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Anticipatory contextual nasalization, whereby an oral segment (usually a vowel) preceding a nasal consonant
becomes partially or fully nasalized, has received considerable attention in research that seeks to uncover predic-
tive factors for the temporal domain of coarticulation. Within this research, it has been claimed that the phonolog-
ical status of vowel nasality in a language can determine the temporal extent of phonetic nasal coarticulation. We
present a comparative study of anticipatory nasal coarticulation in American English, Northern Metropolitan
French, and Standard German. These languages differ in whether nasality is contrastive (French), ostensibly

g?;:;rjz'ﬁon phonologized but not contrastive (American English), or neither (German). We measure nasal intensity during a

Nasality comparatively large temporal interval preceding a nasal or oral control consonant. In English, coarticulation has

French the largest temporal domain, whereas in French, anticipatory nasalization is more constrained. German differs

Z"QHSh from English, but not from French. While these results confirm some of the expected language-specific effects,
erman

they underscore that the temporal extent of anticipatory nasal coarticulation can go beyond the preceding vowel
if the context does not inhibit velum lowering. For all languages, the onset of coarticulation may considerably pre-
cede the pre-nasal vowel in VN sequences, especially so for English. We propose that in English, the pre-nasal
vowel has itself become a source of coarticulation, making American English pre-nasal vowel nasality uninforma-
tive about coarticulatory nasalization. Degrees of individual variation between the languages align with the phono-
logical or phonologized role of nasalization therein. Overall, our data further add to our understanding of the non-
local temporal scope of anticipatory coarticulation and its language-specific expressions.
© 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/).

Individual variability

1. Introduction ing: It is a hallmark of skilled speech production and requires
learning in both first and second language acquisition (Jang,
Kim, & Cho, 2023; Noiray, Wieling, Abakarova, Rubertus, &
Tiede, 2019; Oh, 2008). In a much cited study, Whalen

(1990) revealed that anticipatory coarticulation co-varies posi-

It is a fundamental characteristic of speech that successive
sounds are coarticulated, meaning that they are produced in
an overlapping fashion, giving rise to contextual variability. In

part, coarticulation stems from the physiological characteristics
of articulator motion, such as muscle response time and iner-
tia. Yet it has long been recognized that coarticulation sits at
the interface between cognitive and physical aspects of speak-
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tively with increased time to plan an utterance, providing evi-
dence for the “largely planned” nature of coarticulation. It is
also known that coarticulation varies as a function of linguistic
utterance structure, such as phrase boundaries (Cho, Kim, &
Kim, 2017; Jang, Kim, & Cho, 2018; Li, Kim, & Cho, 2020),
and is sensitive to phonotactic regularities (Desmeules-
Trudel & Brunelle, 2018) as well as the structure of the lexicon
(Scarborough, 2013). This sensitivity to linguistic structure also

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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means that coarticulation is bound to vary by language. There
is a long history of coarticulation research that has sought to
pin down the specific linguistic factors which may condition
coarticulatory idiosyncrasies of particular languages (among
others, Beddor, Harnsberger, & Lindemann, 2002; Clumeck,
1976; Cohn, 1990; Manuel, 1990, 1999; Ohman, 1966;
Pouplier et al., 2022).

In particular, a variety of coarticulatory phenomena have
been investigated in order to understand whether phonological
contrast is a predictor for the temporal domain of coarticulation
(among others, Beddor et al., 2002; Lubker & Gay, 1982;
Manuel, 1990; Mok, 2012; Noiray, Cathiard, Ménard, & Abry,
2011; Steinlen, 2005). The goal of our current study is to con-
tribute to this research in several respects. For one, we seek to
deepen our understanding of the temporal extent of anticipa-
tory coarticulation and its cross-linguistic variation. To this
end we present a comparative study on anticipatory nasal
coarticulation in General American English (henceforth: Eng-
lish), Northern Metropolitan French (French), and Standard
German (German). Secondly, we investigate the temporal
domain of coarticulation in these three languages by employ-
ing stimuli that offer maximal opportunity for anticipatory coar-
ticulation to occur. This should clearly bring out differences
between languages, if present, and also allow us to observe
the levels of variability within each language and speaker. Both
of these factors — temporal extent and variability — have been
used in the past to argue for different views on the origins of
coarticulation in the speech production process. Furthermore,
we include a relatively high number of speakers per language
with the aim of gauging levels of individual variability in relation
to language-level differences in coarticulation. Finally, our find-
ings will be interpreted against the different functional roles of
nasality in these three languages: In French, nasality is a con-
trastive feature of the vowel system. For American English, it
has been hypothesized that anticipatory vowel nasality is
phonologized (Solé, 1992, 1995), meaning speakers may tar-
get the pre-nasal vowel allophonically as nasal. This opens
the possibility that the pre-nasal vowel has itself become a
source of coarticulation in English and nasality should spread
anticipatorily from the vowel. If so, this should become appar-
ent in our study by virtue of our stimulus design, which allows
for anticipatory nasality to spread over several segments. Ger-
man anticipatory nasality, finally, has rarely been studied (re-
cent exceptions are Carignan et al.,, 2021; Kunay et al,
2022), and there is to our knowledge no cross-linguistic study
which directly compares German to any other language in this
respect. In any case, there is no evidence for contextual nasal-
ity being phonologized or phonological in the sense that it has
been proposed for American English specifically (Carignan
et al., 2021).

The role of phonological contrast in constraining coarticula-
tion has often been investigated with respect to contextual
nasality and especially so (but by no means exclusively) for
French, a language with a nasal-oral vowel contrast (Cohn,
1990; Delvaux, Demolin, Harmegnies, & Soquet, 2008; Dow,
2020). The general premise of the so-called contrast hypothe-
sis is that coarticulation may endanger phonemic distinctions
by reducing the acoustic distance of two categories — in this
case, oral and nasal vowels. Contextually induced nasality dur-
ing an oral vowel could cause perceptual confusability if a

given language has a phonemic oral-nasal contrast; in other
words, temporally extensive phonetic nasalization during an
oral vowel could be incorrectly interpreted by a listener as a
phonemic nasal vowel. Therefore, contextual vowel nasality
in VN contexts should be relatively constrained compared to
languages without such a contrast, and should only affect a
small portion of the pre-nasal vowel. A classic case in point
for such a scenario is presented by French in comparison to
English. While English is known for its extensive anticipatory
nasalization, in French anticipatory contextual nasality is more
limited in scope (Cohn, 1990; Delvaux et al., 2008; Dow, 2020).
Such a cross-linguistic difference is consistent with the con-
trast hypothesis: Nasality may spread maximally in the
absence of a contrast but be blocked by a phonological oral-
nasal vowel contrast. Observations such as these have been
used to argue for models of coarticulation as maximal feature
spreading (for an overview, see Farnetani & Recasens,
2010), a point which will be taken up again in the Discussion.

Several arguments have been advanced against such a
simple predictive role of contrast for coarticulation. French
phonotactics allow a phonologically nasal vowel to follow, but

not to precede a nasal consonant: *VN, but not NV, is illicit.
This would, from a contrast perspective, predict extensive
anticipatory coarticulation for VN but limited carryover coartic-
ulation in NV contexts. However, the opposite is actually the
case: Carryover coarticulation in French NV is more extensive
than anticipatory coarticulation in VN, meaning extensive con-
textual nasal spreading is observed in the very context (post-
nasal) in which the oral-nasal vowel contrast occurs phonotac-
tically. During an oral vowel preceding a nasal consonant on
the other hand, anticipatory nasality is relatively more limited
(e.g., Delvaux et al., 2008; Dow, 2020), even though phonotac-
tically there is no potential for confusion. This raises the ques-
tion of how much perceptual confusability contextual nasality
actually creates, especially given that other cues to the realiza-
tion of a phonologically contrastive nasal vowel are known to
exist. In observing that the degree of nasal airflow in contextu-
ally nasalized oral /¢/ in NVN sequences of French was as high
as the nasal airflow in phonologically nasal /&/, Delvaux et al.
(2008) posited that the distinction between /¢/ and /&/ was
nonetheless maintained due to their different oral configura-
tions (see also Carignan, 2014, 2017).

