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Understanding the relation between speech production and perception is foundational to pho-

netic theory, and is similarly central to theories of the phonetics of sound change. For sound
changes that are arguably perceptually motivated, it is particularly important to establish that an
individual listener’s selective attention—for example, to the redundant information afforded by
coarticulation—is reflected in that individual’s own productions. This study reports the results of
a pair of experiments designed to test the hypothesis that individuals who produce more consistent
and extensive coarticulation will attend to that information especially closely in perception. The
production experiment used nasal airflow to measure the time course of participants’ coarticula-
tory vowel nasalization; the perception experiment used an eye-tracking paradigm to measure the
time course of those same participants’ attention to coarticulated nasality. Results showed that a
speaker’s coarticulatory patterns predicted, to some degree, that individual’s perception, thereby
supporting the hypothesis: participants who produced earlier onset of coarticulatory nasalization
were, as listeners, more efficient users of nasality as that information unfolded over time. Thus, an
individual’s perception of coarticulated speech is made public through their productions.*
Keywords: individual differences, coarticulation, sound change, nasalization, speech production,
speech perception

1. Introduction. This study investigates how individual speakers produce, and how
those same language users perceive, the dynamics of coarticulation. The relation be-
tween speech production and perception has been a foundational issue for phonetic the-
ory for half a century. An overarching goal of phonetic theory is to explain the
principles of human speech production and perception that underlie effective transmis-
sion of a linguistic message: speakers produce articulations with acoustic consequences
that convey the planned linguistic information to listeners. This effective transmission
requires sufficient equivalence, or parity, between the forms of speaking and the forms
of listening (Liberman & Whalen 2000). Consequently, theories of speech production
and perception seek to determine the nature—for example, the linguistically relevant
acoustic-auditory properties or gestural events (see Diehl et al. 2004 and Fowler 2007
for reviews)—of these shared forms of produced and perceived speech. For some of
these theoretical approaches, the stipulation of shared forms both follows from the
broad requirement of sufficient equivalence and extends to the forms produced and per-
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ceived by the individual language user. Most approaches to exemplar theory, for exam-
ple, assume that a speaker’s productions are drawn from exemplar clouds seeded by
that individual’s perceptual input; these models typically assume a perception-produc-
tion loop in which the phonetic details of the perceived input are reflected in production
(e.g. Pierrehumbert 2001).

A second domain in which the production-perception relation is a foundational issue
is the study of sound change. Contemporary study of the phonetic underpinnings of
sound change investigates how subphonemic phonetic variants might serve as a source
of new sound patterns that spread through a speech community. Theoretical approaches
that postulate that the listener initiates the change assume, implicitly or explicitly, a
tight connection between the speech forms produced and perceived by a language user.
A tight connection is inherent in the approach: if a listener’s percept is to contribute to
sound change, it must be publicly manifested. Arguably the most direct manifestation
would be if there were a systematic relation between a listener’s percept and that indi-
vidual’s productions. For example, in an influential account of the role of listeners in
changes in which an originally predictable coarticulatory property (i.e. a property due
to the overlap of articulatory gestures) becomes contrastive and the source of coarticu-
lation is lost (as in, for example, the historical development of distinctive vowel nasal-
ization), Ohala (1981) proposed that a listener may fail to detect the coarticulatory
trigger (e.g. a nasal coda). That listener might therefore interpret the coarticulatory ef-
fects as an inherent property of the coarticulated portion of the signal (in this example,
a nasalized vowel). The listener’s interpretation is subsequently made public through
the listener-turned-speaker’s own productions. Although subsequent studies have pro-
posed alternative accounts of perceptually motivated changes, most retain the assump-
tion that the listener’s innovation is mirrored in their production patterns (e.g. Lindblom
et al. 1995, Harrington et al. 2008, Beddor 2009, Yu 2013).

This study tests whether an individual speaker-listener’s articulatory repertoire—or
grammar—predicts, in part, their perceptual grammar. Motivated by our conviction that
the study of time-varying processes such as coarticulation requires time-sensitive mea -
sures, we study the time course of speakers’ production of velum lowering in anticipa-
tion of an upcoming nasal consonant and the time course of these same participants’
perceptual use of those anticipatory cues. We hypothesize that listeners who closely at-
tend to the coarticulatory information, and who find that information especially useful
in making linguistic decisions, will, as speakers, consistently and more extensively pro-
duce that information in their own speech. Although the broad goal of our research pro-
gram is to address long-standing claims of theories of speech perception and theories of
sound change, our main focus in this article is to address assumptions regarding the po-
tential contributions of listeners-turned-speakers to sound change.

1.1. Individual variation in producing and perceiving coarticulated
speech.We take as our starting point that speakers differ in their patterns of articulatory
coordination and timing, and that listeners differ in their use of those patterns and in the
decisions that they arrive at based on the time-varying acoustic input. Studies of the
production and perception of gestural overlap illustrate these individual differences.

Although coarticulation is a necessary consequence of the temporal and spatial coor-
dination of articulatory gestures, coarticulation is not exclusively automatic; rather, it is
also planned by the speaker (Whalen 1990). This planning emerges in language-specific
(e.g. Boyce 1990, Manuel 1990) and speaker-specific strategies of interarticulator coor-
dination. Examples of the latter strategies are found in patterns of anticipatory lip,
tongue-body, and velum position. Swedish speakers, for example, have been shown to
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produce two types of patterns of anticipatory lip movement during consonants preceding
a rounded vowel: for some speakers, the longer the consonant sequence, the earlier the
onset of lip movement; for others, lip rounding begins at a roughly constant interval be-
fore vowel onset irrespective of the length of the consonant sequence (Lubker & Gay
1982). Subsequent studies of the timing of anticipatory lip rounding have also reported
individual strategies for speakers of Canadian French (Noiray et al. 2011), American En-
glish (Noiray et al. 2011), and Cantonese (Yu 2016). Speaker-specific patterns of antici-
patory tongue-body position emerge in Grosvald’s (2009) acoustic measures of the
coarticulatory influences of a stressed vowel on preceding consonant-schwa sequences,
which suggest that some English speakers begin to anticipate the tongue-body position
for the stressed vowel as early as three syllables prior to the stressed syllable, whereas
other speakers’ schwa productions show no or only very small anticipatory influences
(see also Magen 1997). Also for English, the temporal and spatial extent of vowel nasal-
ization has been shown to differ across speakers, as demonstrated via aerodynamic (Cohn
1990:152, 177), kinematic (Krakow 1989:51–57), and acoustic (Beddor 2009) measures.

Along similar lines, perceptual findings demonstrate listener-specific patterns of at-
tention to, or adjustment for, information regarding coarticulatory overlap. In one widely
used perceptual paradigm, listeners identify members of, for instance, a consonant con-
tinuum embedded in vocalic contexts that differ in their coarticulatory influences on the
consonant. Listeners’ context-dependent judgments indicate that they adjust or compen-
sate for the acoustic effects of coarticulation. However, listeners differ from each other
in the magnitude of these compensatory adjustments. For example, anticipatory lip
rounding for a rounded vowel lowers the frequencies of a preceding fricative, such that
/s/ is acoustically more /ʃ/-like before, say, /u/ than /a/. Yu (2010) found that although,
overall, English-speaking listeners adjusted for the rounding effects and reported hear-
ing more /s/ (as opposed to /ʃ/) in a rounded context, some listeners systematically com-
pensated more than others for this contextual influence (see also Mann & Repp 1980).
Using eye-tracking techniques, Beddor, McGowan, Boland, Coetzee, and Brasher
(2013) assessed not compensation, but rather the perceptual usefulness of coarticulation,
and found that participants differed from each other in their use of coarticulatory cues to
anticipate the remainder of a word. Such interlistener differences in attention to the in-
formational properties of the input are not sporadic, but have been found to be consistent
over time (Idemaru et al. 2012) and across tasks (Yu & Lee 2014). 

That there are speaker-specific coarticulatory routines and listener-specific strategies
for processing coarticulatory information has, unsurprisingly, led to investigation of the
factors that might underlie these differences. Previous work has linked individual dif-
ferences in production and perception to cognitive processing style (Yu 2010, 2016),
executive-function capacity (Kong & Edwards 2016), and, more speculatively, social
awareness of speech variation (Garrett & Johnson 2013). While we recognize the im-
portance of these contributing factors, our approach investigates not the source of indi-
vidual differences but rather the possibility that a given speaker’s coarticulatory
routines may, to some extent, predict that individual’s perception of coarticulation.

1.2. The relation between individuals’ production and perception reper-
toires. Foundational to the current investigation is whether a language user’s percep-
tual processing is mirrored in that individual’s productions. In recent years, several sets
of studies have investigated the relation between perception and production of coartic-
ulation for groups of language users (e.g. for groups differing in age or native language)
and for individuals. A number of these studies have explored the process of back-vowel
fronting whereby, in many speech varieties, the back vowel /u/ is coarticulatorily
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fronted in alveolar contexts (e.g. English dude). In the speech of younger speakers of
Southern British English, /u/-fronting is well underway and has been generalized be-
yond the original alveolar context. These younger language users both produce /u/ with
fewer coarticulatory influences (i.e. they tend to front /u/ even in nonfronting contexts)
and perceptually adjust less for consonantal effects on /u/ than do older speakers (Har-
rington et al. 2008). Fronting of lax /ʊ/ is a more recent change in this same variety of
English, yet here again the (albeit more complex) pattern is for greater fronting in both
production and perception for younger participants (Kleber et al. 2012). By compari-
son, Kataoka’s (2011) study of speaker-specific coarticulatory patterns for /u/-fronting
in American English failed to show a significant link between degree of coarticulatory
variability in a speaker’s /u/ productions and that language user’s perceptual compensa-
tion for coarticulatorily variable /u/ realizations.

