and before the acoustic burst
of the plosive C3. Had this full articulatory constriction been
delayed, the acoustic burst should also have been delayed,
which would in turn result in a longer acoustic closure
duration.

A linear mixed effects model (Ime4, 1.1-33) (Bates et al.,
2015) was run for each V, and C3 context, in order to compare
two stress conditions (i.e., FAR and cLose) in each V,, C3 con-
text. In the model, we entered Stress Position as a fixed
effect. As random effects, we had by-Speaker random slopes
and intercepts for the effect of Stress Position. P-values
were obtained by likelihood ratio tests of the full model with
Stress Position against the model without the effect. The
structure of the full models was as follows: 1mer (mean TD
position ~ Stress Position + (1+Stress Posi-
tion|Speaker), data = data, REML = F)

We also conducted analyses of gestural landmark based
mass-spring parameters, such as gestural duration (with
acceleration and deceleration phases), displacement, and
stiffness. They are modeled utilizing the same model struc-
ture as presented above, the results can be found in Appen-
dix C.

2.4.4. Reproducibility

To enhance reproducibility and offer comprehensive result
documentation, both the data tables and the R markdown doc-
ument have been made publicly available through the Open
Science Framework (https://osf.io/2we4z/).

3. Results

The results are presented in the following order: we first pre-
sent how the tongue movement unfolds over time with a
dynamic analysis modeled with GAMMs in Section 3.1, with
the aim of showing how far and how fast the tongue dorsum
travels from the stressed/unstressed V, to the following C3V3,
which directly visualizes the target delaying pattern. In Sec-
tion 3.2, we present the parametric analysis of positional data
using the window method. This is to show the tongue dorsum’s
absolute positional difference between FarR and cLose condi-
tions in C3 and V3 without involving temporal aspects. In Sec-
tion 3.3, we present a combined analysis of gestural
landmarks and acoustic landmarks, showing a clear pattern
of post-stress gestural target delaying and its correlation to
acoustics.

3.1. Dynamic analysis of the tongue dorsum trajectories of [V,.C3i]

The GAMM estimates of the tongue dorsum movement on
high-low (y) dimension are presented in Fig. 5. In the time-
normalized data, the temporal relation between the acoustic
onset of Vs, i.e., the 0 on the normalized time, and the subse-
quent movements are easily observable.

As presented in Fig. 5, panels [aki, agi], the tongue dorsum
is lowered in [a] and raises to form the constriction of [ki, gi].
The stressed V, has a much lower tongue dorsum than the
unstressed V.. In other words, the displacement from [a] to
[Ki, gi] is much larger when [a] is stressed (see also
Table C.1). Furthermore, the targets of [ki, gi] are achieved at
around time point 8 when [a] is unstressed, and at around time
point 15 when [a] is stressed. This difference (i.e., the delayed
articulatory target) is caused by two main factors. The first fac-
tor is the longer duration of the stressed vowel. The stressed
vowel being more than two times as long (Shao et al,
2023b) inevitably delays all subsequent articulatory gestures.
The second factor is the larger displacement of the stressed
vowel. When the displacement is larger, the tongue has to
raise from a lower point to achieve the targets of [ki, gi], which
additionally contributes to the delaying of the targets. The two
figures of estimated differences of [aki, agi] show that the ton-
gue dorsum movements in [ki, gi] have the same high-low
dimension values in both stress conditions, as can be inferred

Csacoustic Csacoustic |
onset burst
& i C; gestural
coustic
; V, C; closure Csrelease target
annotation
Target delaying
Gestural
landmark > > >
Target to burst
Time

Fig. 4. Schematic representation of “Target delaying (ms)” and “Target to burst (ms)” intervals. The target delaying time lag is calculated as C; gestural target relative to C3 acoustic
onset; the target to burst time lag is calculated as the C3 acoustic burst time relative to C3 gestural target time.
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Fig. 5. GAMM fitted tongue dorsum trajectories in [V,.Cji] sequences on the high-low (y) dimension (in mm), by normalized time (left), with estimated differences (right). Time point 0
corresponds to the acoustic onset of V5, and time point 30 corresponds to the acoustic offset of V3. The y-dimension was normalized according to the highest position measured.
Estimated differences are presented with 95% confidence intervals by time (normalized). The green dotted lines represent the significant difference between stress in Far vs. stress in

cLosE contexts.

from the non-significant portions in the estimated differences,
approximately from time point 14 and onward.

In Fig. 5, see panels [eki, egi], we observe a sightly different
pattern when V, is [e] compared to when V, is [a]. The differ-
ence between the tongue dorsum height of [e] when the vowel
is stressed or unstressed is smaller than for [a].® In other
words, the stressed [e] does not have a larger displacement in
tongue dorsum, unlike the stressed [a] (see also Table C.1).
However, stressed [e] is still much longer than unstressed [e],
the target achievement of the following [k, g] is still delayed in

5 Some speakers produced a mid-open vowel [¢] when stressed. There is a neutral-
ization of the phonemic contrast between [e] and [g] in Northern ltalian, in unstressed
syllables the mid-vowel is always mid-close. In Milanese the two front mid vowels are in
complementary distribution, with the mid-open one in closed and the mid-close one in open
stressed syllables (Kramer, 2009). Since the variability in terms of vowel dorsum height
(see Section 3.2) is very small and there is no observable tongue dorsum height pattern
based on the mid-front vowel quality, we decided to not report the mid-front vowels
separately.