Clumeck (1976), comparing anticipatory nasality in six lan-
guages based on 1-3 speakers per language, observed that
some of the languages with distinctive nasalization in his sam-
ple (French, Hindi, Amoy) were characterized by a compara-
tively lesser degree of contextual nasality, while a single
speaker of Brazilian Portuguese (the only one recorded in that
study) produced comparatively more contextual nasality.
Scarborough, Zellou, Mirzayan, and Rood (2015) provide evi-
dence for anticipatory vowel nasality in Lakota, a language
with an oral-nasal vowel contrast. As in French, carryover coar-
ticulation exceeds anticipatory coarticulation in Lakota." There
is nonetheless clear vowel nasalization in VN at least from the

" Note that the relative greater extent of carryover coarticulation in Lakota and French
should not be deduced from the presence of an oral-nasal vowel contrast in both
languages: In a variety of Australian languages that do not contain such a contrast,
carryover nasalization has likewise been reported to exceed the extent of anticipatory
nasalization (Butcher, 1999; Butcher & Loakes, 2008; Stoakes, Fletcher, & Butcher, 2020).
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vowel midpoint onwards. It is also apparent in their data that
vowel nasality in VN contexts is higher compared to VN, overall
and especially initially. They thus argue that anticipatory vowel
nasalization does not necessarily lead to neutralization, as the
nasal-oral vowel contrast is maintained in both the time course
and the strength of nasality (although they do observe contrast
neutralization for some of their speakers in the carryover con-
text). While the authors see a role for functional, perceptual
pressures (sufficient contrast) in shaping the patterns of coartic-
ulation, they call for a more nuanced view by suggesting that the
time course of how nasality is realized for a nasal vowel may
change depending on coarticulatory context (for arguments on
the relevance of the time course of nasality, see also Delvaux
et al. (2008) and Huffman (1990)). This would once more sup-
port coarticulation being under speaker control in a temporally
very fine-grained fashion. Overall, the presence or absence of
a contrast does not by itself seem to be sufficient to globally pre-
dict the temporal domain of anticipatory coarticulation, either in a
given language or across languages.

While contextual nasality is often discussed in the context of
language-specific coarticulation, there are relatively few
directly comparative studies of languages with a nasal-oral
contrast. One such study was referred to earlier: Clumeck
(1976) noted that a Brazilian Portuguese speaker (the only
one recorded) showed a different coarticulation pattern com-
pared to other languages with contrastive vowel nasality. Clu-
meck's study has very few speakers per language, which
means that inevitably individual speakers are taken to be rep-
resentative for the entirety of a given language community.
Another notable exception is Brkan (2018; Brkan, Amelot, &
Vassiere, 2014), who compared anticipatory nasalization,
measured by means of a piezoelectric accelerometer, in Amer-
ican English, French, Bosnian, Norwegian, and Urdu, present-
ing data from five speakers per language. French and Urdu
have contrastive vowel nasalization, while the other languages
studied do not. In her data, all languages are characterized by
anticipatory nasality spanning 50-80% of the pre-nasal vowel,
sometimes even 100%. Unsurprisingly, American English
again shows the most extensive vowel nasalization, confirming
previous observations. Interestingly, Norwegian and French
align in terms of the relatively lowest degree of anticipation
while Bosnian and Urdu speakers fall between English and
French/Norwegian. This is a remarkable result, since it sug-
gests variability in the scope of anticipatory coarticulation
among languages with a phonological contrast (French and
Urdu), which is unexpected from a general contrast perspec-
tive. Furthermore, Brkan's work highlights that among lan-
guages without a nasal-oral vowel contrast, anticipatory
coarticulation seems to be fine-tuned in language-specific
ways. She concludes that contrast fails to predict the temporal
domain of anticipatory vowel nasalization across languages.
Yet a different argument concerning contrast is put forward
by Desmeules-Trudel and Brunelle (2018): The authors stud-
ied Québécois French and Brazilian Portuguese, both of which
have an oral-nasal vowel contrast. They come to the conclu-
sion that contrast does limit both the extent of coarticulation
and its variability, yet only in interaction with phonotactic regu-
larities of the two languages rather than at a global level.

Particularly relevant for our current study is Solé’s (1992,
1995) work on anticipatory nasality in American English and
Peninsular Spanish. She observed that, under variable speech
rate, Spanish anticipatory nasality remains durationally fixed in
absolute time irrespective of pre-nasal vowel duration,
whereas in English, contextual nasality changes with vowel
duration and is proportionally constant. This led her to propose
that vowel nasality has become phonologized in English, with
speakers targeting a [+nasal] vowel. In Spanish, however,
coarticulation is a function of the kinematic characteristics of
the velum: Velum opening is timed to “nasal consonant onset”
(which she determines from the acoustics) and “reflect[s] the
time needed by the velum to open the velar port for the nasal
consonant at the optimal articulator velocity.” (Solé, 1995, p. 9)
Solé also decidedly argued against a predictive role of contrast
for coarticulation. Given her own results on Spanish and by
reviewing the literature (at that time) on anticipatory nasal coar-
ticulation in a variety of other languages, she concludes that
languages generally show a minimal amount of coarticulation,
which arises from “a physiological time constraint” (p.30) on
velum opening with the only exception being American Eng-
lish. She argues that American English has undergone sound
change by which contextual nasalization has become allo-
phonic (see also Beddor, 2009; Beddor, Coetzee, Styler,
McGowan, & Boland, 2018), while languages without such a
sound change, like Spanish, anticipate nasality only to the
degree that is physiologically necessary to ensure a fully open
velum at the nasal consonant onset. This minimal anticipation
interval will be invariant, no matter the durational variation of
the coarticulated segments. This, in her view, makes coarticu-
lation a low-level, physiological phenomenon. A similar state of
affairs in Santo-Domingo vs. Buenos Aires Spanish has been
used by Bongiovanni (2020, 2021) to support Solé’s view of
a categorical separation of coarticulatory phenomena into “in-
tended” (Bongiovanni, 2021, p. 7) allophony and low-level,
mechanical coarticulatory nasality. Dow (2020) argues for a dif-
ferentiation between mechanical and controlled coarticulation
within French as a function of vowel quality. In his view, contex-
tual nasalization of high pre-nasal vowels arises from a low-
level property of speech production since their contextual
anticipatory nasalization is more variable compared to mid
and low vowels. Since French high vowels are more strongly
nasalized than mid and low vowels (previously also reported
by Delvaux et al. (2008)), he concludes that coarticulation is
planned (actively blocked) for mid and low vowels only. In
sum, previous literature has used relative differences in both
temporal extent and variability to argue for a distinction
between planned and low-level, mechanical coarticulation.

Overall, the literature paints a multi-faceted picture of antic-
ipatory nasal coarticulation and between-language differences.
However, few studies directly compare languages with a suffi-
ciently large number of speakers to reliably tease apart individ-
ual differences from language-level effects. The informative
value of meta-comparisons between studies is limited due to
numerous methodological differences, and the problem of
low participant numbers cannot be alleviated. Virtually any
study on coarticulation, nasal or not, remarks on high levels
of inter-speaker variability and the presence of speaker-
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specific ‘strategies’ or ‘preferences.’ The corollary of this is that
we cannot be sure to what extent speaker-level effects actually
reflect language-level effects. In the context of labial coarticu-
lation, Noiray et al. (2011), in their study of anticipatory lip
rounding in Canadian French and American English, came to
the conclusion that there are no language-specific differences,
but only individual speaker preferences. Moreover, it is cur-
rently not well understood how the concept of individual
speaker grammars (Beddor, 2009) within a language-
community (see below) relates to linguistic structure being a
possible shaping factor in coarticulation differences between
languages.

Individual variability, while long treated as experimental
noise of unclear theoretical relevance, has come to be at the
center of attention in recent research. Work on nasality in par-
ticular has put this individual variation at the heart of explana-
tions for sound change. Individuals within a language
community may differ systematically in how they produce
and perceive coarticulation, according to their own speaker-
specific grammar (Beddor, 2009; Beddor et al., 2018; Zellou,
2017). Nonetheless, phonological contrast should constrain
how variably a given acoustic cue is produced within individu-
als of a given language community (Hauser, 2021). The impli-
cations of this shift in perspective towards intra-language
variability for our understanding of between-language variation
in coarticulation are yet to be explored. In our current study, we
present data from 27 to 30 speakers per language, which
allows us to ascertain the robustness of language-specific
effects against the range of individual variability within each
language.

It is possible that the function of contrast is not necessarily
to constrain the temporal extent of coarticulation; rather, the
presence of a contrast may lead to a relatively lower degree
of both within and between speaker variability in a given lan-
guage compared to languages without a contrast. Such an
argument is presented by Hauser (2021) when she discusses
whether phonological contrast is a determinant of the extent of
token-wise and/or contextual variability. She proposes
contrast-dependent variation according to the weight assigned
to a given cue in a given language. For example, in Hindi neg-
ative VOT is consistently produced across speakers since it is
a primary cue to phonological voicing. In English, as an aspi-
rating language, prevoicing is free to vary by speaker. For
our present study, this hypothesis of contrast-dependent varia-
tion would predict a low level of variability in French, both
within and across speakers. In American English, a final oral-
nasal consonant contrast can, at least in specific contexts,
be systematically cued by contextual nasalization, as argued
by Beddor (2009). This would lead us to expect that American
English should align with French in terms of a low level of indi-
vidual variability compared to German. Solé’s view of a phonol-
ogized contextual vowel nasalization in English would likewise
predict a relatively low level of variability. Beddor et al. (2018),
on the other hand, argue for American English that the phono-
logical equivalence relationship between vocalic and conso-
nantal nasality differs by individual, according to an
individual's grammar of speech production. This could condi-
tion a low within-speaker variability, comparable to French,
but a higher between-speaker variability, since some speakers
may cue the nasal consonant on the vowel to a greater degree

than others. We take note of the fact, however, that Beddor
and colleagues investigated a VNCgpstruent CONtext (e.g., bent)
specifically, and that this context is not part of our current study.
However, in any scenario, German would be the most variable
language, since there are no constraining factors. Yet a further
possibility is that velum opening in German is purely mechan-
ical as it was proposed to be for Spanish by Solé (1992). In that
case, we expect anticipatory coarticulation to be consistently
constrained to a narrow time window before the nasal conso-
nant onset. Note that Solé found English and Spanish speak-
ers to be “strikingly consistent in their behavior” (p. 39) within
their language group, despite the marked difference in the tem-
poral domain of coarticulation. That is, different origins of coar-
ticulation may not necessarily condition different levels of
variability.