Investigations of the production and perception of the coordination of other articula-
tory gestures also provide mixed results. For example, speakers of different languages
differ in the spatiotemporal extent of vowel-to-vowel coarticulation and anticipatory
vowel nasalization, and native-speaking listeners’ perception appears to parallel pro-
duction: the greater the produced coarticulation by a group of native speakers, the more
that group compensates perceptually for those coarticulatory effects (Beddor & Krakow
1999, Beddor et al. 2002). However, particularly for vowel-to-vowel coarticulation, at-
tempts to establish a perception-production link at the level of individual speaker-
listeners have not succeeded. Although Grosvald found in his 2009 study that American
English speakers’ anticipation of an upcoming stressed vowel varied from almost no
coarticulation to coarticulatory effects spanning three syllables, the individuals who
produced greater coarticulation were not perceptually more sensitive to those effects.
Subsequent work that measured participants’ neural activity (mismatched negativity)
when hearing coarticulated schwas also failed to find a correlation between these indi-
viduals’ perception and production of anticipatory tongue-body coarticulation (Gros-
vald & Corina 2012). More successful in establishing a perception-production link are
the results of Zellou’s 2017 study of anticipatory nasal coarticulation in American En-
glish, which showed that individuals who produced more anticipatory nasalization
compensated more (i.e. attributed more of the coarticulatory effects to the nasal conso-
nant context) in a discrimination task. These same participants’ productions, though,
did not predict their perception of coarticulatory nasalization in a rating task that as-
sessed listeners’ judgments of relative vowel nasality.

A further set of studies testing whether a listener’s perceptual processing of gestural
timing is mirrored in that individual’s productions has explored the relation between
stop-consonant voicing and the fundamental frequency (f0) of a following vowel. Stop
phonation gives rise to f0 ‘perturbations’ on the vowel, resulting in a higher f0 after a
voiceless than after a voiced stop. The magnitude and temporal extent of this f0 pertur-
bation—and, indeed, the timing of voicing itself in relation to stop release (i.e. voice
onset time or VOT)—are variable across speakers and are variably used by different lis-
teners. In American English, where VOT is the primary and f0 a secondary source of in-
formation for stop voicing (e.g. Whalen et al. 1993), Shultz, Francis, and Llanos (2012)
found the expected interparticipant variation in the production and perception of these
two properties, but failed to find, for individual speaker-listeners, a correlation between
their produced and perceived weights of these properties. In Seoul Korean, a relatively
recent sound change has resulted in f0 being the primary information (rendering VOT
secondary) for younger speakers for the contrast between aspirated and lax stops (e.g.
Kang 2014, Kwon 2015). Yet here too these individuals’ perceptual weighting of f0 and
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VOT do not correlate with their produced weights (Schertz et al. 2015). In Afrikaans, in
what is arguably an ongoing sound change, vocalic f0 is a prominent cue for stop voic-
ing in the productions of all speakers. Older Afrikaans speakers are more likely than
younger ones to produce a VOT distinction between phonologically voiced and voice-
less stops and, correspondingly, they perceptually weight voicing more heavily than do
younger participants. For individual speaker-listeners, this correlation is present as
well, although only weakly so (Coetzee et al. 2018).

The picture that appears to be emerging for production and perception of coarticu-
lated speech is that the differences between groups of speaker-listeners—older com-
pared to younger participants or native speakers of one language compared to speakers
of another—are large (and/or systematic) enough for the spatiotemporal magnitude of
production of the targeted variant to predict perceptual adjustments for, or perceptual
weights of, that variant. However, establishing a link between an individual speaker-
listener’s articulatory and perceptual repertoires or grammars has proved more elusive
(albeit not entirely so; e.g. Zellou 2017). This difficulty at the individual level has mul-
tiple possible sources. One likely source is that, despite compelling theoretical reasons
for postulating a perception-production link, there are, as well, compelling reasons for
not expecting a perfect relation. Human interlocutors are necessarily flexible per-
ceivers: they regularly interact with speakers whose production patterns differ from
their own. Successful communication depends on perceptual adaptation to those pat-
terns, and the overwhelming evidence is that perception is malleable across different
speakers, speaking rates, and more (see Samuel 2011 for a review). However, precisely
because perception adapts, production need not be similarly malleable; that is, speakers
who do not accommodate to their listeners are nonetheless intelligible under many cir-
cumstances (Pardo 2012). Moreover, specifically from the perspective of coarticula-
tion, if coarticulatory information is perceptually useful—that is, if listeners actively
use this time-varying aspect of the signal to track what speakers are saying—we might
expect listeners to attend to this information in the input even if it is not highly charac-
teristic of their own speech patterns. For both of these reasons, we might expect
speaker-listeners to exhibit greater flexibility in perception than production.

A perception-production mismatch might be especially likely if the targeted phenom-
enon involves a sound change in progress. Specifically, if some members of a speech
community realize a contrast primarily with one property and other members realize it
with another property, perceivers presumably will attend to both properties. For pro-
ducers of the innovative property, this situation would be one in which perception lags
behind production: these individuals perceptually rely on the conservative property yet
typically do not produce it (see Pinget 2015 for discussion). By contrast, in sound
changes in which a coarticulatory effect becomes independent of its source (e.g. con-
text-independent back-vowel fronting in some varieties of English), there is evidence
that, at the early stages of the change, the ‘waning’ of coarticulation is more advanced
in perception than in production (Harrington et al. 2012, Kleber et al. 2012, Harrington
et al. 2019). Thus, the extent to which perception and production align for individual
speaker-listeners—and the nature of that alignment—may well depend on how stable
the patterns of variation are within the speech community.

In this investigation, we consider whether the lack of correspondence between per-
ception and production of coarticulation for individual speaker-listeners found in most
previous studies might be, in part, a consequence of those studies’ use of static mea -
sures to assess inherently dynamic processes. The theoretical orientation that underlies
the current study of the time course of coarticulation is that production and perception
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are flexible, dynamic, and active processes. That production is not a sequence of static
states (although discrete patterns may be present in dynamic movements; see e.g.
Iskarous 2005) is perhaps evident and uncontroversial. In production, vocal-tract ac-
tions do not align with traditional segments. As we have discussed, the execution of,
say, lip rounding for a vowel or velum lowering for a nasal consonant typically begins
before the target vowel or consonant. In speech perception, though, theoretical ap-
proaches differ in their accounts of whether and how listeners attend to the time-vary-
ing information afforded by coarticulation (e.g. Strange et al. 1983, Lindblom 1990,
Fowler 2006). Yet the preponderance of current evidence shows that listeners are sensi-
tive to these phonetic details and that the lawful nature of coarticulatory (and other)
variation informs perception. Thus, as the coarticulatorily structured acoustic signal un-
folds in real time, listeners use that structure to inform their linguistic decisions. Coar-
ticulatorily appropriate information, for example, speeds listeners’ responses (Martin &
Bunnell 1982, Fowler 2005), and inappropriate coarticulatory cues slow responses
(Whalen 1984). Investigation of the dynamics of perception using the visual-world 
paradigm shows that perception evolves over the course of listeners’ moment-by-
moment processing of the acoustic input (Dahan et al. 2001). Study of the time-varying
properties of produced and perceived coarticulation may thus better capture individual
differences and, consequently, may provide a particularly rigorous test of possible 
production-perception links.

The experiments reported here investigate the time course of a listener’s use of coar-
ticulatory information against that language user’s production of those same coarticula-
tory actions. This work is framed within the overarching perspective that a language
user’s perception and production repertoires are complexly related in ways that are me-
diated by wide-ranging (linguistic, social, psychological, and other) factors. The spe-
cific hypothesis regarding that relation—that individuals’ perceptual attention to a
targeted coarticulatory property correlates with the spatiotemporal extent of their pro-
duction of that property—is motivated by the theoretical orientation we have just de-
scribed. It is informed not only by the studies of coarticulation already reviewed, but
also by relevant (noncoarticulatory) studies of imitation and phonetic accommodation.
These studies inherently investigate the perception-production relation in that they test
whether a participant’s productions are influenced by what they have just heard, such as
the heard speech of a model voice or of a conversation partner. Their results show that
perception and production are interconnected: listeners-turned-speakers adjust their
speech, over the course of the task, to be more similar to the phonetic patterns of the
input speech (see Pardo 2012 for a review). Moreover, individual participants imitate or
accommodate to different degrees, with their patterns being mediated by phonological
(Mitterer & Ernestus 2008, Nielsen 2011, Kwon 2015) and social (Pardo 2006, Babel
2012) factors. 

Our specific approach to studying the perception-production relation is also driven
by our understanding of a major source of individual listener differences in perceiving
coarticulated speech. A fundamental task of the listener is to arrive at the linguistic mes-
sage being conveyed by the speaker. Coarticulation provides what is, in principle, re-
dundant information for the listener; under many if not most circumstances, both the
coarticulatory effect and the trigger of that effect—for example, a vowel produced with
velum lowering followed by a nasal stop—structure the acoustic signal. Because multi-
ple cues for a given speech contrast are (typically) reliably present, different weightings
of this information can nonetheless result in successful perception. Thus, different lis-
teners, even listeners with similar linguistic experiences, may arrive at different percep-
tual weights. Beddor (2009, 2012), for instance, had English-speaking listeners identify
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stimuli drawn from a bet–bent continuum in which the temporal extent of vowel nasal-
ization and the duration of the nasal consonant orthogonally varied. Stimuli with a
nasalized vowel but an extremely short [n] were unambiguously bent for some listeners
but unambiguously bet for (a very few) others. Although such perceptual differences
would likely be resolved in conversational settings, clearly some listeners assign more
perceptual weight to certain aspects of the input than others do. The question being
tested here is whether an individual’s perceptual weights are preserved in their produc-
tions and thereby transmitted to their interlocutors.