the same way as in [aki, agi]. From the two figures of estimated
differences of [eki, egi], we see that the tongue dorsum move-
ments of [ki, gi] do not have a significant difference once they
reached their highest points in both stress conditions, as can

be inferred from the non-significant portions in the
estimated differences, approximately from time point 12
onward.®

In sum, the most important systematic pattern observed in
tongue dorsum trajectory is the delayed target achievement
of [Csi] in the cLose condition. The stressed V, [a] induces
more delay, and the stressed V. [e] induces less delay. This
result corresponds to Beckman and Edwards (1994)’s obser-

8 We note that there is a small significant difference in [egi], however this significant
difference is very small, with the largest difference estimated at around 1 mm. This
difference is just around the standard deviation of the prescripted accuracy of the EMA
machine AG501 used in this study (Stella et al., 2013; Savariaux et al., 2017), thus we will
not further explore it in our analysis.
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vation of lexical stress, which includes a more open vocal tract
during the stressed vowel, and hence larger tongue dorsum
displacement in moving away from the stressed vowel and in
going into the following consonant.

3.2. Parametric analysis of the averaged absolute tongue dorsum
positions of [V,] and [C3]

In this section, we analyse the tongue dorsum positions
averaged across a certain time window. This spatial difference
could be crucial, because it gives information about the tongue
dorsum position during V, and the place of articulation of Cs.
We conducted a parametric analysis with the window method
(Roessig, 2021; Roessig et al., 2022) and with mixed effect
models constructed for V, and Cj ([i]) separately.

We first report the averaged absolute tongue dorsum posi-
tion over the middle 50% of V,. As shown in Fig. 6 and Table 1,
there is a difference between stressed vowels and unstressed
vowels in terms of tongue dorsum position. However, the two
vowels [a, e] behave differently.

The vowel [a] shows differences in both high-low and front-
back dimensions in relation to stress: on the high-low dimen-
sion, the tongue dorsum of stressed [a] is much lower ([aki]:
p < 0.001, [agi]: p < 0.001); in the front-back dimension, it is
fronted ([aki]: p < 0.001, [agi]: p < 0.001).

Unlike [a], [e] has a lowered-retracted tongue dorsum when
it is stressed. On the high-low dimension, the tongue dorsum of
stressed [e] is lower ([eki]: p < 0.001, [egi]: p < 0.001); on the
front-back dimension it is slightly retracted ([eki]: p < 0.05, [egi]:
p < 0.01). The lowering could be related to the opening of the
stressed vowel, but the more retracted tongue dorsum position
is more difficult to interpret. A possible explanation is that it is
not related to the articulatory profile of the stressed vowel per
se, but rather related to the fronted unstressed [e]. In our stim-
uli, the vowel in the first and the third syllable is always [i].
When the second syllable [C,e] is unstressed, the stressed
[i] in the first syllable may lead to a slightly fronted and higher
tongue position during the following unstressed [e], as can be
observed in Fig. 6. From a different angle, it may also be plau-
sible to assume that the stressed [e], being hyperarticulated
and surrounded by two [i], uses the lower-retracted tongue dor-
sum position as a stress-related dissimilation strategy.

Fig. 7 and Table 2 present the tongue dorsum position
obtained around the acoustic burst of C3 [k, g] and the corre-
sponding statistical modeling results, which indicate that a
stressed vowel induces a more retracted tongue dorsum posi-
tion in the following velar plosive. We see that on the x-axis,
the tongue dorsum is more retracted when the preceding
vowel is stressed ([aki]: p < 0.01, [eki]: p < 0.001, [egil:
p < 0.001), except for [agi] (p = 0.06). This indicates that the
constriction location at the point of the acoustic release is
affected by stress: in the cLose condition, the velar plosives
have a more retracted place of articulation, and in the Far con-
dition, the place of articulation is more fronted. Even in the
case of [agi] where this difference is not statistically significant,
we still see a retracted tongue dorsum position in Fig. 7. The
overall pattern is consistent across conditions.

Another explanation to this difference may come from the
stress-induced articulation of V3. Similar to V5 [€] in FAR condi-
tion, where the [e] is articulated with a fronted tongue body pre-

sumably due to the stressed [i] in V4 position. This may have
also happened from the stressed V., to the unstressed V3,
which would have resulted in a fronted (for [a]) or retracted
(for [e]) tongue dorsum in V3 and in turn a fronted or retracted
constriction location in cLose Cs. This is however not the case
as shown in appendix D, where the window method is applied
to V3 and does not reveal a consistent pattern. In cLose condi-
tion, the V3 have a lowered tongue dorsum, but there is no con-
sistent fronted or retracted tongue dorsum similar to what is
reported here. The retracted tongue dorsum in C3 can thus
not be attributed to the articulation of V.

By comparing Fig. 6 to Fig. 7, we can infer that the two V5 [a,
e] have different degrees of impact on Cs. Stressed [e], by hav-
ing a more retracted tongue dorsum itself, induces more ton-
gue dorsum retraction in the following consonant ([eki]:
p = 0.40, p < 0.001, [egi]: § = 0.36, p < 0.001). Stressed [a]
induces less tongue retraction in the following consonant
([aki]: p =0.27, p < 0.01, [agi]: p = 0.24, p = 0.06), but consid-
ering that stressed [a] is articulated with a fronted tongue body,
this retraction observed in the following consonant is a strong
evidence of a stress-related articulatory pattern, and not a
vowel-quality related articulatory pattern.