In sum, if functional pressure due to the nasal-oral vowel
contrast in French is a shaping force in coarticulation, we
would expect anticipatory coarticulation in French to be most
constrained and to cover only a small part of the vowel. We
expect a comparatively low degree of variability within and
between speakers. Given that, by virtue of our stimulus mate-
rial, we allow for anticipation to occur earlier than the pre-nasal
vowel, we expect there to be a pronounced difference between
French and the other two languages. From previous work on
German (Carignan et al., 2021), contextual vowel nasalization
should be moderate in this language, but since there is no
existing comparative work, it is not clear a priori where German
will fall in relation to English and French, in particular when a
relatively large window of opportunity for nasal coarticulation
is available. In any case, German speakers should be most
variable since there is no attested phonological or phonolo-
gized function of anticipatory vowel nasality. For English,
where vowel nasality has been reported to be a systematic
cue to the final consonant contrast (in certain contexts) or a
nasal vowel is targeted, we expect the most extensive spread
of coarticulation. Phonologization of contextual vowel nasality
would predict a relatively lower level of variability for English
speakers, yet if the cue trading relations observed by Beddor
and colleagues generalize beyond the VNCgpsyruent CONtext
used in their study, a higher level of individual variability would
be expected.

2. Methods
2.1. Participants

We present data from 30 native speakers of German and of
English, and 27 speakers of French.? All participants reported
using their native language on a daily basis and being speakers
of the respective standard variety. All German speakers were
recorded at LMU in Munich. Sixteen of the American and 15
of the French speakers were recorded in Munich; the other
speakers were recorded at University College London. The tech-
nical recording setup was identical in both labs. Speaker recruit-

2 We recorded 30 French, 33 German, and 34 American speakers. 9 speakers had to be
excluded from analysis entirely due to technical problems with the recording device or
because it turned out that they did not fit the recruitment criteria (i.e., they were not
speakers of the standard varieties). All of these speakers were excluded prior to data
analysis. One German speaker was excluded because they consistently inserted prosodic
breaks in their productions immediately before the target word.
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Table 1

Carrier phrases by target consonant position and language with example minimal pair set from the nasal and oral conditions, in both orthography and broad transcription, as well as an
English gloss for French and German. The interval for analysis (ROI) is underlined, and the target consonant is in bold face in both the orthography and the transcription. The obstruent of
Cleo/Cléo/Kleo serves as a hard boundary for the anticipatory spreading of coarticulation and thus delimits the ROI. To control for VOT differences between the languages, the ROI onset
was defined as the boundary between the lateral and the following vowel of Cleo/Cléo/Kleo. In the initial condition, the ROI therefore corresponds to the vowel sequence in Cleo/Cléo/Kleo.

Position of target consonant Language Nasal condition Oral condition
Initial English He'll tell Cleo mat soon. He'll tell Cleo pat soon.
/hi:l tel kli:ou meet su:n/ /hi:l tel kli:ou peet su:n/
French Je dis & Cléo mot samedi. Je dis a Cléo peau samedi.
/35 di a kleo mo sam(a)di/ /35 di a kleo po sam(a)di/
‘| say to Cléo on Saturday.’
German Er las Kleo Macht zweimal vor. Er las Kleo Pacht zweimal vor.
/e:e la:s kle:o: maxt tsvaima:| fo:e/ /e:e la:s kle:o: paxt tsvaima:l fo:e/
‘He read to Kleo twice.’
Non-initial English He'll tell Cleo rhymer soon. He'll tell Cleo riper soon.
/hi:l tel kli:ou ratma su:n/ /hi:l tel kli:ou raripa su:n/
French Je dis & Cléo 'émis samedi. Je dis & Cléo [épi samedi.
/35 di a kleo lemi sam(a)di/ /35 di a kleo lepi sam(a)di/
German

/e:e la:s kle:o: lainas tsvaima:l fo:e/

Er las Kleo Leine zweimal vor.

Er las Kleo Leite zweimal vor.
/e:e la:s kle:o: larts tsvaima:l fo:e/

ment was shared across the labs to be able to enlist enough par-
ticipants within the foreseen timeframe of the project. Average
participant age by language was: English 28.4 (SD 8.2), French
31.1 (SD 7.2), German 26.5 (SD 5.8). For English 21 females
and 9 males were included in the analyses, for French 21
females and 6 males, for German 20 females and 10 males.
Due to the imbalance in gender sampling across the languages,
we include gender as a nuisance variable (additive fixed factor)
in the statistics but will not comment on this factor any further
since it is of no interest to our main research question.

2.2. Stimuli and recording procedure

Target words were chosen as minimal pairs with a nasal or
oral target consonant. The target consonant was either in initial
(e.g., English mat — pat /maet — peet/) or non-initial position,
which comprises word-medial and final (e.g., English rhymer
— riper [1aima — 1a1pa/, ran — rat /1zen — 12et/). The oral control
consonant was a voiceless oral stop, in order to ensure that the
velum was in a closed position at the oral target consonant
onset (due to the aerodynamic requirement for intra-oral pres-
sure build-up during the stop). For all languages, we chose a
set of words with an initial target nasal/oral stop and a set of
words with a non-initial target nasal/oral stop. The initial nasals
allowed us to observe to what extent nasality would spread
anticipatorily across a word boundary in our three languages.
For each language, 15 stimulus minimal pairs were con-
structed, five with the target sounds (nasal/oral stop) in initial
and ten in non-initial position. For the non-initial stimulus
words, in which the nasal consonant could be in word-medial
or final position, the nasal was always the third segment of
the target word (with the exception of the English word own).
For German, due to experimenter error, there are only 8 mini-
mal pairs in the non-initial condition. The full set of minimal pair
stimuli for each language is given in the Appendix.

All target words were elicited in a constant carrier phrase.
This carrier phrase was constructed to be as similar as possi-
ble across the three languages in terms of length, and number
of syllables (see Table 1). Note that French is a head/edge

prominence language, while English and German are stress-
based, head-prominence languages (Jun, 2014). The sen-
tences were constructed in all three languages as phrases with
broad focus (‘neutral declarative’ in Jun & Fougeron’s (2000)
terminology). In French, the target word is its own accentual
phrase, and in German and English the target word is its
own prosodic word (in principle, allowing for some variation
in any given rendition). That is, in all languages the target word
is by canonical realization its own phrase with comparable
boundary strength at some level lower than the intermediate
phrase (ip).

The carrier phrase in all languages contained a voiceless
velar obstruent (the /k/ of “Cleo/Cléo/Kleo”, henceforth Cleo
for simplicity) which served as a landmark to delimit the region
of interest (ROI) for analysis, i.e., it demarcated the maximal
available window for anticipatory nasal coarticulation and
hence the time interval of analysis. In practical terms, the
beginning of the ROl was, for all conditions, the boundary
between /I/ of Cleo and the following vowel <e> (instead of
the /k/ release due to the VOT differences between our lan-
guages)’; the end of the ROl was the onset of the nasal/oral tar-
get consonant. The onset and offset of the target consonant
were defined as the beginning and end of the relevant oral clo-
sure in the acoustic signal (see Fig. 1). Nasal consonant dura-
tion and average intensity of the nasal consonant as used in
the analyses was calculated over this interval. In Table 1 the
ROI preceding the (bold face) nasal/oral target consonant of
an example stimulus pair is underlined.