1.3. Producing and perceiving anticipatory nasalization in american en-
glish. The targeted coarticulatory property is nasalization in American English. Essen-
tial to our approach is that the time course of producing and perceiving this property
differs across individuals. As we have already indicated, speakers differ in the extent to
which the velum-lowering gesture aligns with the oral closure for a nasal consonant
coda: for some speakers, velum lowering appears to be aligned with vowel onset (or
even earlier, such as during the approximants of rent or want), whereas for others the
evidence is suggestive of closer alignment with the onset of the oral closure (e.g. Bed-
dor 2009, Zellou 2017). Perceptually, listeners not only are sensitive to the presence or
absence of anticipatory vowel nasalization (Krakow et al. 1988, Fowler & Brown 2000,
Flagg et al. 2006), but are also variably sensitive to the information (Beddor 2009,
Zellou 2017). Most relevant is the Beddor et al. 2013 study in which eye movements
were monitored as participants heard, for example, bend with anticipatory vowel nasal-
ization and saw visual images of target bend and competitor bed. The study found that,
when a standard delay in programming an eye movement is factored in, visual fixations
on bend (or, more generally, on the target CVNC image) tended to begin before listen-
ers heard the nasal consonant. However, individual participants in that study differed
from each other in the time course of their fixations on the target and competitor im-
ages. Whereas, on average, most participants initially fixated on the CVNC image on
the basis of the coarticulatory information, some listeners more reliably used the coar-
ticulatory information—as shown by shorter target-fixation latencies—than did others. 

Thus, production and perception of coarticulatory nasalization have been shown to
have the requisite systematic variation across individuals. Nasalization is also relevant
to the particular focus of this study on the potential contributions of listeners-turned-
speakers to sound change in that coarticulatory nasalization has been the trigger for the
sound change VN > Ṽ in the history of many of the world’s languages. Roughly one
quarter of the world’s languages have phonemic nasal vowels, and in most of these lan-
guages these vowels evolved from earlier sequences of a vowel followed by a nasal
consonant (e.g. Hajek 1997, 2013).

This study addresses the following questions with regard to nasalization in American
English: (i) What is the time course of the aerodynamic consequences of the overlap-
ping lowered-velum and oral-constriction gestures? (ii) What is the time course of per-
ception of coarticulatory nasalization? (iii) For the individual language user, what is the
relation between (i) and (ii)—that is, what is the relation between a listener’s coarticu-
lated productions and that language user’s dynamic use of that coarticulatory informa-
tion in determining what a speaker has said? Production is measured using aerodynamic
methods; perception is assessed using the visual-world paradigm. In fact, because the
Beddor et al. 2013 study that used this paradigm showed reliably different fixation pat-
terns for different participants, the perception study replicates that earlier study with a
new, larger group of participants from whom we also gathered airflow data. Compara-
ble production and perception data were elicited from participants who produced and
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perceived CVC and CVNC stimuli that differed in coda voicing (e.g. bet, bent, bed,
bend). Coda voicing was manipulated in the 2013 perception study because, in English,
anticipatory vowel nasalization tends to be temporally more extensive in VNCvoiceless
than in VNCvoiced sequences (Malécot 1960, Cohn 1990:152, 175). We retained that
study’s aim of investigating listeners’ use of these time-varying cues in real-time pro-
cessing and extended it to the same participants’ production of those cues. We predict
that participants who systematically produce CVNC words with earlier onset of nasal
airflow will also assign heavier perceptual weight to coarticulatory nasalization, and
will therefore fixate the target CVNC image as soon as coarticulatory information be-
comes available to them, and in particular faster than participants who produce CVNC
words with later onset of nasal airflow. At this stage of our research, however, we do not
have expectations concerning whether the proposed link might have production or per-
ception at its source (i.e. whether production patterns engender perceptual attention or
the reverse; see §5.2 for discussion).

The prediction of this work that has especially notable implications for theories of
sound change is that innovative listeners will also be innovative speakers. In the devel-
opment of distinctive vowel nasalization (VN > Ṽ), the historical change requires that
the originally redundant property become the contrastive one. In our approach, the in-
novative listeners who rely heavily on the predictable property of coarticulatory nasal-
ization in perception are expected to be innovative speakers who produce that property
consistently and extensively, possibly at the expense of the distinctive property (N). In
adopting this characterization, we are not suggesting that American English vowel
nasalization is undergoing change. However, as we discuss in §5, perception-produc-
tion relations within what are presumably stable patterns of variation arguably have
 implications for less stable settings and, consequently, for theories of perceptually mo-
tivated sound changes.

2. Production: the time course of anticipatory nasal airflow. Data collec-
tion for this combined production and perception study was conducted in three sessions,
with two perception sessions preceding a single production session. Here, however, be-
cause the individual differences in production will be used to predict the perception
data, we present the results of the production experiment first.

The production experiment analyzes American English speakers’ nasal airflow pat-
terns in CVNC words and, where appropriate, NVN words. Our choice of nasal airflow
over acoustic measures was motivated by our goal of assessing production of nasaliza-
tion rather than its acoustic consequences—the latter being influenced by interactions
between the coupled oral and nasal cavities and not monotonically related to velum po-
sition (e.g. Stevens 1998). Although nasal airflow is also only an indirect indicator of
velic behavior, it is a commonly used noninvasive proxy for assessing velopharyngeal
aperture (e.g. Delvaux et al. 2008, Shosted et al. 2012). It also provides more fine-
grained temporal information.1

We expect that, consistent with some previous studies of vowel nasalization (e.g.
Cohn 1990, Beddor 2009), anticipatory nasal airflow will begin earlier in the vowel
when the final consonant of CVNC is voiceless (e.g. sent, bent) than when it is voiced
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(send, bend ). More directly relevant to this investigation is the prediction that system-
atic differences between speakers will emerge in the time course of anticipatory nasal
airflow, with some speakers producing earlier onset of nasal flow and/or heavier nasal
airflow early in the vowel of CVNC words than other speakers.

2.1. Methods.
Participants. Forty-two undergraduates at the University of Michigan successfully

completed the production and perception experiments. Additional participants were re-
cruited as well, but were eliminated due to difficulties calibrating the eye-tracker for
specific individuals (eleven individuals), poor mask fit resulting in airflow leakage
(twenty-four individuals), failure to reach criterion on eye-tracking trials (one individ-
ual; see §3.1), or failure to complete all sessions (three individuals). A further eight par-
ticipants were recorded, but their data were discarded because the small mask used 
to accommodate their smaller faces resulted in flow values that were not comparable 
to those from the larger (adult-sized) mask. Participants were native English speakers
with normal or corrected-to-normal vision and no known hearing loss or reading diffi-
culties. They were paid for participating in the three (two perception, one production)
testing sessions.
Stimuli. Two word lists were created, one consisting of words having the structures

CVC and CVNC, and the other of NVN words plus fillers. The CV(N)C words con-
sisted of five sets of minimal quadruplets whose members differed in the presence of N
and the voicing of the final C (bet-bed-bent-bend, let-lead-lent-lend, set-said-scent-
send, wet-wed-went-wend, and watt-wad-want-wand), along with eleven additional
words (dent, feed, feet, fiend, hint, hit, lid, lint, pant, pond, pot). The five sets of quadru-
plets are the words used in the eye-tracking task. In the second set, the NVN words
were eleven monosyllabic items (man, manned, mean, means, meant, men, mend,
mince, mint, mom, non) and five disyllabic items with stress on the NVN syllable (de-
meaned, mambo, Mindy, monster, Nancy). Of primary interest in this study of the time
course of coarticulatory nasalization are the CVNC words, which were investigated in
both the production and perception experiments. NVN words were included to provide
additional coarticulatory information; CVC words were included as fillers.

Productions of the CV(N)C words were elicited with visual images presented on a
computer screen. These black-and-white drawings, most of which were used in the eye-
tracking task, are described in §3.1. NVN productions were elicited orthographically,
both because many of them were not easily imageable and because we wanted to keep
manageable the number of images with which participants needed to be familiar. 
Procedure. Airflow data were gathered from each participant in the first phase of

the production task. Acoustic data were also gathered, but in a second phase of the task,
because the airflow mask rendered an acoustic recording unusable for reliable spectral
analysis. However, this study reports only the methods and results for the airflow data.
The production session lasted about one hour and typically occurred within one week of
the second perception session.

Participants were seated in front of a computer monitor. Prior to data collection, partic-
ipants were refamiliarized with the labels for the images of the CV(N)C words. (Initial fa-
miliarization of all CV(N)C words was done during perception testing.) Participants were
shown, in a self-paced procedure, each of the randomly ordered images, and they pro-
duced the labels aloud. They were required to produce each label correctly twice before
moving on to the main task. An incorrect answer resulted in the correct label being shown
on the screen and the word being reentered into the randomization.
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In the airflow-collection phase of the task, participants positioned the hand-held air-
flow mask against their faces, with instructions to create a tight but comfortable seal.
Nasal airflow was captured via the Glottal Enterprises Oral-Nasal Airflow system using
a split oral-nasal silicone mask with mesh port covers and two PT-2E airflow capture
transducers. Prior to each block of airflow data collection, each transducer was cali-
brated by pushing 140 ml of air through a calibration box attached to the transducer; air
escaped through a vented-mesh port identical to those in the mask. This produced a
known-volume pressure signal, which was then used to calculate a conversion factor
that mathematically transforms the electrical pressure response of the transducer into
the volume of air (in ml) passing through the mask.