In sum, the tongue dorsum position showed that stressed
vowels led to a further back tongue dorsum position indepen-
dently of the vowel quality, and the impact is more important
in the [e.C3i] sequences. These results indicate that stress
has a significant impact on the place of articulation of the fol-
lowing consonants.

3.3. Articulatory target delaying in relation to acoustics

This section investigates the articulatory basis of the acous-
tic pattern that velar plosives [k, g] have a longer closure dura-
tion in the cLose condition (see Shao et al. (2023b) and its
replication for the current dataset in Appendix B). This is done
by directly measuring acoustic and articulatory landmarks.

In our data, 91% of C3 (1646 tokens out of 1809 tokens in
total) were correctly labeled with gestural landmarks by the
Python script presented in Section 2.4.3. Among which 83%
of the tokens (1369 tokens out of 1646 tokens in total) had their
gestural target located within the acoustic closure of the C3
(Svensson Lundmark, 2023).” The two subdivisions of the clo-
sure duration of a velar plosive - target delaying time lag and tar-
get to burst time lag - were calculated based on gestural
landmarks and acoustic annotations as illustrated in Fig. 4.

Statistical modeling results of the two time lags are pre-
sented in Table 3. Clearly, the target delaying time lag shows
a stress-conditioned pattern: in the cLose condition, the target
delaying time lag is longer than in the Far condition for all vow-
els and consonants ([aki]: p < 0.01, [agi]: p < 0.001, [eki]:
p < 0.01, [egi]: p < 0.05). However, the target to burst time
lag does not show a clear stress-conditioned pattern ([aki]:
p = 0.25, [agi]: p = 0.79, [eki]: p = 0.01, [egi]: p < 0.001). This
result may be directly related to the longer closure duration
observed in velar consonants in the cLose condition: the longer
closure duration in the cLose condition could be caused by a
delayed articulatory target, which in turn delayed the acoustic
burst of the consonants.

7 The rest of the data, which is 440 tokens, is not included in the analysis.
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Fig. 6. Z-scored mean tongue dorsum positions in V,, obtained over the mid-50% of the acoustic duration using the window method, presented with standard errors. The red crosses
and error bars correspond to when the stress is on the first syllable [C4V4] (i.e., when [k, g] consonants are in the FarR condition); the blue diamonds and error bars correspond to when
the stress is on the second syllable [C,V;] (i.e., when [k, g] consonants are in the cLose condition). The y-axis represents the high-low dimension and the x-axis represents the front-
back (left to right) dimension. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Parametric analysis of z-scored mean positions of tongue dorsum sensor during V5 in different stress conditions. The mean position values are obtained over the mid-50% of the acoustic
duration of V. The likelihood ratio tests of linear mixed effects models test the main effect of the predictor STRESS (Cj at Far (baseline) and cLose positions respectively). 2 values (with
one degree of freedom) are reported as effect size estimates. f-coefficients, standard errors (SE) and p-values of the models are also reported.

Dimension Ve B SE P
in [aki] y 50.85 -1.39 0.08 <0.001
X 11.70 —0.51 0.05 <0.001
in [agi] y 63.43 —1.50 0.05 <0.001
X 18.90 —-0.63 0.10 <0.001
in [eki] y 11.90 -0.40 0.10 <0.001
X 5.44 0.24 0.10 <0.05
in [egi] y 12.70 -0.43 0.10 <0.001
X 7.40 0.24 0.08 <0.01
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Fig. 7. Z-scored mean tongue dorsum positions in C3, obtained over a 10 ms window around the acoustic burst of the consonants, presented with standard errors. The red crosses and
error bars correspond to when the stress is on the first syllable [C1V4] (i.e., when [k, g] consonants are in the Far condition); the blue diamonds and error bars correspond to when the
stress is on the second syllable [C,V,] (i.e., when [k, g] consonants are in the cLose condition). The y-axis represents the high-low dimension and the x-axis represents the front-back
(left to right) dimension. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

One noticeable result is the target to burst time lag in ations among speakers may not have been appropriately
[egi], which is significantly longer by about 3 ms in the addressed.

cLose condition ([egi]: f = 5.65, p < 0.001). This may be In sum, these two time lag measurements establish a plau-
caused by the statistical modeling, which is constructed sible link between the articulatory gestural target and the
with only random intercepts for speakers and does not con- acoustic closure duration. The gestural target in the cLose con-

tain random slopes due to convergence issue, certain vari-  dition is delayed by the preceding stressed vowel.
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Table 2

Parametric analysis of z-scored mean positions of tongue dorsum sensor during the burst of C; in different stress conditions. The mean position values are obtained over a 10 ms window
around the acoustic burst of C3. The likelihood ratio tests of linear mixed effects models test the main effect of the predictor STRESS (C; at Far (baseline) and cLosk positions respectively).
%2 values (with one degree of freedom) are reported as effect size estimates. S-coefficients, standard errors (SE) and p-values of the models are also reported.