The segmental content within the ROl was chosen such that
only oral vowels and approximants precede the target conso-
nant, neither of which phonetically control velar opening and
thus in principle allow for anticipatory nasal coarticulation to
occur. Importantly, the minimal pair method thereby ensures
that any segment-intrinsic velum height characteristics of the
segments of the ROl can be factored out (Bell-Berti &
Krakow, 1991). This is so because any segment-intrinsic

3 French is generally classified as a true voicing language; German and English both are
aspirating languages. In both English and German the lateral can be partially or fully
devoiced due to the long VOT (Pouplier et al., 2022).
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Fig. 1. lllustration of a stereo recording as output from the nasometer, together with our segmentation of the Region of Interest (ROI). The recording is from a trial containing the
German target word /launa/. The segmental boundaries other than those of the target consonant and preceding vowel are given for orientation only and were not used in the analyses.
Only the nasal channel (top oscillogram) was used for analysis. The ROl is defined as the interval from the beginning of the first vowel of Cleo (here, /e:/ of German /kle:o/) to the
acoustic onset of oral closure for the oral/nasal target consonant (here, /n/) and is demarcated by dashed red lines in the graph. Notice how nasal intensity in the top oscillogram begins
to rise during the /au/ diphthong preceding the nasal consonant. The obstruent onset /k/ is a hard boundary for nasal anticipation; the ROI thus demarcates the maximal possible
window of coarticulatory anticipation. For practical reasons (see main text), the lateral-vowel boundary served as onset of the ROl interval over which coarticulation was determined in
our analyses. Any segment-inherent velum opening differences as they are apparent here in the initial parts of the ROI are factored out of our quantification of anticipatory coarticulation
by computing a nasal-oral condition difference curve for each minimal pair during data processing (see Section 2.3). The graph was generated using praatpicture (Puggaard-Rode,
2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

velum height characteristics should be the same across
matched nasal and oral conditions which only differ in the oral-
ity/nasality of the target consonant. The degree of nasalization
was estimated using a nasometer which comprises acousti-
cally separated oral and nasal microphones. Our measure,
as detailed in the Section Data Processing, only considers dif-
ferences in nasal intensity between a given nasal-oral minimal
pair. Fig. 1 gives an example of the acoustic stereo signal as
recorded from the nasometer device together with our seg-
mentation of the ROI. The oral channel oscillogram is shown
for reference only; only the nasal channel signal was analyzed
(see below). Fig. 2 illustrates the nasal channel signal record-
ings for three repetitions of a given minimal pair.

For any time normalization reported in the analyses, the
ROI served as the normalization interval by mapping the sam-
ples of a given ROI linearly onto a [—1, 0] interval, with —1
being the beginning of the ROI and zero being the onset of
the target consonant. Note that for the initial condition, the
ROI comprises only the vowel sequence of the carrier phrase
word Cleo.

Three repetitions of each token were recorded, and the
stimuli were presented in randomized blocks with each target
word occurring once per block. The data recording session
was part of a larger experiment on the characteristics of coar-
ticulation of multiple articulators across and within multiple lan-
guages. Note that each participant only recorded the stimuli in
their native language. The Appendix gives the full set of stimuli
recorded for each language.

Data were recorded at a sampling rate of 44.1 kHz in a
sound attenuated booth, using a nasometer device which con-

sists of two microphones separated by an acoustic baffle. Par-
ticipants were asked to hold the device so that the acoustic
baffle rested on the upper lip, thus allowing the separate
acoustic radiations from the nose and mouth to be captured
by the respective microphones. This resulted in a stereo
recording with the nasal and oral waveforms in separate chan-
nels (Fig. 1). SpeechRecorder (Draxler & Jansch, 2004) was
used for stimulus presentation and data recording. Participants
were familiarized with the stimuli before the recording and then
instructed to read the sentence displayed on the computer
screen in front of them as naturally as possible as a single
phrase. Any renditions that contained a pause and/or a glottal
stop in the ROl were excluded from analysis since the acoustic
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Fig. 2. Example for normalized nasal intensity signals extracted for all three repetitions
of the German minimal pair /launa — lauts/ over the ROI plus the target consonant by
one speaker (the same as in Fig. 1). Only the nasal channel signal is shown for both the
oral and nasal conditions. Signals were lined up at the onset of the nasal/oral target
consonant defined by the acoustic onset of closure. The line-up point is marked by a
dashed vertical line on the graph. Positive time points (> 0) occur during the target
consonant interval; negative time points occur during the ROI.
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signal drops to zero in these cases. This also means that only
renditions that were pronounced as a single IP up to the target
word were included (renditions with prosodic breaks after the
target word were retained since these breaks do not interfere
with our analyses).

Post-recording, all sound files were processed in Praat
(Boersma & Weenink, 2022). Each channel was filtered with
a Hann pass-band filter with cut-off frequencies of 80 Hz and
10 kHz prior to intensity computation (in dbgp, ). Nasal channel
intensity of each trial was normalized by subtracting the mean
total intensity (oral and nasal) of the given trial. Further analy-
ses used this normalized nasal channel intensity only. It is
important to keep in mind for the remainder of the paper that
we only refer to the time series of normalized nasal channel
intensity during the ROI interval, be it in the oral or nasal
conditions.

2.3. Data processing: Operationalizing onset of coarticulation

In the context of our experiment, we define the onset of
coarticulation as the timepoint at which a given nasal condition
intensity curve diverges from the corresponding oral condition
intensity curve within a minimal pair; see Fig. 2 for a visual
impression of oral-nasal condition curve divergence. We
thereby proceeded as follows: Normalized nasal intensity
curves for the oral control tokens were averaged in raw time
across the three repetitions. This per word-pair nasal intensity
average of the oral condition served as reference against
which the onset of coarticulation was determined for the nasal
condition. From each individual nasal token, the average oral
condition curve was subtracted (cropping on the left edge to
whichever was the shorter curve), resulting in a nasal intensity
difference curve. This difference curve was then time- and
magnitude-normalized and subjected to an iterative sigmoid fit-
ting procedure to determine the onset of coarticulation, as illus-
trated in Fig. 3.

For the sigmoid fitting procedure we used the sicegar R
package (Caglar, Teufel, & Wilke, 2018), which was originally
developed to fit time-intensity curves with nonlinear growth
and decay dynamics in biology. We used this package to fit
several sigmoid versions to each time- and magnitude-
normalized difference curve (a single sigmoid, and two ver-
sions of a double-sigmoid fit to deal with the variation in the
fall-rise patterns in the difference curves). The relative best fit
was chosen as the sigmoid model with the lowest Akaike infor-
mation criterion (AIC). For this chosen sigmoid, a line tangen-
tial to the midpoint of the sigmoid rise was computed. The point
at which this tangential line intersects with the lower asymptote
was translated back into absolute time. This time-point demar-
cates the divergence point for each nasal token and consti-
tutes our working definition for the onset of coarticulation.
The divergence point, therefore, is the point at which we can
statistically predict a following oral or nasal consonant.

Outliers were removed according to the following criteria.
Tokens for which the predicted divergence point was outside
the region of interest were excluded from analysis (N = 44).
Further, in order to have an absolute measure of the quality
of the sigmoid fit, we computed, for each difference curve,
the RMS of error from the fitted sigmoid model. On a by-
language basis, the 5% of difference curves with the highest
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Fig. 3. lllustration of the difference curve and sigmoid fitting method used for divergence
point calculation. Zero time on the x-axis is the acoustic onset of the oral closure
associated with the target consonant. Top panel: Mean-corrected nasal intensity curves
from a single nasal token (solid line) and the mean of the oral condition (dashed line)
from a given minimal pair. Lower panel: The dotted line is the difference curve obtained
by subtracting the oral mean from the nasal condition curve. The solid red line in the
lower panel is the sigmoid fitted to the difference curve. The black solid line in the lower
panel is the line tangential to the midpoint of the sigmoid rise. Its intersection with the
lower asymptote, here marked as point t, is how we operationalize the onset of nasal-oral
divergence, i.e., the onset of coarticulation. The dashed vertical line, across the two
panels of the graph, marks the divergence point t calculated for this particular difference
token. Note that the sigmoid fitting is done on time- and magnitude-normalized difference
curves. The divergence point is then mapped back onto the raw data as plotted here.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2
Number of difference curves per language and nasal consonant position entering the
analyses.

Language Word-Initial Non-Word-Initial
English 417 640
French 381 728
German 410 636

RMS values were defined as outliers and removed from anal-
ysis (N = 171). Table 2 gives the number of difference curves
per language included in the following analyses.

2.4. Inferential statistics

Unless stated otherwise, we ran mixed models using the
Ime4 package (Bates, Maechler, Bolker, & Walker, 2015). Sig-
nificance is evaluated by anova model comparisons or, for
complex models, the step function of the ImerTest package
(Kuznetsova, Brockhoff, & Christensen, 2017). Models always
included a random intercept for speaker and word pair. Gender
was included as a nuisance variable. Initially, recording site
(London, Munich) was also entered into the models but proved
to be consistently irrelevant and was thus disregarded. The
variance accounted for by a selected statistical model was
computed using the MuMin package (Barton, 2022). Post-
hoc tests were conducted using the emmeans package
(Lenth, 2022). Significance was assumed at p < 0.05.

3. Results
3.1. Initial condition

Recall that the initial condition served to estimate the extent
to which nasality spreads anticipatorily beyond a word bound-
ary in our languages, especially given the prosodic differences
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between French as a head/edge prominence language with
the target word being its own accentual phrase, and English
and German as stress-based, head-prominence languages
(Jun, 2014) in which the target word forms a prosodic word.
While the role of prosodic boundary is not the topic of our cur-
rent investigation, and there are no direct predictions regarding
nasal coarticulation across a boundary in these languages, a
basic comparison of the effect of word boundary in these three
languages is necessary to be able to compare possible longer
distance effects in the following sections. Table 3 gives the
mean ROl duration and divergence points per language;
Fig. 4 gives the divergence point distribution in absolute and
normalized time. Recall that the normalization interval is the
ROI which begins with the <e> vowel of the carrier phrase
word Cleo/Cléo/Kleo and ends with the onset of the acoustic
closure of the target consonant. In the initial condition the
ROl is thus equivalent to the <eo> vowel sequence of the car-
rier phrase word Cleo/Cléo/Kleo.