Stimuli were presented using SR Research Experiment Builder software. Stimulus
presentation was blocked by CV(N)C and NVN words. For CV(N)C words, partici-
pants saw two images on the monitor corresponding to target and competitor words
(e.g. feed, lint), separated by a cross. For NVN words, participants saw two ortho-
graphic words rather than images. After 750 ms, the cross became an arrow, with a su-
perimposed L(eft) or R(ight), pointing toward the corresponding (left or right) image.
Participants then produced the target word in a carrier sentence. A correct production in
a trial with a feed image and L arrow would be ‘Feed is on the left’. The experimenter
confirmed successful production with a key press. If the participant produced an incor-
rect word or did not respond within two seconds, the correct label was shown, and the
missed trial was reentered into the randomization. The next trial began approximately
750 ms after the key press or 2000 ms after a missed trial. The purpose of having par-
ticipants produce target words in response to changing arrows and, in the CV(N)C tri-
als, of having them respond to images rather than orthography was to make the task
more engaging than the typical reading of a word list, thereby possibly increasing the
naturalness of productions.

Breaks were given after every sixty-two words (five blocks) for CV(N)C trials and
after every fifty words (three blocks) for NVN. Participants were encouraged to lower the
mask during airflow breaks. For all participants, airflow collection for CV(N)C words
preceded that of NVN words. Excluding any repeated trials, there were 310 randomized
CV(N)C trials (31 words × 10 repetitions) and 150 randomized NVN trials ((16 NVN
words + 9 fillers) × 6 repetitions), for a total of 460 airflow trials per participant.

Data analysis. Airflow signals were analyzed for all CVC, CVNC, and NVN
words, with the exception of eight words (dent, feet, hint, hit, pant, man, manned,
Nancy) that were excluded prior to coding to provide balance across the data set for
final-consonant voicing and vowel quality. (For example, words with /æ/ were excluded
due to /Cænd/ gaps in the data set.)

Nasal airflow during the vowel portion of each signal was measured, as was the dura-
tion of the vowel. For CVNC words, nasal consonant duration was also measured. Vowel
boundaries were delimited for all words, as were nasal boundaries for CVNC words,
using TextGrid annotations in Praat (Boersma & Weenink 2013). As illustrated in Figure
1 for a token of scent, segmentation was based on the nasal and oral waveforms, and on
spectrograms that were created from the residual acoustic data captured by the airflow
transducers. Signals were low-pass filtered below 5000 Hz (to remove extraneous
acoustic information) and high-pass filtered above 40 Hz (to remove the nonacoustic air-
flow signal). Boundaries for vowel onset and offset were placed at the first and last, re-
spectively, visually identifiable pitch pulses of the vowel and were based primarily on the
oral waveform. N onset (in CVNC) was identical to vowel offset. N offset was deter-
mined largely on the basis of cessation of the signal in the nasal waveform. 
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Despite precautions taken during recordings to minimize production errors, specific
tokens were excluded from analysis due to speaker error (e.g. incorrect or disfluent tar-
get word, or carrier sentence not produced), experimenter error (e.g. early key press that
cut off a portion of the target word), or an unanalyzable nasal waveform (due to mask
slippage). On average, for each speaker, 92% of CVNC and 93% of NVN tokens were
entered into the final calculations. (CVC productions were not entered into the statisti-
cal models, although we do represent these data in some of the figures below for the
sake of comparison with CVNC and NVN.) For each speaker, at least 85% of that indi-
vidual’s CVNC and NVN productions were included, with three exceptions, for whom
at least 73% were analyzable. However, even for the speaker with the fewest analyzable
tokens, 175 CVNC and 72 NVN stimuli were included in the calculations.

2.2. Airflow results. In presenting the production results, we first briefly describe
nasal airflow in all stimulus conditions (CVNC, NVN, CVC) to show that nasal airflow
varied as expected (Fig. 2). Second, we present a detailed analysis of the CVNC condi-
tions (voiced and voiceless; Fig. 3 and Table 1)—that is, of the conditions in which an-
ticipatory nasal coarticulation in production will be compared with the perceptual use
of such information in §4. In order to adequately describe the dynamic changes in vol-
ume of nasal airflow over time, the effects of time are modeled with three polynomial
functions (B-splines, discussed below). Third, we conduct a functional principal com-
ponent analysis to capture as much speaker variation as possible (Figs. 4 and 5). The
second principal component from this analysis will be used to make speaker-level pre-
dictions about perception.

Figure 2 gives the average nasal airflow across normalized time for the CVC and
CVNC conditions in voiced (left) and voiceless (right) contexts; NVN, which has no
voicing context, is repeated in both panels. As expected, nasal airflow in the CVNC and
NVN conditions increases over the latter portion of the vowel, consistent with anticipa-
tory velum lowering, then rises steeply shortly before the onset of the nasal consonant
(which corresponds to vowel offset). Also as expected, nasal airflow remains low and
level across the vowel in the oral CVC condition.

To measure the time course of nasal airflow due to anticipatory nasalization in
CVNC words, the airflow curves were sampled at twenty-five points, evenly spaced
across the vowel’s duration, for each CVNC token. Raw rather than normalized airflow
values (in ml/sec) are collected and modeled here as the functional principal component
analysis process described below effectively normalizes airflow-volume differences
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Figure 1. Nasal (top) and oral (middle) waveforms and speech spectrogram (bottom) for a token of scent
(participant P55). See text for explanation of placement of V and N boundaries.



across speakers. These points were entered into a linear mixed-effects model as the de-
pendent variable using the lme4 package (Bates et al. 2014) in R (R Core Team 2013).
p-values were obtained using the lmerTest package (Kuznetsova et al. 2015). As LMER
models are not designed to precisely model curvilinear data such as those in Fig. 2, the
interaction of nasal airflow and time was modeled using basis splines (B-splines; de
Boor 1978:87–106), which use a piecewise polynomial function to simplify curvilinear
data. The use of B-splines has the advantage of yielding coefficients that are more di-
rectly interpretable in terms of change over time than the orthogonal polynomials used
in, for instance, growth-curve analysis. (In growth-curve analysis, individual coeffi-
cients are time-independent and represent the temporal curvature of the data only when
combined.) Here, we use B-splines with three degrees of freedom to model the change
in airflow over time using three different control points that dominate, very roughly, the
first, middle, and final thirds of the vowel.2 In our analyses, we label these Time 1, Time
2, and Time 3, but unlike analytic approaches in which time is binned and the depen dent
variable is averaged within each bin, these three temporal variables—in conjunction
with the B-spline algorithm—describe the overall curvature of the data over time, and
do not correspond to discrete time windows.

The dependent variable in the lmer model was nasal airflow (in ml/sec). Fixed effects
were Time 1, Time 2, Time 3 (corresponding to the three B-spline coefficients), Voicing
(voiced or voiceless coda in CVNC; reference level: voiceless), and their interactions.
Participant and Word were included as random intercepts. Random slopes by Time and
Voicing for Participant and Word were excluded, as the resulting models failed to con-
verge. The production model’s structure, using conventional lme4 syntax, is given in 1.
The ‘bs(time,df=3)’ statement in 1 instructs the model to use B-splines to convert the
original twenty-five-point measurements into curves, with three degrees of freedom
(df=3), producing the three Time variables as described above.

(1) nas_flow_ml ~ bs(time,df=3)*voicing + (1|participant) + (1|word)
The predictions generated by the model are captured in Figure 3, which can be com-

pared with the means of the actual data for the CVNC conditions in Fig. 2. The model
captures both the overall shape of the curve and the subtle differences between the voiced
and voiceless conditions. The changes in airflow over time, with the sharpest increases
late in the vowel, are reflected by the effects of Time 1, Time 2, and Time 3 in Table 1,
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2 Three-degree-of-freedom splines were used as they provided a very good fit to both the airflow and per-
ception data. Four- and five-degree-of-freedom B-splines were tested as well, but made only minor changes
to curvature and did not change the main statistical outcomes.

Figure 2. Mean nasal airflow across normalized time according to voicing (left, right panels) 
and nasality (line type) contexts.



which provides the model coefficients, along with an estimate of variance, for effects and
interactions that reached significance. Voicing interacted with Time throughout the
vowel, yet the overlapping 95% confidence intervals for the modeled curves in Fig. 3 in-
dicate that the airflow differences between the voiced and voiceless contexts were in 
fact small.
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Although greater airflow differences between voiced and voiceless contexts, particu-
larly early in the vowel, might have been expected based on the literature (see §1), other
previously reported voicing-determined patterns of nasalization are more clearly upheld.
For example, nasal consonants have been shown to be especially short in prevoiceless
contexts, with the extent of vowel nasalization trading off with nasal consonant duration
(e.g. Raphael et al. 1975, Busà 2007, Beddor 2009). Similarly, in this study, nasal conso-
nants were approximately 30% shorter in /CVnt/ than in /CVnd/ tokens. A linear regres-
sion performed on average nasal airflow over the first third of the vowel (i.e. over the
region of onset of coarticulatory nasalization for most speakers) against nasal consonant
duration showed a very weak but significant negative correlation (r2 = 0.07, p < 0.001),
indicating that, the shorter the nasal consonant, the more extensive early vocalic nasal
airflow tends to be. The correlation was stronger when performed on only the voiceless
contexts (/CVnt/; r2 = 0.14, p < 0.001), which show more variable /n/ duration than the
voiced contexts.