Dimension Vi B SE P
in [aki] y 0 —0.0004 —0.09 =0.99
X 8.54 0.27 0.09 <0.01
in [agi] y 0.004 0.006 0.10 =0.95
X 3.68 0.24 0.12 =0.06
in [eki] y 4.98 —-0.20 0.09 <0.05
X 28.72 0.40 0.07 <0.001
in [egi] y 3.79 —-0.20 0.10 =0.05
X 16.11 0.36 0.09 <0.001
Table 3

Parametric analysis with positive values of the articulatory target delaying of C5 with respect to the acoustic onset of Cj in different stress conditions. The delaying is measured as the time
lag (ms) between the acoustic offset of V, to the articulatory target of C3. The time lag between the articulatory target to the acoustic burst of C3 is also measured. The likelihood ratio tests of
linear mixed effects models test the main effect of the predictor STRESS (Cj at rar (baseline) and cLose positions respectively). y? values (with one degree of freedom) are reported as
effect size estimates. f-coefficients, standard errors (SE) and p-values of the models are also reported. The model of target to burst duration in [egi] context contains only random intercept

due to convergence issue and is marked with #.

Mean (sd)
FAR CLOSE Vi B SE P

Target delaying (ms) in [aki] 43.95 (17.33) 50.62 (18.27) 8.51 10.74 3.21 <0.01

in [agi]# 32.61 (14.23) 40.04 (13.67) 35.98 7.20 1.17 <0.001

in [eki] 30.11 (20.90) 34.09 (21.85) 9.97 5.49 1.52 <0.01

in [egi] 23.61 (16.82) 27.37 (17.26) 4.80 2.69 1.22 <0.05
Target to burst (ms) in [aki] 18.95 (24.39) 20.80 (18.40) 1.30 -3.51 3.03 =0.25

in [agi] 24.66 (18.37) 25.61 (16.44) 0.07 0.47 1.77 =0.79

in [eki] 31.73 (28.82) 37.10 (29.50) 2.35 3.74 2.30 =0.13

in [egi]# 33.39 (23.21) 36.66 (22.18) 12.38 5.65 1.59 <0.001

4. Discussion

In this study, we investigated the relationship between lexi-
cal stress and velar palatalization in Italian based on dynamic
and parametric analyses of articulatory data. We aimed to
understand whether and how the realization of lexical stress
impacts an adjacent velar consonant in a context of coarticula-
tory palatalization (i.e., followed by [i]). Our findings show that
lexical stress affects the articulation of not only the stressed
vowel, but also of the following consonants [k, g]. These effects
have both temporal and spatial components. Temporally, the
articulatory target of the velar consonants is delayed when
they are directly preceded by a stressed vowel, which leads
to a longer acoustic closure duration. Spatially, the place of
articulation of the velar consonants is less fronted by coarticu-
latory palatalization when they are directly preceded by a
stressed vowel.

In the following sections, we will discuss our findings in two
directions: the spatio-temporal spill-over effects of stress (Sec-
tion 4.1); then, we will discuss how these spill-over effects may
condition the application of the phonological palatalization in
Italian (Section 4.2); we then tentatively extend our discussion
into a general pattern of stress-conditioning (Section 4.3).

4.1. The spill-over effects of lexical stress

Lexical stress is argued to strengthen its surrounding
sounds, especially post-tonic consonants. Several languages
are found to have a lengthening of consonants in post-tonic
position (e.g., Gualavia Zapotec, Popoloca, Somali;

Armstrong (1964); Jones and Knudson (1977); Veerman-
Leichsenring (1984)). Dimitrova and Turk (2012) showed that
in English accent-induced lengthening is not only found on
the primary-stressed syllable, but it also spills over onto a fol-
lowing unstressed syllable. Katsika and Tsai (2021) reported
on a similar phenomenon in Greek, from an articulatory per-
spective. Consonantal gestures had their largest displacement
on the syllable that immediately followed the stressed one,
suggesting that the spill-over effect of the stress domain is lar-
ger than the anticipatory effect. In our previous study (Shao
et al., 2023b) and in this one, we found that post-tonic velar
consonants [k, g] are strengthened, both in the acoustic and
in the articulatory domains. In the acoustic domain, closure
durations of post-tonic plosives is longer, and their acoustic
burst (for [k] only) is higher in intensity. In the articulatory
domain, post-tonic articulatory gestures have a temporally
delayed target (which is responsible for the lengthened closure
duration) and are spatially less palatalized.

Our articulatory data provides new evidence in line with the
literature discussed above, that the stress domain stretches
beyond the syllable and strengthens the following consonantal
gesture in both time and space. Articulatory Phonology allows
to model these results, since it regards lexical stress as asso-
ciated with an abstract spatio-temporal modulation gesture, the
U-gesture (Saltzman et al., 2008), which has its own activation
scope stretching beyond the stressed syllable. The temporal
Urgesture modulates the stiffness of a syllable-planning oscil-
lator and slows the gestural activation of co-active gestures
(Saltzman et al., 2008; Krivokapi¢, 2020; Iskarous and
Pouplier, 2022). This prediction is clearly confirmed in our data:
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the delayed target of post-tonic consonants is consistently
observed, as well as a significantly lower stiffness (see Appen-
dix C) in post-tonic consonants’ formation gesture. That is to
say, the spill-over effect is observed to modulate both the tar-
get and the stiffness of post-tonic consonants, although it is
possible that all dynamical parameters are interactively influen-
tial on kinematic realizations with different degrees of effect
(Cho, 2006).