On average for all languages the divergence point is 65—
85 ms before the onset of the target consonant. French shows
less anticipation compared to English and German but also
has a somewhat shorter mean ROI duration. In proportional
time, the peak of the French distribution is closer to zero (the
onset of the target consonant) but is skewed to the left. In order
to test whether divergence point differs significantly as a func-
tion of language, we ran a mixed model with the log-
transformed divergence point in absolute time as a dependent
variable. Language, ROI Duration, and their interaction were
independent variables. The main question is whether we
observe an effect of Language, which in the initial condition
is mainly informative as to the role of the word boundary in
our data. The ROI Duration term in the model here and partic-
ularly in the following analysis of the non-initial condition
serves to test whether the onset of coarticulation differs as a
function of durational variation in the segmental context mate-
rial preceding the nasal, that is, whether anticipatory nasality
varies with duration of the available anticipatory time window.

Table 3
Mean and standard deviation for the divergence point and for ROI duration for the initial
condition. For the divergence point, smaller numbers mean earlier onset of coarticulation.

Language Divergence Point(in seconds) ROI Duration (in seconds)
English —0.085, SD 0.04 0.22, SD 0.044
French —0.065, SD 0.03 0.19, SD 0.043
German —0.084, SD 0.04 0.20, SD 0.042

Divergence point by language

language

— English
-- French
German

-0.20

-0.15 -0.10
Seconds

-0.05

The initial model includes an interaction of Language and
ROI Duration, since a previous study reported the duration of
anticipation as a function of context segment duration to be
language specific (Solé (1992), see Introduction). Recall that,
as laid out in the Introduction, a mechanistic view on velum
opening as expressed by Solé (1992) for Spanish and Dow
(2020) for French predicts that in the case of low-level coartic-
ulation, the divergence point should not vary with the available
coarticulatory window.

The best model selected by the step function included an
additive effect of Language and ROI Duration, but no interac-
tion (Language: F(2, 77.6) = 5.7, p = 0.005; Duration: F(1,
436.2) = 7.8, p = 0.005). This means that the languages differ
significantly in divergence point, but that variation in ROI dura-
tion affects anticipation in all languages to an equal degree.
Posthoc results were: German — English: p = 0.81; German
— French: p = 0.006, English — French: p = 0.04. The variance
accounted for by the fixed effects is, however, very low and
amounts to only 10% as opposed to 43% accounted for by
the model including random effects. This means that the influ-
ence of language and ROI duration, although significant, is
only weakly present in the initial condition. The results fall
along the lines as expected from both a contrast and from a
prosodic perspective with French differing from the two other
languages. A model on normalized time as the dependent vari-
able, testing for a main effect of Language on the divergence
point, gives no significant main effect of Language
(4%(2) = 3.89, p = 0.14). This would suggest that the significant
divergence point differences in raw time are at least partially
due to vowel sequence duration (ROI) differences between
the languages, even though these differences are of moderate
magnitude (see Table 3). Proportional ROl nasalization is, in
the initial condition, the same across our language sample.

We conclude that anticipatory nasalization occurs in princi-
ple across a word boundary in all three languages to a propor-
tionally equal degree, despite the word boundary being
prosodically an accentual phrase boundary in French, but a
prosodic word boundary in English and German. We will return
to the potential influence of prosodic differences between the
languages in the Discussion. All languages show variation in
anticipatory nasalization as a function of ROI duration (here,
vowel sequence duration of Cleo), with a greater portion of
vowel nasalization the longer the ROI duration. For the remain-
der of the paper, we will concentrate on the non-initial condi-
tion, which is the main focus of our study.

Divergence point by language

language
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German
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Fig. 4. Divergence point distribution for each language in absolute (left) and proportional (right) time for the initial condition. Zero is the onset of the target consonant; smaller numbers

mean earlier onset of coarticulation.
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3.2. Non-initial condition

3.2.1. Between-language variation

We begin by comparing ROI duration for the non-initial con-
dition for our languages. Recall again that the ROI is the max-
imal possible window of coarticulation which we consciously
designed to be larger than the preceding vowel in this non-
initial condition. Table 4 shows English and German to be fairly
similar in terms of ROI duration, while French has, as in the ini-
tial condition, a shorter ROl on average. This may be due to
variation in inherent vowel duration or to speech rate differ-
ences. The size of the standard deviation is comparable in
the three languages, meaning that the opportunity to observe
variation in divergence point as a function of ROI duration
(which was not explicitly manipulated in our experiment)
should be comparable.

To give a visual impression of the data, we give in Fig. 5 the
smoothed average difference curves by speaker, separately

Table 4

Mean and standard deviation for the divergence point and ROI duration by language for
the non-initial condition. For the divergence point, smaller numbers mean earlier onset of
coarticulation.

Language Divergence Point (in seconds) ROI Duration (in seconds)
English —-0.19, SD 0.10 0.453, SD 0.083
French —0.09, SD 0.05 0.364, SD 0.077
German —0.13, SD 0.08 0.457, SD 0.084

Difference curves by speaker

for the three languages, in both absolute and normalized time.
A single curve represents a given speaker's nasal-oral differ-
ence curve, averaged over all productions by that speaker.

Fig. 6 gives the distribution of the divergence points (onset
of coarticulation) by language in absolute (left) and propor-
tional (right) time. Clearly, the distribution of divergence points
in English is considerably wider than the one for French, which
has a much tighter distribution. By visual impression, German
falls between the two other languages (also evident in the
means in Table 4), although in proportional time it is arguably
more similar to French.

We built a statistical model with log-transformed, absolute
divergence point as the dependent variable. For fixed effects
we included Language with ROI Duration, the interaction of
Language with Nasal Consonant Duration, plus additive
effects of Nasal Intensity of the nasal target consonant (aver-
aged over its duration, see Methods), and Number of Syllables
of the target word, since the languages differ in how many
mono- and disyllabic stimulus words were recorded (see
Appendix). Model comparison using the step function resulted
in a model with fixed additive effects of Language (F(2,
52) = 11.6; p < 0.001) and ROI Duration (F(1, 515.4) = 35.2,
p < 0.001) only. In this model, the fixed effects of Language
and ROI Duration account for 26% of the variance; the model
in total for 55%. A pairwise Tukey post-hoc comparison proved
English to differ significantly from both French and German,
but the latter two did not differ significantly from each other
(English — French: p < 0.001; English — German: p = 0.006;

Difference curves by speaker
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Fig. 5. Smoothed average difference curves by speaker for each language in absolute (left) and proportional (right) time for the non-initial condition. Each line presents a mean nasal-
oral difference curve of an individual speaker. Zero corresponds to the acoustic oral closure onset of the target segment. The curves were gam-smoothed in ggplot2 using the

formula =y ~ s(x, bs = “cr’, k = 15).
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Fig. 6. Divergence point distribution by language in absolute (left) and proportional (right) time, non-initial condition. Zero is the onset of the target consonant; smaller numbers mean

earlier onset of coarticulation.
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French — German: p = 0.47). We take note of the fact that, as in
the initial condition, there is no significant interaction between
ROI Duration and Language, but only a significant main effect
of each factor. This means that the divergence point varies as
a function of ROI duration and, importantly, that this variation is
similar in the three languages. Note also that there is a signif-
icant effect neither of Nasal Consonant Duration nor Nasal
Intensity of the target consonant, suggesting that the temporal
extent of anticipatory coarticulation in our data varies indepen-
dently of the particulars of the realization of the target nasal
stop.

For time-normalized values, the statistical result is the
same. For a model with time normalized divergence point as
the dependent variable and the fixed factors Language, Nasal
Intensity of the nasal Target Consonant and Number of Sylla-
bles, only Language is retained in model comparison. The
post-hoc test gives a significant difference between English
and French (p < 0.001) as well as English and German
(p = 0.02), but not between German and French (p = 0.12).
Note though that the ROI does not define a particular segmen-
tal or prosodic unit, in contrast to other studies which have
focused on the pre-nasal vowel specifically. Rather, the main
interest in our study lies in the whether there would be an inter-
action between ROI duration and the divergence point. Our
statistical model in absolute time did not confirm this possibility,
showing instead, by virtue of the significant main effect, that
ROI duration affects divergence point to a similar degree
across our three languages, such that earlier divergence
points occur with longer ROI durations. Fig. 7 plots divergence
point as a function of ROI duration by language.