Finally, to reduce the number of dimensions required to describe the airflow dif -
ferences across different speakers’ productions, the combined CVNC and NVN data
were subjected to a functional principal component analysis (fPCA), using the built-in
prcomp() function in R. Unlike a classical PCA, which combines many distinct features

Figure 3. Model predictions of nasal airflow, over time, in voiced /CVnd/ (dark curve) and voiceless /CVnt/
(light) contexts. Upper and lower lines in each curve: 95% confidence intervals.

predictor β SE(β) t p
(intercept) 0.96 0.39 2.43 0.020
Time 1 0.59 0.07 8.82 < 0.001
Time 2 −2.21 0.05 −48.53 < 0.001
Time 3 4.87 0.03 139.36 < 0.001
Time 1 * Voicing 0.32 0.09 3.54 < 0.001
Time 2 * Voicing 1.32 0.06 21.27 < 0.001
Time 3 * Voicing −0.45 0.05 −9.52 < 0.001

Table 1. Results of the nasal airflow model, over time (coefficients 1–3), for CVNC productions.



into components, the fPCA used here examines changes in the functional time course of
vocalic nasal airflow by taking average flow at each measured time point for each
speaker as input features, yielding components corresponding to orthogonal changes in
the temporal pattern of airflow seen across the speakers. The decision to include NVN
productions was based on comparison of CVNC-only with combined CVNC and NVN
fPCA models. The outcomes of the two models were highly similar and, anticipating
the findings of §4, led to very similar results in relation to the perception data. Given
that speaker-specific airflow patterns for CVNC closely resemble each individual’s
own NVN patterns, we chose to include all of the information relevant to characterizing
each speaker’s coarticulatory patterns. Because dividing the data by voicing before
fPCA did not result in meaningfully different curves for each speaker (as voiced and
voiceless productions did not differ substantially; see Fig. 2), fPCA was done on voiced
and voiceless data combined, thereby minimizing model complexity.

Figure 4 gives the mean normalized flow signal (plus and minus one standard devia-
tion) of the first two components, PC1 (left) and PC2 (right), which together account for
97% (88% and 9%, respectively) of the variance in the data. Speakers whose mean nasal
airflow traces are closer to the dashed light gray curve in each plot have high values for
that PC, and those closer to the dashed dark gray curve have low values. As indicated by
these curves, PC1 captures speaker differences in the amount of nasal airflow—differ-
ences that are likely due primarily to speaker physiology and possibly general articula-
tory setting. That is, the fPCA here effectively normalizes airflow by accounting for the
large across-speaker differences in absolute nasal flow (PC1), therefore allowing other
components to capture temporally relevant differences. PC2 captures time-course differ-
ences in airflow: speakers with higher PC2 values have more plateau-like airflow curves
(except for the final portion of the vowel), whereas lower PC2 speakers have more cline-
like curves. The plateau pattern bears a strong resemblance to airflow curves that have
been reported for French phonemically nasalized vowels (e.g. Cohn 1990:98, Delvaux et
al. 2008). The plateau-like vs. cline-like difference is similar to the variable airflow pat-
terns described by Cohn (1990:153) for English speakers. Importantly, speakers with
higher PC2 values also have higher volume of nasal airflow early in the vowel, consis-
tent with greater temporal extent and magnitude of nasalization.
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Of primary interest are the time-course differences—that is, early onset of plateaued
nasal airflow compared to later onset of cline-like airflow—captured by PC2. PC2 pro-
vides a single value for each speaker that falls along a continuum ranging between the
minimum and maximum values for this component. Speaker differentiation along this

Figure 4. Mean normalized nasal airflow values (solid black line) for PC1 (left) and PC2 (right). Upper and
lower dashed curves represent ±1 SD. The black line represents the average of the CVNC 

(voiced and voiceless) and NVN conditions from Fig. 2.



dimension emerges for both CVNC and NVN productions. These individual differences
are illustrated in Figure 5, which gives the mean CVNC (left) and NVN (right) airflow
curves for the ten most extreme (five highest and five lowest) speakers in terms of their
PC2 values.
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Figure 5. Nasal airflow curves over time, averaged across CVNC (left) and NVN (right) productions, for the
five speakers with the highest (solid gray lines) and the five speakers with the lowest (solid black lines) 

PC2 values. Dashed line: mean overall flow for CVNC or NVN.

Our goal in this study is to link the time course of individuals’ production of coartic-
ulatory nasalization to the time course of their perception through statistical modeling.
Although the results for coarticulatory nasal airflow generally show the expected con-
text-specific contours, they exhibit as well systematic differences between individual
speakers in the overall volume of nasal airflow, the temporal extent of coarticulatory
airflow, and the plateau- or cline-like pattern of flow. The latter two differences, which
reflect changes across the coarticulated vowel, are captured by PC2. Each participant’s
PC2 value therefore serves as the production measure that, in §4, is entered into the
models of perception of coarticulatory nasalization.

3. Perception: the perceptual time course of coarticulatory nasalization.
The perception of coarticulatory nasalization is assessed using an eye-tracking design
that replicates that of Beddor et al. 2013. We chose this design because that study pro-
vided clear evidence of systematic differences between participants in the time course
of their use of the coarticulatory information.

In this experiment, participants hear an auditory CVC (e.g. bed ) or CVNC (bend )
word and see two visual images representing minimal-pair words (e.g. bend-bed); their
task is to look at the image of the word they hear. The critical trials are those with audi-
tory CVNC words, which were edited to create: (i) CṼearlyNC, with early onset of the
coarticulatory information; (ii) CṼlateNC, with later onset of that information; and (iii)
CṼearlyC, with early coarticulatory information but no nasal consonant. Early and late
onsets of vowel nasalization are characteristic of the variation that listeners hear in their
everyday interactions. A nearly or completely absent nasal consonant, as in CṼearlyC, is
also not uncommon in American English in voiceless contexts (bent, scent), but would
be atypical in voiced contexts (bend, send ). These manipulations were implemented to
investigate the detailed timing patterns of participants’ use of coarticulatory variation.
(See §3.2 for specific predictions.)

3.1. Methods.
Participants. The same forty-two undergraduates who participated in the produc-

tion experiment also participated in the perception experiment. Among the additional



participants who were recruited but eliminated (see §2.1) was one participant who
failed to reach criterion on the critical auditory CṼearlyNC and CṼlateNC trials. This in-
dividual reached only 45% target final fixations on the CṼearlyNT (i.e. voiceless) trials
and averaged only 70% target final fixations across all CṼNC trials. No other partici-
pant fell below 65% on any critical trial type, nor did any average less than 80% target
final fixations across all CṼNC trials.
Stimuli. Stimuli were members of the five minimal quadruplets bet-bed-bent-bend,

let-lead-lent-lend, set-said-scent-send, wet-wed-went-wend, and watt-wad-want-wand.
Both auditory and visual stimuli were identical to those used in Beddor et al. 2013.

The auditory stimuli were modified versions of the twenty target words originally pro-
duced by a male phonetician who is a native speaker of Midwestern American English.
The original recording included multiple repetitions of the twenty target words, from
which two versions of each were selected on the basis of similarity to each other in vowel
f0, duration, and formant frequencies. To control the time course of the coarticulatory in-
formation, these two versions were waveform edited in Praat. For each minimal CVNC-
CVC word pair (e.g. bent-bet, bend-bed ), the initial C and onset of V were taken from 
an original CVC token. To create the CVC stimulus (e.g. bed ), this initial portion (e.g.
beonset from token 1) was spliced onto the offset V + final C of the second CVC token 
(eoffsetd from token 2). To create the corresponding CVNC stimulus (e.g. bend ), the same
initial portion (beonset from token 1) was spliced onto the VoffsetNC of a CVNC token
([ɛ̃nd] from bend ). In this approach, then, all stimuli are cross-spliced.

The two temporal degrees of vowel nasalization for CVNC stimuli were created by
manipulating the proportion of the vowel taken from the original CVC and CVNC to-
kens. The proportion was 60% V from CVC and 40% Ṽ from CVNC for late onset of
nasalization (CṼlateNC), and 20% V and 80% Ṽ for early onset (CṼearlyNC). For many
stimuli, these proportions were achieved by removing or duplicating a small number of
pitch pulses of the original portions of the vowels. (For all nasal vowel portions, nasal-
ization was clearly audible. Acoustic correlates were a decrease in waveform ampli-
tude, and flattening and broadening of the F1 region of FFT spectra, relative to the oral
portion.) Because vowels are longer in voiced than in voiceless contexts, the absolute
duration of Ṽ is longer in CVND than CVNT words, as indicated in Table 2. 
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The deleted-N CṼearlyT and CṼearlyD stimuli were designed to test listeners’ sensitiv-
ity to context-specific patterns of gestural coordination (specifically, greater overlap of
the lowered-velum gesture with the vowel constriction in voiceless contexts). These
stimuli were created from stimuli with early onset of vowel nasalization by excising the
nasal consonant, which was identified by its characteristic wave shape. These editing
procedures resulted in four types of auditory stimuli: CVC, CṼearlyNC, CṼlateNC, and
CṼearlyC.

The target visual stimuli were twenty black-and-white line drawings corresponding
to each of the twenty target words. (Additional images, drawn in the same style, were
used in the practice trials.) Images were drawn by a professional artist, and each was
sized to fit within a five-inch (72 dpi) square region of the computer screen.

oral vowel nasal vowel nasal consonant
CṼearlyNT 27 101 51
CṼlateNT 79 51 51
CṼearlyND 36 137 92
CṼlateND 99 75 92

Table 2. Average durations (in ms) of VN portions of CVNC stimuli.



In each test trial, participants heard one auditory stimulus and saw two visual stimuli.
Paired images were always of minimal-pair words differing in the presence or absence
of a nasal consonant or coda voicing, creating four types of visual pairings: CVT-CVD
(bet-bed ), CVT-CVNT (bet-bent), CVD-CVND (bed-bend ), and CVNT-CVND (bent-
bend ). Each auditory stimulus was presented with each of the appropriate visual pair-
ings except that, to reduce the size of the experiment, auditory CṼearlyT/D occurred
only with visual CVT/D-CVNT/D (and not with visual CVNT-CVND). Participants re-
sponded to 360 test trials. There were eighty visual CVT-CVD pairs, forty presented
with auditory CVT and forty with auditory CVD (5 word pairs × 8 repetitions). There
were also eighty visual CVNT-CVND: twenty (5 word pairs × 4 repetitions) each for
auditory CṼearlyNT, CṼearlyND, CṼlateNT, and CṼlateND. There were 100 visual CVT-
CVNT: twenty (5 pairs × 4 repetitions) each for auditory CVT, CṼlateNT, CṼearlyNT,
and CṼearlyT. The 100 visual CVD-CVND visual pairings are broken down as for the
CVT-CVNT trials. Image position on the left or right of the screen was counterbalanced
across trials.
Procedure. Participants were tested individually in two sessions, with the test por-

tion of each session consisting of half of the repetitions of each trial type and with the
two testing sessions usually one week apart. In the first session, prior to testing, partic-
ipants learned the labels for each of the twenty target images for the eye-tracking study
and for the additional images for the production study. Participants first saw the ran-
domly ordered images one at a time, with the label written below the image. To aid
memorization, they read each label aloud to the experimenter and explained how the
image related to the label. The second step of the familiarization procedure was identi-
cal to the familiarization described for the production experiment (§2.1). To ensure that
familiarity was retained across sessions, this second step was also repeated at the be-
ginning of the second perceptual testing session.