Moreover, the u-gesture proposal argues that spatial (us-
gesture) and temporal ({t-gesture) modulations can be disso-
ciated. Evidence for the separability of these two components
comes on the one hand from the cross-linguistic typology of
stress correlates (Gordon and Roettger, 2017). Lexical promi-
nence may be realized by durational enhancement only (e.g.,
in Finnish; Sluijter and Van Heuven (1996)), or as a combina-
tion of durational and sonority enhancement (e.g., in ltalian;
Farnetani and Kori (1986)). On the other hand, evidence for
the separability of durational and spatial components of lexical
prominence comes from vowel-specific effects. The realization
of lexical prominence on different vowels is observed to have
different articulatory correlates based on the vowels’ phonolog-
ical nature (Erickson, 2002).

We can therefore discuss the spatial articulatory differ-
ences between the two stressed vowels [a, €] in our data
and how they may affect the following consonants differently.
Spatially, stressed [a] has a lowered and slightly fronted ton-
gue dorsum; stressed [e] has a slightly lowered and retracted
tongue dorsum. These behaviors are in line with the general
findings of lexical prominence (Engstrand, 1988; de Jong,
1995; Harrington et al., 2000; Erickson, 2002). The spill-
over effect of lexical prominence modulates the spatial char-
acteristics of post-tonic consonants: both stressed vowels
introduce a less palatalized place of articulation. Since the
stressed [e] has a slightly retracted tongue dorsum, it intro-
duces a stronger modulation in the spatial domain in this par-
ticular case.

Cross-linguistically, our results on stressed [a] confirm ear-
lier findings (Erickson, 2002; Katsika and Tsai, 2021). But our
results on [e] point to a different direction compared to
Erickson (2002), in which the emphasized mid-front vowels
of English were shown to have a fronted tongue dorsum. This
language-specific behavior may reflect a difference in the
vocalic system of the two languages. In English, unstressed
vowels are reduced (Lindblom, 1963; Crosswhite, 1999), in
the sense that they are centralized. Their stressed counter-
parts are thus realized with a fronted tongue dorsum. In Italian,
unstressed vowels are characterized much less by reduction
compared to English (Burzio, 2007), and much more by their
shorter duration (Bertinetto, 1980; Albano Leoni et al., 1995;
Eriksson et al., 2016). This difference may explain why
stressed [e] is not fronted in Italian.

Our results also contribute to the phonological discussion of
lexical stress. The spill-over effects of lexical stress manifest in
the articulation of the following consonants, across a syllabic
boundary, since they are taking up the onset position. Most
phonological theories hold that the syllable is the stress-
bearing unit (Hayes, 1995), with the rhyme as its rhythmical
sub-unit. Research on stress-related phonological processes
has also adopted the syllable as the stress domain (see
Beckman (1998), Smith (2002), Bye and de Lacy (2008),

amongst others). Consonantal stress-conditioned processes
such as the one discussed here however occur stress-
adjacently, independently of syllabic boundaries (Giavazzi,
2010). Our present findings clearly show that the spill-over
effects of stress go beyond the syllabic boundary in both time
and space. These results thus suggest that the domain of
stress may not be equivalent with the syllable, as it seems to
extend from the onset of the stressed vowel to at least the
onset of the post-tonic syllable (Turk and Sawusch, 1997;
Ryan, 2019; Steriade, 2011; Steriade, 2023). Future research
has to further investigate the exact time-course of the modula-
tions, both in their formation and in their release phases.

4.2. Stress-induced modulations on coarticulatory palatalization and its
potential influence on the distribution of phonological palatalization in
Italian

Velar palatalization process is typically considered as a
“natural” phonological process and has clear phonetic bases,
which are both articulatory and acoustic-perceptual. From an
articulatory point of view, palatalization is grounded in coartic-
ulatory adjustments, i.e., fronting, of a velar stop which is fol-
lowed by a front vowel (Ohala, 1992; Kochetov, 2011). This
fronting has perceptual consequences, as it increases the per-
ceptual similarity of a [ki] and [gi] with, respectively, [tﬁ] and
[d} i] (Guion, 1998). In turn, this affects the phonological gram-
mar, giving rise to the frequent neutralization of these contrasts
cross-linguistically before front vowels, through velar palatal-
ization (Guion, 1998; Wilson, 2006).

Our study shows that the spill-over effect of lexical stress on
the articulation of an adjacent velar consonant leads to a
decrease of the coarticulatory overlap between the velar con-
sonants and the vowel [i] (Cho, 2004). That is to say, the ges-
tures of the plosives and the high-front vowel are more blended
in the FAR condition and less blended in the cLose condition.
This resistance to coarticulation (or, resistance to blending)
has two outcomes: one is more related to the perceptual recov-
ery of the plosive category, i.e., the longer closure duration due
to the delayed target (see Table B.1 and Shao et al. (2023b));
the other is more related to the place of articulation of the plo-
sives, i.e., the less palatalized place of articulation for post-
tonic [k, g].