Since the previous literature has focused mostly on nasal
anticipation during a preceding vowel, we additionally express
the divergence point (i.e., anticipation interval) as a proportion
of preceding vowel duration in Fig. 8; here, values between
[—1, O] represent divergence points that fall within the preced-
ing vowel and values <—1 represent divergence points that
even precede the onset of the preceding vowel. Again, we
see that American English anticipates an upcoming nasal con-
siderably earlier than the other two languages with many
tokens having a proportion extending beyond —1 (mean for
English is —1.36). French and German are fairly similar (mean
for French: —0.90; mean for German: —0.84). This leads us to
conclude two things: First, we confirm that the absence of a
nasal vowel contrast does not predict the extent of anticipatory
coarticulation in our data, in that English and German are
markedly different, while German and French are the same.
Nonetheless, the extent of anticipation is, relative to English,
constrained in French, which, at first glance, is consistent with
the contrast hypothesis. Yet contextual nasalization in French
and German can be described as ‘constrained’ here only in
relation to English — we would like to emphasize that, in Ger-
man and French, on average by 84% and 90% of the pre-
nasal vowel is nasalized, respectively. This is at odds with
the contrast hypothesis which assumes that the constrained
nature of coarticulation is rooted in perceptual factors. Impor-
tantly, the presence of a contrast does not in principle limit
anticipatory coarticulation to the preceding vowel: For all lan-
guages we observe proportional values smaller than —1 for
some of the data, where anticipatory coarticulation spreads
beyond the onset of the pre-nasal vowel.

Our divergent point analyses so far have exclusively
focused on the temporal extent of coarticulation, but have
not considered the magnitude of nasality differences. In order
to formally assess the integrated time and magnitude nasal
intensity difference over the anticipatory window (ROI)
between the languages, we computed the area under the dif-
ference curve (AUC) on a by-trial basis over the interval from
the divergence point to the zero point (the onset of the target
consonant). Fig. 9 displays the AUC values by language. Eng-
lish has greater AUC values compared to French and German.
While this may simply be due to the overall earlier onset of
coarticulation in English (since AUC is the integrated time/-
magnitude difference), Fig. 10 suggests that even at compara-
ble divergence points, English has a greater nasal intensity
difference between the oral and nasal conditions (and thus
possibly a larger velic opening). This is apparent in Fig. 10
from English having higher AUC values compared to the other
two languages across almost all divergence point values.

A statistical model with AUC values as the dependent vari-
able and an interaction between Language and Divergence
Point was a significantly better fit than a model without an inter-
action (i.e., Language and Divergence Point as independent
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Fig. 7. Divergence point as a function of ROI duration for the non-initial condition. Both

axes are in seconds with the onset of the target consonant as zero point. Smaller values
mean longer duration and earlier onset of coarticulation, respectively.
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Fig. 8. Divergence point as a proportion of pre-nasal vowel duration. Values between 0
and —1 fall within the pre-nasal vowel, values <—1 precede the pre-nasal vowel.
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Fig. 9. Area under the difference curve (AUC) by language.
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Fig. 10. AUC (integral of the nasal intensity difference curve between divergence point
and target onset) as a function of divergence point by language. The zero-point is the
onset of the nasal target consonant.

main factors, model comparison: 32(2) = 12.8; p = 0.002). No
other fixed effects were included in the models (except for gen-
der as a nuisance variable). The fixed effects account for 54%
of the variance out of a total of 75%. The interaction is visual-
ized in Fig. 10; it arises due to German having a smaller
increase in the AUC with longer anticipatory intervals. Most
striking though is the overall difference in AUC and, again, in
time in English compared to the other languages. Fig. 10 dis-
plays, using a linear smooth, AUC as a function of divergence
point per language.

Summarizing our results thus far, we find that English has a
significantly earlier onset of coarticulation compared to French
and German, with the latter two not differing from each other.
While English displays the most extensive coarticulation, even
the relatively more constrained nasalization of German and
French covers on average 84-90% of the pre-nasal vowel
and may spread beyond the pre-nasal vowel for all languages.
In addition to an earlier onset of nasal coarticulation, English
shows a greater nasal intensity difference (higher AUC values)
during the coarticulated segments than German and French.
Fig. 10 suggests that this is not just due to the larger time-
span of coarticulation in English, but may possibly be caused
by a larger velic opening.

3.2.2. Individual variation

In the previous section, we consistently observed a
between-language effect, driven by the extremely extensive
anticipatory nasalization particular to English. We were able
to statistically confirm this effect with a relatively high number
of speakers, putting our understanding of between-language
differences in anticipatory coarticulation on firmer footing. Even
when speaker and item variability is accounted for by the ran-
dom effects structure, language is consistently a statistically
significant predictor for our results. At the same time, it was
also apparent that the random effects explained a sizable por-
tion of the variance. Our next step of the analysis is to take a
closer look at levels of within-individual variation between the
three languages. To that effect, we computed, for each
speaker, the coefficient of variation across all their divergence
points and plotted it against the speaker-specific mean diver-
gence point in Fig. 11. The coefficient of variation (i.e., the
mean-normalized standard deviation) is a relative measure
that allows us to assess variability independently of its tempo-
ral extent, since larger intervals are inherently more variable. In
Fig. 11, the more variable a speaker is, the higher their value
on the y-axis. By visual impression, for German (green
squares) there are fewer speakers in the lower variability
range.

To test for differences between languages in within-speaker
variability,4 a Kruskal-Wallis test with the coefficient of variation
as the dependent variable and language as a predictor was sig-
nificant (;2(2) = 9.78, p = 0.0075). Post-hoc pairwise compar-
isons using a Wilcoxon rank sum test revealed German to be
significantly more variable than both English and French, with
the latter two not differing from each other (English — German:
p = 0.02; French — German: p = 0.016; English — French:
p = 0.32). This result means that English and French speakers
are equally variable despite their difference in the temporal
domain of anticipation, while German speakers display a signif-
icantly higher level of within-speaker variability.

We also plot in Fig. 12 the speaker coefficients of the statis-
tical model we ran in Section 3.2.1 on the divergence points in
absolute time as a function of Language and ROI Duration.
The plot gives each speaker's deviation from the model inter-
cept (f = —2.53) and allows us to gain a picture of the levels
of between-speaker variation within each language. German
is by far the most variable and, interestingly, it is not the
French, but the English speakers that show the tightest distri-
bution. This means that overall, German displays the highest
level of variability between and within speakers.

4. Discussion

The goal of our paper was to compare anticipatory nasal
coarticulation in American English, French, and German,
which differ in the role of nasality in their phonology. While
French contrasts oral-nasal vowels, for American English con-
textual vowel nasalization has been described as phonolo-
gized with the pre-nasal vowel being planned as nasal (Solé,
1992). For German, contextual nasality has not been ascribed

4 For this study we cannot meaningfully compute token-to-token variability since we only
have three repetitions per item. The coefficient of variation was therefore computed across
all divergence point values of a given speaker and thus mostly represents individual
variability across items.
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any specific phonological status. Our stimuli allow for coarticu-
lation to spread over a window of several segments preceding
the target consonant (termed region of interest or ROI, see
Table 1) in all three languages; this design principle was cho-
sen to get a clearer picture of possible (language-specific) con-
trol structures underlying anticipatory coarticulation. A nasal-
initial condition served to ascertain whether nasality would
spread over a word boundary for all three languages, notably
keeping the prosodic differences between the languages in
mind. While German and English are so-called head-
prominence languages with lexical stress, French has been
classified as a head-edge prominence language. Moreover,
in French the target word is canonically realized as its own
accentual phrase (Jun, 2014 Jun & Fougeron, 2002), whereas
in German and English the target word is its own prosodic
word. The weak language-specific effects that emerged in
the initial condition were only apparent in absolute time; in pro-
portional time the ROI interval in the initial condition was nasal-
ized to an equal extent for the three languages. The word
boundary may thus have attenuated any language-specific
effects.

As to the non-initial condition, the focus of our current study,
language consistently emerged as a significant predictor for

the temporal extent of anticipatory coarticulation (divergence
point, Section 3.2.1), confirming its language-specific nature.
English had the greatest temporal extent of anticipatory nasal-
ity, while German and French speakers anticipated nasality to
a lesser degree and did not differ significantly from each other
(Fig. 6). Note that this result does not group the languages
according to prosodic typology, which would predict a grouping
of English and German vs. French. We therefore believe that
prosodic typology is not the main conditioning factor for
cross-linguistic differences in our study. Instead, our results
are in agreement with previous observations in the literature
about extensive nasal coarticulation in English and limited
coarticulation in French (Cohn, 1990; Delvaux et al., 2008;
Solé, 1992). For German, no comparative previous work exists
to our knowledge (cf. Carignan et al., 2021; Kunay, 2021 for
work on German). For all three languages, the onset of coartic-
ulation preceded the pre-nasal vowel for a noticeable propor-
tion of the data (Fig. 8), which underscores that anticipatory
nasal coarticulation is not necessarily confined to nor planned
relative to the pre-nasal vowel. Neither nasal intensity during
the target consonant nor nasal target consonant duration
was a significant predictor of onset of coarticulation, meaning
that the between-language differences in the scope of anticipa-
tion are not driven by production differences in the nasal target
consonant itself. ROl duration was a significant predictor of
divergence point in addition to Language. Therefore, the onset
of coarticulation varies systematically with the available antici-
patory window for coarticulation, such that the longer the ROI,
the longer the nasalized portion of the vowel. The three lan-
guages vary similarly in this way, since there was no significant
interaction between Language and ROI duration. In contrast to
the temporal analysis which aligned German and French, Ger-
man speakers were significantly more variable within-speaker
compared to English and French and also have the most
between-speaker variability.