Eye movements were captured with a remote monocular eye-tracker (EyeLink 1000
Plus, SR Research), using a 25 mm lens and sampling at 500 Hz. Participants were
seated so that their eyes were between 550 and 650 mm from the camera and about 800
mm from the monitor. After familiarization but prior to testing, the experimenter per-
formed a calibration procedure that, if necessary, was repeated until criterion was
reached, typically on the dominant eye (unless that eye failed to track). During testing,
auditory and visual stimuli were presented using SR Research Experiment Builder soft-
ware; auditory stimuli were heard over AKG 271 Mk2 headphones.

In each test trial, participants saw a pair of images on the computer screen (e.g. bed
and bend ) and heard the recorded instruction ‘Look at the pictures’. After two seconds,
a fixation cross appeared in the center of the screen, as illustrated in Figure 6. Partici-
pants then heard ‘Fixate cross. (pause) Now look at’, followed by the target auditory
stimulus (bed or bend ). The fixation cross disappeared when the auditory target was
played; the trial ended two seconds later. A five-minute break occurred halfway through
each testing session. Before presentation of the test trials, participants responded to ten
practice trials. No target stimulus was included in the practice trials.
Data analysis and predictions. Participants’ eye movements to the two images in

each trial were monitored starting from the onset of the auditory stimulus and lasting
1000 ms. The computed measure was proportion target fixations over time, beginning
at stimulus onset, for fifty 20 ms temporal bins. A fixation was counted as a target fixa-
tion if it fell within the target image’s five-inch square region. Thus, a proportion of
0.50 for, say, the temporal bin 400–420 ms for auditory bed in a bed-bend trial means
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that 50% of those trials included a fixation on visual bed at some point during that 20
ms interval.

Although participants responded to auditory CVC stimuli, the main reason for their
inclusion was to achieve a balanced design: visual pairings of CVC-CVNC require that
participants hear both CVNC and CVC auditory stimuli. Here, we restrict analysis to
responses to the auditory stimuli with vowel nasalization (i.e. CṼlateNC, CṼearlyNC, and
CṼearlyC) when the visual stimuli were CVC-CVNC—that is, to the stimuli for which
we have predictions that we explore further in the subsequent production-perception
comparisons in §4.

We hypothesize that, consistent with the findings of Beddor et al. 2013, participants
will attend to the unfolding coarticulatory information and so will fixate the target
image earlier and more often with auditory CṼearlyNC than with CṼlateNC when the
competitor image is CVC. This difference between early and late onset of vowel nasal-
ization should be especially evident in the middle portion of the 0–1000 ms region of
interest. Early vowel nasalization begins, on average, 106 ms after stimulus onset (102
ms for voiceless contexts and 111 ms for voiced); late nasalization begins 164 ms after
stimulus onset (154 ms for voiceless and 174 ms for voiced). However, it takes time to
program and launch an eye movement. Factoring in the typical estimate of a 200 ms
programming delay (Dahan et al. 2001), if participants fixate the target image nearly as
soon as they hear coarticulatory nasalization, the difference between responses to early
and late nasalization stimuli should begin shortly after 300 ms from stimulus onset. 

We hypothesize as well that, in general, listeners not only use available coarticulatory
information in their communicative interactions, but also are sensitive to context-spe-
cific patterns of gestural overlap in the ambient language. As explained in §1, early
vowel-nasalization onset and concomitantly short (or even absent) nasal consonants are
more common in VNCvoiceless than VNCvoiced sequences. Consequently, we predict that
participants should be, over time, less likely to fixate the target CVNC image when the
auditory stimulus lacks N (CṼearlyC) than when it includes N (CṼearlyNC), and that they
should be especially unlikely to do so when prevoiced N is absent (CṼearlyD). For ex-
ample, participants should be less willing to accept [bɛ̃d] than [bɛ̃t] as a CVNC word.

3.2. Results. Our first goal is to establish that the predictions for listeners’ overall
responses, across participants, are upheld. Toward that end, the first two sections ana-
lyze the fixation patterns for the CVNC trials (Figs. 7 and 8) and the deleted-N trials
(Fig. 9). The third section, relevant to this study’s broader goal of establishing individ-
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Figure 6. Screen shot for a bed-bend trial.



ual differences in the perceptual time course, presents data for two sample listeners to
show that listeners differed in the time course of their fixation patterns (Fig. 10).
Auditory CṼNC trials. This section reports the results for trials in which partici-

pants heard a CṼNC prompt and saw paired CVC and CVNC images. Figure 7 shows the
pooled proportion fixations on the CVNC (i.e. target) image over time, beginning with
stimulus onset, according to context and nasality. Because vowels are shorter in voice-
less than in voiced contexts (see Table 2), both the disambiguating coarticulatory (Ṽ) and
consonantal (N) cues occur earlier in voiceless trials. Consequently, there appears to be
a higher proportion of target fixations in the voiceless (black curves) than in the voiced
(gray) context beginning about 375 ms after stimulus onset. Stronger evidence that lis-
teners track the unfolding coarticulatory information emerges in CṼearlyNC (solid lines)
compared to CṼlateNC (dashed) trials, which, within each voicing condition, differ only
in the timing of coarticulatory nasalization. The expected higher proportion of target fix-
ations in the early-nasalization condition also appears to emerge about 375 ms into the
trial for the voiceless stimuli and slightly later for the voiced. Fixations on the target
image begin well before onset of the nasal consonant, taking into account the time it takes
to program and execute an eye movement, indicated by the 200 ms long arrows extend-
ing from the location of N onset.
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A generalized linear mixed-effects model was fit to the proportion CVNC fixations
for trials with CṼNC prompts and CVC-CVNC images. Prior to analysis, data from
0–200 ms following stimulus onset were excluded because the eye-movement pro-
gramming delay means that any target fixations during this period were likely not in re-
sponse to the stimulus. In the model, the dependent variable was target fixations, with
fixed effects of Time 1, Time 2, Time 3 (forty time points from 200 ms to 1000 ms after
stimulus onset, again modeled with B-splines with three degrees of freedom), Nasaliza-
tion (early, late; reference level: late), coda Voicing (voiced, voiceless; reference level:
voiceless), and their interactions. Random intercepts were fitted for both Participant
and Word, and random slopes were included for Word by Time and Nasalization. Ran-
dom slopes were not included for Participant in order to keep this model’s structure par-

Figure 7. Pooled proportion target fixations, over time, on trials with auditory CṼNC according to degree of
vowel nasalization (solid vs. dashed lines) and coda voicing (black vs. gray). Dashed vertical lines: early vowel
nasalization onset; dotted: late vowel nasalization onset; solid: N onset. Left line of each type: voiceless 

context; right line: voiced context. Arrows indicate 200 ms eye-movement programming delay.



allel with the production-perception model in §4.2, where we are explicitly investigat-
ing the presence of speaker-specific fixed effects.

Due to the binomial target-fixation data as well as the sheer size of the data set, con-
ventional GLMER models were not able to converge using lme4. Consequently, all per-
ception generalized linear mixed models (GLMMs) (§§3.2 and 4.2) were fit with a
Bayesian approach, using the Markov chain Monte Carlo GLMM (MCMCglmm) pack-
age in R (Hadfield 2009). These models were fit using uninformative priors and default
settings for mixed-effects binomial MCMCglmm models and were run using 150,000
sample Markov chains.3 Model convergence was assessed using the Gelman-Rubin
 criterion (Brooks & Gelman 1998), where each model is run using multiple parallel
chains, and the variances for each parameter are compared both within and among these
chains, resulting in a potential scale reduction factor (PSRF) statistic. A fully converged
model should show nearly identical variances and estimates across chains, with a PSRF
less than 1.1 indicating that all chains, despite differences in the random sampling, have
converged on essentially the same parameter estimates. Using conventional lme4 syn-
tax for convenience, this model’s structure is as in 2, where ‘IsCVNCFixation’ is a bi-
nary variable indicating whether the fixation has a CVNC target for this trial/time point.
(The actual MCMCglmm command used to generate this and other models is provided
in the supplementary materials, which can be accessed online at http://muse.jhu.edu
/resolve/56.)

(2) IsCVNCFixation ~ bs(time,df=3)*voicing*nasalization + (1|participant) +
(1+bs(time,df=3)+nasalization|word)

The predictions of the model are summarized in Figure 8, which can be compared
with participants’ actual fixation patterns in Fig. 7. As would be expected, the model
predicts that fixations on the target image increase as time from stimulus onset in-
creases. Also as expected, a higher proportion of target looks with CṼearlyNC prompts
(solid lines) than with CṼlateNC (dashed) is predicted. This Ṽearly-Ṽlate difference in pre-
dicted responses emerges nearly as soon as the disambiguating coarticulatory informa-
tion becomes available (see Fig. 7). It is also in this same region, which is dominated by
the second B-spline control point, or Time 2, that the influence of voicing is evident:
here the model predicts a higher proportion of target looks for voiceless CṼNT prompts
(black lines) than for voiced CṼND (gray), a difference that is due to the earlier occur-
rence of disambiguating information in the voiceless context.