We can thus interpret this resistance as an enhancement,
which enhances the phonological contrast (together with other
acoustic enhancements, such as a louder burst observed in
post-tonic [k]) between [ki] and [tfi], [gi] and [d3i], and may
result in the maintenance of these contrasts (Flemming,
2005; Giavazzi, 2010). Building on these results, we argue
here that the stress-conditioned distribution of phonological
palatalization in Italian could be grounded in the articulatory
modulations affecting coarticulatory palatalization in post-
tonic contexts. As this context is modified by the spill-over
effect of lexical stress on the following consonant, both the per-
ceptual and articulatory bases of phonological palatalization
are modified: the “natural” effect of a following [i] on the velar
stop is counter-balanced by the effect of stress on its closure
duration and place of articulation. The perceptual distance with
respect to the corresponding palato-alveolar affricates is there-
fore large enough to be maintained in this prosodic context
(Flemming, 2005; Giavazzi, 2010). This is what we refer to
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as the phonetic bases of the “blocking” of phonological palatal-
ization. The “blocking” of phonological palatalization in post-
tonic position may have arisen from a combined effect of both
perception and articulation rooted in the stress-induced spill-
over modulations: it is arguably a consequence of the articula-
tory correlates of lexical prominence. This spatio-temporal
spill-over effect of lexical stress therefore may have a phono-
logical consequence: the preservation of a phonological con-
trast through the “blocking” of neutralization.

We note here that, in our interpretation, the perceptual
recovery of the plosive category is in part based on the longer
closure duration due to the delayed target in cLose condition.
This longer closure duration caused by preceding lexical stress
is in turn an acoustic detail which is used as a perceptual cue.
When the closure duration is longer, the perceptual salience of
the release of [K] is decreased, favoring the perceptual recov-
ery of a plosive category rather than an affricate category. This
hypothesis is currently being investigated with a perceptual
study, which specifically questions the perceptual distinctive-
ness of the [ki]-[tfi] and [gi]-[d3i] in FAR and cLose contexts
(preliminary data in Giavazzi (2010) and Mitchell (2022)).

4.3. General discussion on stress conditioning

There are two main cross-linguistic strategies to implement
metrical prominence in a stress domain: increasing the percep-
tual salience of the stressed vowel (i.e., by increasing its inten-
sity or by hyperarticulating it), or increasing the duration of the
stress domain (i.e., by lengthening some or all of its segments).
Languages differ in the exact combination of these strategies
they use (Giavazzi, 2010; Gordon and Roettger, 2017). In
some languages, e.g., ltalian, (Farnetani and Kori, 1986;
Payne, 2005), segments within a stress domain have a greater
duration than segments in a stress-less domain, and stressed
vowels have a greater intensity and are hyperarticulated com-
pared to stress-less vowels. In other languages, e.g., Finnish
(Suomi and Ylitalo, 2004), metrical prominence is exclusively
expressed by the increased duration of segments within the
stress domain. As we discussed earlier, these two cross-
linguistic behaviors could be interpreted within the u-gesture
proposal, as arising from differences in the activation strength
of the - and the us-gestures. What follows is the prediction,
put forth by Giavazzi (2010) that in a given language, the
stress-conditioned processes of the sort discussed above will
strictly depend on the precise correlates of lexical prominence
(or, the language-specific activation strength of - and us-
gestures) in that language.

In languages of the first group, in which the Lis-gesture is
active, the articulation of the vowel is modulated spatially,
yielding hyperarticulation. This modulation also affects adja-
cent segments (Beckman et al., 1992; de Jong, 1995;
Harrington et al., 2000; de Jong, 2004; Giavazzi, 2010).

Our findings allow us to predict that other stress-conditioned
processes may be similarly grounded in specific articulatory
effects of lexical stress in that language. For instance, in lan-
guages of the second group, e.g., Finnish (Anttila, 2003;
Suomi and Ylitalo, 2004), only the ugesture should be active.
In this language, the alveolar plosives and fricatives follow the
same stress-conditioned distribution as in ltalian: a Far from
stress plosive undergoes an assibilation process, whereas a
cLosk to stress plosive does not. We predict that the longer clo-
sure duration of post-tonic plosives in Finnish (Suomi and
Ylitalo, 2004; Giavazzi, 2010) is a result of a temporal stress-
induced articulatory modulation (i.e., a fir-gesture modulation),
but not of a spatial one (i.e., no effect on the place of articula-
tion). This temporal modulation may contribute to the percep-
tual recovery of a plosive sound, leading to the “blocking” of
assibilation in post-tonic position.

5. Conclusion

We find that lexical stress in Italian induces both temporal
and spatial modulations which target the stressed vowel and
affect the post-tonic consonant. Temporally, the post-tonic con-
sonants have a delayed articulatory target compared to far
from stress ones, which in turn delays the acoustic burst of
the consonants. The acoustic result of target delaying is the
lengthening of the closure duration in post-tonic consonants.
Spatially, the post-tonic consonants are less palatalized com-
pared to far from stress ones. These two effects can be seen
as a stress-induced resistance to coarticulatory palatalization,
which in turn may be the phonetic underpinnings of the “block-
ing” of the phonological palatalization in post-tonic condition.
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Appendix A. Speakers and speech materials