4.1. Coarticulation and contrast

It has been argued previously that anticipatory velum open-
ing may be purely mechanistic in some languages
(Bongiovanni, 2020; Dow, 2020; Solé, 1992), in that anticipa-
tory coarticulation may occur only due to the transition time
necessary for the velum opening movement. Mechanistic
velum opening has also been argued to be invariant in the face
of durational variation of the context segment (Sole, 1992).
Low-level anticipation is by hypothesis confined to a compara-
tively constant, minimal time window immediately preceding
the nasal consonant. According to this view, if anticipation
were low-level mechanistic in one of the languages investi-
gated here, it should occur over a short, constant time window,
irrespective of durational variation of the context segment pre-
ceding the nasal consonant. Yet in the current study ROI dura-
tion was a predictor of divergence point for all three languages,
irrespective of whether coarticulation is relatively more (Eng-
lish) or less (French, German) extensive: The statistical analy-
ses revealed independent main effects of Language and ROI
duration, but no interaction. Such an interaction would have
been expected if nasality were mechanistic in some but not
all of our languages.
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Besides variability, a small temporal extent of coarticulation
in absolute time has been used in some studies as a diagnos-
tic for a low-level origin of coarticulation. It is quite difficult to
know what a physiologically minimally required interval of
anticipatory velum opening would be. Basset, Amelot,
Vaissiere, and Roubeau (2001, p. 87) assume an opening-
closing cycle of the velum to take 50 ms, citing Ohala
(1975). Stevens (1998, p. 44), based on acoustic data, says
that a time of 50 ms is required to create a velopharyngeal port
area of 0.5 cm?. He further estimates the peak opening value
of the velar port during an intervocalic nasal consonant to be
0.2 cm? (p. 487), though he notes that this is his own estimate
rather than an empirically derived number. Following this, we
would arrive at about 25 ms needed minimally to arrive at peak
opening (for more discussion of the speed of velum opening
and closing, see Kollia, Gracco, and Harris (1995) and
Birkholz and Kleiner (2021)). For our results, anticipatory coar-
ticulation is in most cases substantially longer than these esti-
mates (cf. Table 4, Fig. 6 left). The main effect of ROI duration
in our data across the three languages, as well as the compar-
atively large spread of anticipatory nasality apparent in some
of the data, speaks against a straightforward mechanistic inter-
pretation of anticipatory velar lowering for any of our
languages.

One particular focus of our study was on whether phonolog-
ical contrast would predict language-specific effects in the data
either in terms of the temporal domain of anticipation or in
terms of variability levels between languages. In the simplest
version of the contrast hypothesis, in which the presence of
an oral-nasal vowel contrast globally constrains or blocks
anticipatory coarticulation, we would expect French to show
the comparatively least amount of anticipation and nasalize a
pre-nasal vowel only to a limited temporal extent, while English
and German could be expected to coarticulate more compared
to French. English nasal coarticulation, as already found in
previous work, extends for most of the pre-nasal vowel and,
in many cases, considerably beyond. This is in clear contrast
to German which is, in terms of the temporal domain of antic-
ipatory coarticulation, more constrained compared to English
and not different from French. This could mean that the pres-
ence, but not the absence, of a contrast has predictive power
for the coarticulatory span: While a language without a nasal
vowel contrast may have any range of nasal anticipation and
may arbitrarily show relatively more or less coarticulation, a
language with a nasal-oral contrast would always have con-
strained coarticulation. Such a statement is, in our view, too
strong for the following reasons. For one, as Fig. 8 under-
scores, the range of coarticulation in French can strongly be
assumed to exceed what is physiologically necessary. Just
as Scarborough et al. (2015) found for Lakota and Brkan
(2018) for French and Urdu, a sizable portion of the vowel is
subject to anticipatory nasalization in our data: Recall that
we find the vowel in French to be contextually nasalized for
an average of 90%. This is more constrained relative to Eng-
lish, but not constrained in absolute terms. Moreover, French
speakers coarticulate in a window larger than the preceding
vowel for a noticeable portion of the data. This could be uncov-
ered in our study because our stimuli do not force a closed
velum in the segment preceding the pre-nasal vowel. Thus,
while coarticulation is relatively more constrained in French,

it can systematically exceed what is deemed physiologically
necessary and varies with ROI duration to a similar degree
as it does in English and German. While it may seem counter-
intuitive from a perceptual perspective that French oral vowels
are nasalized to such a high proportion, it is important to keep
in mind for one, that the dynamics of nasalization may still be
different between contextually nasalized and phonologically
nasal vowels (Delvaux et al., 2008), and secondly, that the
oral-nasal vowel contrast is signaled by multiple cues, notably
vowel and voice quality differences (Carignan, Shosted, Fu,
Liang, & Sutton, 2015, Carignan, 2017). It is thus far from clear
whether contextual nasalization causes perceptual confusion
at all; instead, the temporal spreading of cues by coarticulation
may be perceptually advantageous in any case.

4.2. The special case of American English

The work of Solé (1992, 1995) and Beddor (2009; Beddor
et al., 2018) aptly reminds us that our considerations of the role
of contrast in coarticulatory vowel nasalization should go
beyond the vowel: There is a nasal-oral contrast on the source
of the coarticulation, i.e., the nasal consonant itself. This is par-
ticularly relevant for American English for which a trade-off
between nasal consonant duration and contextual nasality
has been observed. Beddor presented evidence (2007,
2009; Beddor et al., 2018) that in American English, variation
in contextual nasalization may, at least in the VNCpstruent CON-
text, be in a trading relationship with the nasal consonant itself.
Even though a systematic relationship between the production
characteristics of the consonant and vowel nasality is not
apparent in our data, the variability results (Section 3.2.2.) do
support an argument that both Solé and Beddor have brought
forward from different angles: Contextual vowel nasality in
American English seems to be phonologized in a way that it
is not in German. This is evident in the differences we found
between English and German, in terms of both temporal extent
of coarticulation and within- and between-speaker variability. In
particular, English had the lowest between-speaker variability
and the within-speaker variability turned out to be as low as
in French.

Before considering how a phonological role of nasality may
relate to speaker variability, we will first turn to the question of
how to account for the large temporal domain of English antic-
ipatory nasality. It has been shown for labial coarticulation
(e.g., Lo et al., 2023; Lubker & Gay, 1982; Redford, Kallay,
Bogdanov, & Vatikiotis-Bateson, 2018) that rounding can be
anticipated for hundreds of milliseconds, whereas for velic
coarticulation comparable observations have to our knowledge
not been made. Of course, this may be due to a lack of com-
parative data, and nasal coarticulation in English may simply
spread over longer distances. Yet another possibility we have
already considered in the Introduction is Solé’s hypothesis that
English, due to a sound change, has a phonologically nasal
vowel in VN contexts (i.e., allophony). If we take this seriously,
this would imply that the pre-nasal vowel itself would be a
source of anticipatory coarticulation. To our knowledge, this
possibility has not been considered or tested before — in Solé's
study, as in many others, the stimuli had an initial voiceless
obstruent, and she would not have been able to observe any
anticipatory spreading beyond the vowel. It is by virtue of the
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particular design of our study that anticipatory coarticulation is
allowed to spread beyond the pre-nasal vowel, and this is
indeed what we observe: There is a significantly and substan-
tially earlier onset of coarticulation in English compared to the
other two languages. The greater integrated time/magnitude
difference (AUC) of English lends further credibility to such
an interpretation: If the vowel is produced with a nasal target
in its own right in English but not the other languages, we
can expect such a large difference as is apparent in Fig. 10.
Indeed, it is noticeable from Fig. 6 and Fig. 8 that the English
distribution not only has a longer tail due to more extensive
coarticulation, but the entire distribution is shifted to the left
compared to French and German. While the latter languages
are comparatively close to the hard boundary at zero (the
onset of the nasal consonant), this is not the case for English.
In Fig. 8 in particular, the shape of the distribution of the Eng-
lish data points is not very different from the other two lan-
guages; rather, it appears to simply cover a different range.
The coarticulatory time domain of the three languages might
in the end not be different at all if the English distribution were
corrected, so to speak, for the fact that the alignment point is a
different one.

Our results thus support Solé’s argument that American
English contextual vowel nasality is better described as alloph-
ony rather than coarticulation due to a following nasal conso-
nant. Such a view has clear consequences: Pre-nasal vowel
nasality for American English would in effect be thoroughly
uninformative about the mechanisms of coarticulation and this
variety of English should not be compared under this viewpoint
to other languages. The source of anticipatory nasal spreading
in English would in this view be the pre-nasal vowel itself (plus
the nasal consonant).