Table 3 gives the results for those fixed factors and interactions that reached signifi-
cance in the model. The table reports, for each coefficient, posterior means (i.e. the
model’s estimate for that coefficient). The statistical significance of each coefficient
was assessed using model-derived 95% intervals of highest posterior density (HPD)
(equivalent to 95% confidence intervals in other models), where an interval excluding
zero represents a significant effect at the p < 0.05 level or lower. pMCMC, which reflects
this assessment in a more familiar manner, is also reported. All parameters in all re-
ported models in this article show a PSRF of less than 1.05, indicating a fully converged
model (Gelman & Shirley 2011).
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3 The robustness of these findings to autocorrelation (e.g. Baayen et al. 2018) was checked in two ways:
first, by reanalyzing the perception data at coarser levels of temporal granularity (twenty rather than fifty
bins) to confirm that the relevant effects persisted, and second, by excluding every other time point prior to
entry into the model, then checking for the mathematically expected increase in modeled standard error
(~√2). Both tests point to a minimal effect of autocorrelation in these models.

http://muse.jhu.edu/resolve/56
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Auditory deleted-N trials. Although participants’ earlier looks to the CVNC
image in response to CṼearlyNC compared to CṼlateNC prompts demonstrate their over-
all attention to the coarticulatory information, trials with CṼearlyC prompts test whether
that information alone is sufficient for participants to sustain CVNC fixations. Partici-
pants’ pooled responses in the left panel of Figure 9 show that those early fixations are,
on average, sustained. Unsurprisingly, though, CVNC fixations in the absence of an
acoustic nasal consonant do not begin to approach the greater than 90% fixations for
CṼearlyNC (Fig. 7), especially in the voiced condition.

The time course of perception of coarticulatory information is linked to production 951

Figure 9. Participants’ proportion target fixations (left panel) and model predictions (right) for trials with
auditory CṼearlyC according to coda voicing.

Figure 8. Model predictions of proportion target fixations to auditory CṼNC trials according to vowel
nasality and coda voicing. (The shaded 0–200 ms region was excluded from the model.)

predictor β 95% HPD interval pMCMC
(intercept) −6.35 −7.22 −5.48 < 0.003
Time 1 4.33 1.84 7.34 < 0.003
Time 2 10.31 9.14 11.51 < 0.003
Time 3 9.38 8.37 10.44 < 0.003
Time 1 * Nasalization (Early) 1.81 0.91 2.88 0.006
Time 3 * Nasalization (Early) 1.03 0.54 1.67 0.006
Time 2 * Voicing (Voiced) * Nas. (Early) 0.82 0.20 1.40 0.010

Table 3. Results of the auditory CṼNC perception model.

An MCMCglmm was fit to the proportion CVNC fixations for trials with CṼearlyC
prompts. This model was identical to that for the CṼNC auditory prompts except that it



contained no fixed effect nor by-Word random slope for Nasalization (because all
deleted-N stimuli have early onset of nasalization). The right panel in Fig. 9 gives the
model predictions, and Table 4 gives the results for the fixed effects and interactions
found to be significant in the model. The model predicts, as expected, more fixations
with auditory voiceless CṼearlyT (black curve) than with auditory voiced CṼearlyD
(gray). This voicing difference emerges near the point of N excision, which occurs 406
and 438 ms after stimulus onset (including a 200 ms programming delay; see Fig. 7) for
voiceless and voiced contexts, respectively.
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predictor β 95% HPD interval pMCMC
(intercept) −6.16 −6.79 −5.54 < 0.003
Time 1 4.94 3.29 6.95 < 0.003
Time 2 7.31 6.34 8.58 < 0.003
Time 3 7.41 6.38 8.28 < 0.003
Time 2 * Voicing (Voiced) −2.46 −4.00 −0.99 < 0.003
Time 3 * Voicing (Voiced) −2.09 −3.52 −0.79 0.007

Table 4. Results of the auditory CṼearlyC perception model.

In summary, participants’ eye movements as they listened to auditory prompts with
coarticulatory vowel nasalization show that, overall, participants anticipate an upcom-
ing nasal consonant shortly after the information about velum lowering becomes avail-
able. This outcome is most evident in responses to stimuli that differ in the timing of the
onset of nasal coarticulation: the earlier the coarticulatory information, the faster and
more accurate the fixations on the target image (Figs. 7 and 8). Participants’ eye move-
ments in response to auditory prompts with coarticulatory nasalization but no nasal
consonant, however, show that listeners are responding to the information for velum
lowering in context-dependent ways. As a group, participants weight more heavily the
coarticulatory information in the voiceless context (Fig. 9), that is, in the context in
which that information can be especially important in the Midwestern American En-
glish dialect spoken by many of these participants.
Individual differences. Just as these participants’ production of coarticulatory

nasalization varies across individuals, so too does the time course of their perception.
Individual perceptual differences, and their relation to production, are systematically
examined in §4. Here we briefly illustrate the nature of these differences for two partic-
ipants, one from each group of the speakers with the highest and lowest PC2 values
(that is, speakers with earlier and later onset of coarticulatory nasalization; Fig. 5). Fig-
ure 10 gives the responses of participants P17 (left; with a high PC2 value) and P55
(right; low PC2) to auditory CṼ(N)C prompts with a CVC competitor image. Although
both participants fixated the target image by the end of trials in which the nasal conso-
nant was present (solid lines), close scrutiny shows three differences: (i) P17 fixated the
target image more quickly, reaching 50% target fixations about 100 ms before P55; (ii)
P17’s responses show greater differences between stimuli with early vs. late onset of
nasalization (corresponding black vs. gray solid lines); and (iii) for P17 but not P55,
CṼD prompts with no nasal consonant (dashed lines with triangles) are sufficient to
elicit systematic percepts of a CVND word. These differences are consistent with P17
finding coarticulatory nasalization more useful than P55 in making linguistic decisions,
at least in this laboratory setting.

4. Does individuals’ production of coarticulation predict their perception?
4.1. Model structure and predictions. Having delineated the aerodynamic and

perceptual time course of nasalization for the same group of participants, we turn to the
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Figure 10. Proportion target fixations of two participants, P17 (left) and P55 (right), on trials with auditory
CṼNC (solid lines) and CṼC (dashed) according to degree of vowel nasalization (black vs. gray lines) 

and coda voicing (triangles vs. circles). See text for discussion.

main question of this study: is there a relation between the production and perceptual
use of this coarticulatory information at the level of the individual speaker-listener? In
addressing this question, we asked whether a speaker’s production is informative when
predicting that individual’s perceptual patterns. To this end, each speaker’s production-
based PC2 measure was incorporated into the perception data by labeling each percep-
tion trial with the corresponding speaker’s overall PC2 value. These PC2 values were
then entered into the two perception models presented in §3.2 as an additional predictor
of perception, allowing it to interact with all other fixed effects.

We expect all participants, regardless of whether they produce early onset of coartic-
ulatory vowel nasalization (as measured by PC2), to be accurate perceivers. For reasons
offered in §1, however, we hypothesize that participants who produce earlier onset of
the coarticulatory information will be, as listeners, more efficient or effective users of
that information. This general prediction might be borne out in one or more ways in the
perception models that incorporate production. Most importantly, we predict that par-
ticipants who produce early onset of plateau-like nasalization—that is, participants with
high PC2 values—will demonstrate earlier perceptual use of nasalization in auditory
CṼNC trials by choosing the target image over its competitor more quickly than partic-
ipants with low PC2 values. This hypothesized more efficient use of coarticulated
nasality might also emerge in different patterns of responses to early compared to late
onset of vowel nasalization. Specifically, participants who produce earlier onset of
nasality might, if they are tracking the time-varying coarticulatory cues particularly
closely, show a larger perceptual difference between the two degree-of-nasalization
(early, late) conditions. Also possible is that a perceptual difference between early and
late onset of nasalization might be temporally distributed, with participants with high
PC2 values exhibiting a difference at an earlier point in time (within the 1000 ms period
of interest) than those with low PC2 values.

For auditory stimuli in which the nasal consonant has been deleted (CṼC), we again
predict that the perceptual time course will exhibit earlier fixations on the target CVNC
image for participants who produce early onset of nasality. Moreover, recall that, over-
all, listeners were significantly less likely to look at the target CVNC image in voiced
CṼD than in voiceless CṼT trials (Fig. 9), presumably because it is considerably less
common for American English speakers to substantially shorten or omit a nasal conso-
nant before voiced than before voiceless obstruents. Relatedly, a tentative prediction is
that participants who produce late onset of nasality (i.e. have low PC2 values) might ex-



hibit a particularly large perceptual voicing effect for CṼC trials, under the speculation
that these individuals will be less likely to attend to nasalization in the (voiced) context
in which that information is more routinely redundant.

4.2. Modeled results.
Auditory CṼNC trials. To assess whether individuals’ production as measured by

PC2 airflow values predicts their perception, a GLMM model using MCMCglmm was
fit to the CṼNC (with CVC visual competitors) fixation data. The dependent variable
was target fixations, with fixed effects of Time 1, Time 2, Time 3 (corresponding to the
three B-splines), Nasalization (early, late; reference level: late), Voicing (reference level:
voiceless), PC2, and their interactions. Participant and Word were included as random in-
tercepts. Random slopes were included for Word by Time and Nasalization. Because this
model explicitly seeks to investigate differences among speakers over time, random
slopes for Participant were not included, as this would split the effect under study into
different layers of the model, given that differences in fixation over time are being ex-
plicitly tested by the fixed effect of PC2.4 (By comparison, random intercepts for Partic-
ipant test overall differences in fixation proportion.) As in the previous models, this
model used uninformative priors and 150,000 sample chains. Again using conventional
lme4 syntax for convenience, 3 gives this model’s structure, where PC2 corresponds to
each participant’s PC2 value.