This appendix contains the information on speakers and the
list of nonce word.
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Table A1
Information on speakers.
N° Sex Age Birth region Second languages
1 F 27 Emilia-Romagna en, fr
2 F 30 Veneto en, fr, es
3 M 24 Veneto en, fr
4 F 26 Piemonte en, fr, es
5 M 24 Veneto en, fr
6 M 21 Valle d’Aosta en, fr
7 M 27 Piemonte en, fr
8 F 22 Lombardia en, fr
9 F 37 Lombardia en, fr
10 M 24 Emilia-Romagna en, es
1 F 22 Piemonte en, fr
12 M 22 Emilia-Romagna en, fr
13 F 20 Trentino-Alto Adige pt, en, fr
14 M 23 Piemonte en, fr
15 M 22 Piemonte en, fr, de, es
- - X =247 - -
Table A.2
List of stimuli in orthographic form.
CiCaCi CiCaCi CiCeCi CiCéCi
pitaci pitaci piteci pitéci
titaci titaci titeci titéci
pitagi pitagi pitegi pitégi
titagi titagi titegi titégi
pitachi pitachi pitechi pitéchi
titachi titachi titechi titéchi
pitaghi pitaghi piteghi pitéghi
titaghi titaghi titeghi titéghi
pipaci pipaci pipeci pipéci
tipaci tipaci tipeci tipéci
pipagi pipagi pipegi pipégi
tipagi tipagi tipegi tipégi
pipachi pipachi pipechi pipéchi
tipachi tipachi tipechi tipéchi
pipaghi pipaghi pipeghi pipéghi
tipaghi tipaghi tipeghi tipéghi
Appendix B. Additional results on acoustic analysis release (positive voice-onset-time) duration, and total
duration of all C; [k, g]. In Table B.2, we present the results
This appendix contains the results of acoustic analyses. of linear mixed effects models conducted on the root-
In Table B.1, we present the results of linear mixed mean-square (rms) amplitude around the burst of all
effects models conducted on the closure duration, Cj [k, g].

Table B.1

Parametric analysis of the acoustic closure duration of C3 in different stress conditions. Each consonant is measured in its closure duration, positive voice-onset-time duration, and total
duration. The likelihood ratio tests of linear mixed effects models test the main effect of the predictor STRESS (Cs at far (baseline) and close positions respectively). > values (with one
degree of freedom) are reported as effect size estimates. f-coefficients, standard errors (SE) and p-values of the models are also reported. The models marked with # are reduced models
contaning only random intercepts.

Mean (sd)
Acoustic durations (ms) FAR CLOSE Y i SE P
Closure duration in [aki] 62.58 (17.41) 71.93 (18.31) 21.39 9.41 1.34 <0.001
in [agi] 56.52 (15.14) 65.65 (13.73) 16.20 9.03 1.70 <0.001
in [eki] 61.98 (18.35) 71.36 (20.56) 18.11 9.27 1.53 <0.001
in [egil# 55.31 (16.14) 63.97 (16.37) 32.23 8.61 1.49 <0.001
VOT duration in [aki] 68.88 (17.08) 68.62 (19.49) 0.01 -0.18 1.52 =0.91
in [agil# 22.90 (14.74) 25.41 (14.21) 2.04 1.92 1.35 =0.15
in [eki] 64.17 (19.42) 68.17 (21.32) 3.49 3.93 1.98 =0.06
in [egil# 21.99 (14.59) 23.03 (14.74) 0.61 1.03 1.32 =0.44
Total duration in [aki] 131.46 (23.24) 140.55 (25.68) 10.61 9.42 2.39 <0.01
in [agi] 79.42 (19.45) 91.06 (18.77) 13.43 10.80 2.33 <0.001
in [eki] 126.15 (23.40) 139.52 (25.33) 18.16 13.11 2.18 <0.001

in [egi] 77.30 (21.14) 87.00 (22.40) 14.27 9.60 1.97 <0.001
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Table B.2

Parametric analysis of the root-mean-square (rms) amplitude of the burst in C; in different stress conditions. The rms amplitude is measured as the mean of a 10 ms window around the
acoustic burst of each C3 (5 ms before the burst and 5 ms after it). The likelihood ratio tests of linear mixed effects models test the main effect of the predictor STRESS (Cj at far (baseline)
and close positions respectively). 2 values (with one degree of freedom) are reported as effect size estimates. f-coefficients, standard errors (SE) and p-values of the models are also
reported.

Mean (sd)
FAR CLOSE Ve p SE P

in [aki] 1.53 (1.01) 1.80 (1.04) 11.69 0.26 0.1 <0.01

in [agi] 5.61 (3.34) 4.46 (2.76) 8.34 -1.29 0.39 <0.01

in [eki] 1.19 (0.77) 1.44 (0.93) 11.24 0.24 0.07 <0.05

in [egi] 5.00 (2.92) 5.02 (3.08) 0.02 0.06 0.41 =0.88
Appendix C. Additional results of analysis based on gestural parameters based on gestural landmarks of Cs [k, g]. In
landmarks Table C.1, we present the results of linear mixed effect models

conducted on commonly used measurements and

In this appendix, we present the statistical analyses  mass-spring parameters, based on the gestural landmarks
conduced on the measurements and mass-spring of Ca.

Table C.1

Parametric analysis of the measurements and mass-spring parameters of C; in different stress conditions based on gestural landmarks. The gestural landmarks are obtained as described
in Section 2.4. The likelihood ratio tests of linear mixed effects models test the main effect of the predictor STRESS (C; at far (baseline) and close positions respectively). 5 values (with one
degree of freedom) are reported as effect size estimates. f-coefficients, standard errors (SE) and p-values of the models are also reported. The model of stiffness in [agi] context contains
only random intercept due to convergence issue and is marked with #.