Our view that the English pre-nasal vowel is the source,
rather than the target, of anticipatory nasal coarticulation, can-
not be tested independently of a nasal consonant, of course,
since vowel nasality in English only occurs in prenasal posi-
tion. This means that there are inevitably two co-occurring
sources of nasality. Comparing English to other languages that
have nasal vowel allophony in this way would be required. Tak-
ing all of our results together, we follow Solé’s hypothesis that
the comparatively large temporal spread that we observe for
English is particular to the diachronically dynamic state of
vowel nasality in English.

4.3. Implications for models of speech production

We would further like to discuss our results in the context of
models of speech production. For all of our languages, the
anticipatory domain may extend beyond the pre-nasal vowel
(Fig. 8), a scenario observed in several studies before, but
not very well accounted for in models of speech production.
Moll and Daniloff (1971) were among the first to show that in
English, nasal coarticulation may occur across multiple seg-
ments and cross word boundaries (see relatedly Clumeck
(1976) and Ushijima and Hirose (1974) for similar results in
other languages). They proposed a feature-spreading or
look-ahead model of coarticulation (similar to Henke (1966))
in which the temporal extent of anticipation is limited by the
featural specification of the neighboring segments. Anticipation
will occur as long as there is no antagonistic feature specifica-

tion. In this model nasality would be anticipated to the extent
that it is not blocked by a [-nasal] specification, e.g., of an
obstruent. This makes coarticulation equivalent to a phonolog-
ical feature-spreading process and places it clearly in the
domain of speech planning. As it has become clear that a
feature-spreading account, in which coarticulation can easily
span several segments and is in principle unbounded, overpre-
dicts the temporal extent of coarticulation in many cases (and
underpredicts in others), theoretical modelling has focused on
local interactions between neighboring segments based on
their temporal orchestration. Coarticulation then arises from
the temporal overlap of adjacent gestures or gestures which
are coordinated relative to one another (Browman &
Goldstein, 1989; Fowler, 1980; Recasens, Pallarés, &
Fontdevila, 1997; Tilsen, 2016; Bell-Berti, Krakow, Gelfer, &
Boyce, 1995). This shift in focus in the theoretical modeling
of coarticulation from the maximal extent to local interactions
was, as we would argue, also possible because Ohman's
(1966) ground-breaking work paved the way for treating seem-
ingly non-local effects of V-to-V coarticulation across an inter-
vening consonant as local. Long-distance effects have since
been theoretically neglected or even denied, with a few
exceptions.

For instance, Bell-Berti and Krakow (1991) explicitly argued
against the existence of long-distance effects. They provided
evidence for seemingly long-distance effects being really due
to additive effects of intrinsic articulatory specifications for seg-
ments. Actual anticipatory velar opening due to the nasal con-
sonant is, they proposed, only relatively late in the pre-nasal
vowel, similarly to what Solé (1992) later described for Span-
ish. Our results highlight once more that such a view is too lim-
iting. Our difference curve method takes into account any
inherent segmental velum positions due to the stimulus mate-
rial, and still the temporal window over which coarticulation
occurs is not easily reconciled with a mechanistic interpretation
(Fig. 6 left), if one follows the argument that a mechanistic
velum can be identified on the basis of a brief, constant time
window. Yet another view would allow for arbitrary coarticula-
tory variation between languages as part of a language-
specific phonetic grammar which is separate from phonology.
Cho and Ladefoged (1999), in their study on cross-linguistic
VOT differences, argue that languages may arbitrarily differ
in the phonetic numeric range onto which a given phonological
category is mapped, which they call language-specific pho-
netic grammar. Even though in our case there is no mapping
process of categories onto phonetic targets in the way that a
phonological feature [- voiced] is ‘mapped’ onto VOT, extend-
ing this view to coarticulation would imply that coarticulation
is, while certainly in some way a physiological necessity, differ-
ent in ‘numeric range’ between languages as just-so stories
without a principled connection to a language’s phonology.
Yet whether there is such a connection is precisely the context
in which our study is placed.® Our variability results speak for
such a connection, but ultimately studies comprising more lan-
guages with and without a nasal vowel contrast will be needed
to answer this question. Moreover, it will be important to study

5 In the context of consonant clusters there have been several proposals for a principled
connection between language-specific coarticulation and phonology (phonotactics) (e.g.,
Chitoran, Crouch, & Katsika, 2023; Pouplier, Marin, Hoole, & Kochetov, 2017; Wright,
1996).
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how factors which affect lexical access, such as neighborhood
density and neighborhood frequency, affect the range of coartic-
ulation. That lexical factors do in principle impact coarticulation
is known (cf. e.g., Scarborough (2013)), but there is currently,
we would argue, too little knowledge in the field to gain predic-
tive power over the circumstances under which more or less
coarticulation may be observed for a given language, context,
or speaker.

4.4. Within- and between-speaker variability

Finally, another source of variability in coarticulation to be
considered is the individual speaker. In our data, German
has a significantly higher level of within- and noticeably higher
between-speaker variability compared to the other two lan-
guages. While this is can intuitively be connected to the lack
of a phonological role of vowel nasality in German, it is worth
considering briefly how exactly such a link could be formulated
in models of speech production. Recently it has been sug-
gested that individual variability in coarticulation may be rooted
in the variability of cognitive representations between speak-
ers. Harper (2021), using dynamic field theory (Erlhagen &
Schoner, 2002), proposed that individuals’ cognitive represen-
tations may differ in the size of the target space for individual
phonemes (given a model where each phoneme has a target
region of possible production values). This, according to her
model simulations, not only gives rise to different levels of
token-to-token variability in the production of individual sounds
but may also give rise to greater context-conditioned coarticu-
latory variability. In an experience-based model of the lexicon
view, high within-speaker variability would also condition
higher between-speaker variability, since the exposure to more
production variability would induce broader representations.
Note that Harper’s work is the first to sketch the possibility of
a relationship between lexical representation and coarticula-
tory variability. This necessarily predicts a principled relation-
ship between variability in the production of the nasal
consonant itself and variability in the extent of coarticulation.
For our analyses, no relationship between the details of nasal
consonant production and divergence point was found, but
more fine-grained analyses, using experimental designs tar-
geting this question specifically, might lead to more nuanced
findings. Harper's work thus provides an interesting avenue
for considering the individual structure of lexical representa-
tions as source of coarticulatory variability in an exemplar
approach.

In sum, our experiment testing for differences in the tempo-
ral extent of anticipatory coarticulation in English, French, and
German supports the hypothesis that English contextual vowel
nasality should be considered allophonic, meaning that the
pre-nasal vowel is, instead of being contextually nasalized,
itself a source of coarticulation. Anticipatory vowel nasality in
French and German is relatively less extensive than in English,
but nonetheless covers on average 80-90% of the pre-nasal
vowel and may spread beyond the pre-nasal vowel. Our
results thus speak against the notion that phonological con-
trast is a predictor of the temporal extent of anticipatory coartic-
ulation. Between- and within-speaker variability is, however,

higher in German compared to English French. This is consis-
tent with the notion that phonologically specified nasality in
English and French constrains the production variability within
speakers to a higher degree compared to a language that does
not phonologically specify velum position for vowels.
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Appendix. Stimuli

Tables 5-7 give our stimulus minimal pairs in orthography
and broad transcription. Two non-initial stimulus pairs fewer
than for the other languages were recorded for German due
to human error in the programming of the experiment presen-
tation software.

Table 5
German stimuli.

Word-initial

Non-initial

Macht, Pacht /maxt, paxt/
Nadel, Tadel /na:dl, ta:dl/
Not, Tod /no:t, to:t/

Naht, Tat /na:t, ta:t/

Meter, Peter /me:te — pe:te/

Leine, leite /laing, larta/
Laune, Laute /launa, lauta/
Lohne, I6te /la:no, l@:to/
Lang, Lack /lan, lak/
Lohn, Lot /lo:n, lo:t/

Lahm, lag /la:m, la:k/
Leim, Laib /laim, laip/
jung, juck /jun, juk/
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Table 6
French stimuli.

Word-initial Non-initial

né — thé /ne, te/

mot — peau /mo, po/
noix — toit /nwa, twa/
nceud — queue /ng, ka/
mére — pére /mer, per/

'année — I'athée /lane, late/
'ainé — I'été /lene, lete/

I'anis — lapis /lani, lapi/

ligneur — liqueur /lincer, likcer/
I'émis — I'épi /lemi, lepi/

I'ane — latte /lan, lat/

Yann - yack /jan, jak/
’'homme — lotte /lom, lot/
'aune — I'héte /lon, lot/

'ame — lac /lam, lak/

Table 7
English stimuli.

Word-initial Non-initial

knocks, pox /naks, paks/
mat, pat /maet, paet/
night, tight /nart, tart/
met, pet /met, pet/

moat, coat /mout, kout/

rammer, rapper /1&emz, 1sepa/
Leonard, leopard /lenad, lepad/
Ronnie, rocky /1ani, iaki/
ringer, ripper /1mz, apa/
rhymer, riper /1aime, 1aipa/
ran, rat /izen, 1aet/

line, light /lamn, lart/

own, oat /oun, out/

lamb, lap /laem, laep/

lung, luck /lan), 1ak/
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