Mean (sd)
Measurements & Parameters FAR CLOSE Vi p SE P
Onset-to-target duration (ms) in [aki] 89.64 (23.93) 108.26 (20.92) 11.98 19.16 4.48 <0.001
in [agi] 92.80 (18.98) 110.21 (17.38) 20.09 16.57 2.61 <0.001
in [eki] 81.21 (23.93) 95.57 (23.83) 9.81 14.57 3.93 <0.01
in [egi] 81.18 (21.56) 95.32 (25.49) 8.53 17.02 5.05 <0.01
Onset-to-target displacement (mm) in [aki] 9.47 (3.84) 13.94 (4.42) 22.18 4.41 0.62 <0.001
in [agi] 10.52 (3.62) 14.86 (2.79) 22.21 4.63 0.63 <0.001
in [eki] 5.86 (2.78) 5.68 (2.43) 0.03 -0.13 0.74 =0.86
in [egi] 6.13 (2.98) 5.60 (2.22) 0.07 0.26 0.99 =0.80
Peak velocity (mm/s) in [aki] 177.24 (59.79) 187.68 (49.32) 0.46 6.25 9.10 =0.50
in [agi] 202.22 (60.57) 210.90 (45.58) 2.98 10.89 6.04 =0.08
in [eki] 123.21 (49.47) 98.70 (39.96) 4.85 -23.30 9.73 <0.05
in [egi] 133.95 (50.83) 99.37 (38.81) 4.22 -24.49 10.99 <0.05
Ratio peak velocity/displacement in [aki] 18.28 (5.06) 13.50 (3.33) 24.86 -4.89 0.61 <0.001
in [agil# 18.92 (4.55) 14.36 (2.47) 41.73 -7.31 1.10 <0.001
(Munhall stiffness (Munhall et al. (1985)) in [eki] 21.06 (5.15) 18.23 (4.43) 7.58 -2.94 0.94 <0.01
in [egi] 21.14 (4.76) 18.31 (3.85) 9.47 -2.97 0.82 <0.01
Acceleration phase (ms) in [aki] 45.37 (15.91) 66.08 (16.68) 26.65 20.43 240 <0.001
in [agi] 47.7 (14.28) 64.95 (11.85) 12.23 14.21 3.27 <0.001
(i.e., duration from onset to peak velocity) in [eki] 40.70 (13.57) 52.52 (15.79) 16.32 12.43 2.29 <0.001
in [egi] 41.69 (12.60) 53.91 (15.96) 18.37 12.50 2.10 <0.001
Deceleration phase (ms) in [aki] 44.28 (17.15) 42.18 (14.33) 0.49 -2.09 2.94 =0.48
in [agi] 45.11 (13.67) 45.26 (14.00) 0 0.01 1.70 =0.99
(i.e., duration from peak velocity to target) in [eki] 40.51 (17.95) 43.05 (16.90) 0.86 2.14 2.28 =0.35
in [egi] 39.49 (15.22) 41.41 (16.95) 1.08 3.66 349 =0.30
Target-to-release plateau duration (ms) in [aki] 102.7 (65.14) 95.25 (58.15) 1.52 -5.56 4.41 =0.21
in [agi] 74.77 (49.98) 76.27 (53.58) 0.002 -0.20 4.45 =0.96
in [eki] 119.48 (67.66) 117.84 (66.43) 0.03 1.04 6.19 =0.87

in [egi] 102.10 (63.25) 94.70 (62.15) 0.58 -3.19 4.19 =0.45
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Appendix D. Additional results of parametric analysis of the
averaged absolute tongue dorsum positions of V; [i]

In this appendix, we present the parametric analysis of the
averaged absolute tongue dorsum positions of V3, obtained

using the window method (Roessig, 2021; Roessig et al.,
2022). This appendix shows that the V; [i] does not have a
x-axis (front-back) difference with respect to its relative position
to lexical stress.

Stress_Position —¢— FAR —$— CLOSE

V2 [a] V2 [a] V2 [e] V2 [e]
. C3 K] C3g] C3 K] C3g]
§.£ 0.6 *
28 03 - +
Ec +
gc 007 + *
T O
g £-0.31 +
cg”g-o.e- S NN 0 N . 23 - e
= 03 00 03 06 -03 00 03 06 -03 00 03 06 -03 00 03 0.6

Tongue dorsum sensor position on x-axis

Fig. D.1. Z-scored mean tongue dorsum positions in V3 [i], obtained over the the mid-50% of the acoustic duration using the window method, presented with standard errors. The red
crosses and error bars correspond to when the stress is on the first syllable [C4V4] (i.e., when [k, g] consonants are in the FarR condition); the blue diamonds and error bars correspond to
when the stress is on the second syllable [C,V] (i.e., when [k, g] consonants are in the cLose condition). The y-axis represents the high-low dimension and the x-axis represents the

front-back (left to right) dimension.

Table D.1

Parametric analysis of z-scored mean positions of tongue dorsum sensor during V3 in different stress conditions. The mean position values are obtained over the mid-50% of the acoustic
duration of V5. The likelihood ratio tests of linear mixed effects models test the main effect of the predictor STRESS (C; at far (baseline) and close positions respectively). 2 values (with one
degree of freedom) are reported as effect size estimates. $-coefficients, standard errors (SE) and p-values of the models are also reported. The models contain only random intercept due to

convergence issue are marked with #.

Dimension Vi p SE P
in [aki] y 10.81 -0.35 0.10 <0.01
X 1.84 -0.27 0.19 =0.17
in [agi] yi# 5.17 -0.27 0.11 <0.05
X 0.48 0.19 0.27 =0.48
in [eki] y 13.05 -0.49 0.11 <0.001
X 0.19 -0.08 0.18 =0.66
in [egi] y 1.98 -0.22 0.15 =0.15
xtt 2.90 0.26 0.15 =0.09
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