(3) IsCVNCFixation ~ bs(time,df=3)*voicing*nasalization*pc2 + 
(1|participant) + (1+bs(time,df=3)+nasalization|word)5

Figures 11 and 13 summarize the model predictions. In the interest of displaying op-
timally representative values, these figures present model predictions for the mean
value of PC2, as well as values corresponding to 90% and 10% of the overall PC2 range
attested among the speakers.

Our main expectation is that the measure of production, PC2, will interact with per-
ception, with participants with high PC2 values having earlier CVNC fixations than
those with low PC2. This expectation is robustly borne out in the model. Figure 11
shows that the model predicts the expected effects of PC2 on proportion CVNC fixa-
tions in all nasality and voicing conditions. The expected effect of production disap-
pears by about 700 ms after stimulus onset (or earlier, in the voiceless context). Given
that the longest auditory stimulus was 475 ms long, this timing indicates that the per-
ceptual difference between participants with high and low PC2 values continues
throughout the auditory prompt (adding 200 ms for programming delay). In three con-
ditions (all but ‘early voiceless’), the fixation patterns reverse at about 800 ms after
stimulus onset such that participants who produce early onset of nasality are predicted
to decrease their CVNC fixations toward the end of the trial. This outcome is most
likely due to these participants having earlier looks to the visual image and beginning to
look away in later time windows (and accounts for the four-way interaction involving
Time 3 in Table 5). (Trude & Brown-Schmidt 2012 also reported a late reversal in a
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4 A model run with full random slopes by Participant still showed a similar and significant PC2 effect, but
with reduced magnitude, reflecting this relationship between fixed and random effects.

5 In order to determine whether a simpler model would adequately fit the data, the production/perception
models were also run with Voicing excluded (combining voiced and voiceless data into one larger model). Al-
though the PC2 effect remained present in these simpler models, model comparison using DIC (deviance
 information criterion, a Bayesian version of AIC; cf. Gelman et al. 2014) indicated that the Voicing-
included models provided better fit, showing reductions in DIC > 25 for models that include Voicing.



condition in which participants looked particularly early to the target image and offered
a similar interpretation.) That these modeled patterns accurately capture the time course
of the actual data can be seen by comparing Fig. 11 with Figure 12. Figure 12 gives the
actual mean proportion fixations over time for the ten participants with the highest PC2
values and the ten participants with the lowest PC2 values, and it exhibits the patterns
just described.
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Figure 12. Mean proportion target fixations to auditory CṼNC trials of participants with ten highest (gray
curves) and ten lowest (black) PC2 values. Line width represents standard error.

Figure 11. Model predictions of proportion target fixations to auditory CṼND (top) and CṼNT (bottom)
trials in two nasality conditions according to participants’ airflow PC2. Dashed lines: mean PC2 value. High 

(solid gray) and low (solid black) PC2 correspond to 90% and 10%, respectively, of overall PC2 range.



We also predicted (see §4.1) that PC2 should interact with Nasalization, with partici-
pants with high PC2 values showing an especially large perceptual difference between
CṼearlyNC and CṼlateNC trials. And we suggested that Time might also interact with
PC2 and Nasalization such that high PC2 participants would exhibit a Ṽearly-Ṽlate Nasal-
ization difference at an earlier point in the trials than low PC2 participants. These
 predictions, which were upheld, are elucidated by inspecting both model fixation pre-
dictions and model results. Table 5 gives the model results for significant interactions
involving PC2, without repeating the main effects of Time previously reported in Table
3. The most important takeaway from Table 5 is that PC2 participates in many interac-
tions, as is expected if the perceptual use of coarticulation mirrors its production. These
interactions align with our predictions except that the PC2 by Nasalization by Time in-
teractions were restricted to the voiceless context. Although this effect is apparent in
close comparison of the right and left lower panels of Fig. 11, for ease of reference Fig-
ure 13 reconfigures model predictions according to nasality. Figure 13 reveals that
model predictions for high PC2 values show an earlier effect of early vs. late vowel
nasality (400–650 ms) than do those for low PC2 values (600–900 ms after stimulus
onset), consistent with participants who produce early coarticulatory nasalization using
that information especially quickly in perception.
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Figure 13. Model predictions for proportion target fixations to auditory CṼNT (i.e. voiceless context) trials
according to high and low PC2 values and vowel nasality.

predictor β 95% HPD interval pMCMC
(intercept) −6.92 −7.74 −6.05 < 0.003
PC2 0.74 0.49 0.98 < 0.003
Time 1 * PC2 −1.28 −1.63 −0.95 < 0.003
Time 2 * PC2 −0.38 −0.55 −0.25 < 0.003
Time 3 * PC2 −0.88 −1.10 −0.69 < 0.003
Nasalization (Early) * PC2 −0.55 −0.76 −0.31 < 0.003
Time 1 * Nas. (Early) * PC2 1.21 0.74 1.73 < 0.003
Time 3 * Nas. (Early) * PC2 0.73 0.44 1.01 < 0.003
Time 1 * PC2 * Voicing (Voiced) 0.73 0.19 1.16 0.007
Nas. (Early) * PC2 * Voicing (Voiced) 0.48 0.18 0.83 < 0.003
Time 1 * Nas. (Early) * PC2 * Voicing (Voiced) −1.18 −1.89 −0.51 < 0.003
Time 3 * Nas. (Early) * PC2 * Voicing (Voiced) −0.59 −0.98 −0.16 0.007

Table 5. Results of the combined PC2 production/CṼNC perception model. Only the significant
interactions involving PC2 are reported.

Overall, although the differences in the perceptual patterns of participants who pro-
duce early compared to those who produce later onset of coarticulatory nasalization are
small, the model of the auditory CṼNC trials shows that, across conditions, partici-



pants’ production as measured by PC2 airflow values contributes to predicting their
perception. These differences are evident as well in the responses of individual speaker-
listeners, as shown in Figure 14, which gives responses to CṼNC prompts for the ten
participants (with five highest and five lowest PC2 values) whose production data were
shown in Fig. 5. Although one participant with low PC2 values, P65, has unexpectedly
early target fixations, it is otherwise the high PC2 speakers, with earlier, plateau-like
nasal airflow patterns, who show earlier fixations, and low PC2 speakers, with later,
cline-like articulations, who cluster together with later fixation times.
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Auditory deleted-N trials. An MCMCglmm with the same structure and set-
tings, but without Nasalization as a fixed effect, was fit to the proportion CVNC fixa-
tions for trials with CṼearlyC prompts. The dependent variable was target fixations, and
fixed effects were Time 1, Time 2, and Time 3, Voicing (reference level: voiceless),
PC2, and their interactions, along with random intercepts for Word and Participant and
random slopes for Word by Time. The model’s structure is given in 4.

(4) IsCVNCFixation ~ bs(time,df=3)*voicing*pc2 + (1|participant) +
(1+bs(time,df=3) |word)

Participants who produce early coarticulatory nasalization are again expected to fix-
ate CVNC images more quickly, with more looks to the target in the earlier region of
the time course. These expectations are confirmed in the model’s predictions in Figure
15 (left panel), which shows that PC2 impacts perception primarily during the early part
of the fixation curve. The model predictions for the voiceless context (Fig. 15, lower
left) also seem to predict a strong reversal in the later portion of the trial, which is sup-
ported by the model results in Table 6 (which again reports only significant effects in-
volving PC2). Specifically, we see that PC2 interacts with Time throughout the vowel.
The late reversal predicted by the model is, however, not apparent in participants’ actual
fixations: the mean fixations for participants with the ten highest and ten lowest PC2
values, given in the middle panel of Fig. 15, have overlapping distributions in the 700–

Figure 14. Proportion target fixations to auditory CṼNC trials of participants with five highest PC2 (gray)
and five lowest (black) PC2 values.



1000 ms region. We attribute the discrepancy between the modeled and actual data to
participants’ highly variable responses especially later in the CṼearlyT trials.
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We suggested (§4.1) that, because vowel nasalization serves as critical information
more often in VNCvoiceless than in VNCvoiced contexts (e.g. differentiating bet-bent but
more rarely bed-bend ), participants who produce less coarticulatory nasalization might
be especially unlikely to attend to this information in voiced contexts. The data, though,
provide no evidence of a larger voicing difference, toward the end of the CṼearlyC trials,
for participants with low compared to high PC2 values. The group patterns are well il-
lustrated by the CṼearlyC perception results for the same ten participants (five highest
and five lowest PC2 values) whose production (Fig. 5) and CṼNC perception (Fig. 14)
data have already been shown. The right panel of Fig. 15 shows that high PC2 partici-
pants generally have earlier fixations on the CVNC (and especially the CVND) image
but that, by the end of the trial, they are no more likely than low PC2 participants to fix-
ate that image.

5. Discussion.
5.1. Summary. This study investigated the relation between individuals’ articulatory

and perceptual repertoires for coarticulatory nasalization. Grounded in the view that
there are shared forms across the modalities of speaking and listening, and that these

Figure 15. Proportion CVNC fixations to auditory CṼearlyC. Left: model predictions according to
participants’ airflow PC2. Middle: mean actual fixations of participants with ten highest and 

ten lowest PC2 values. Right: fixations of individual participants with five highest 
and five lowest PC2.

predictor β 95% HPD interval pMCMC
(intercept) −6.74 −7.45 −6.19 < 0.003
PC2 0.59 0.36 0.83 < 0.003
Time 1 * PC2 −0.66 −1.00 −0.33 < 0.003
Time 2 * PC2 −0.64 −0.77 −0.50 < 0.003
Time 3 * PC2 −0.67 −0.92 −0.52 < 0.003

Table 6. Results of the combined PC2 production/CṼearlyC perception model. Only the significant effects
involving PC2 are reported.



shared forms are complexly related at the level of individual language users, we hy-
pothesized that individuals who more consistently and extensively produce coarticula-
tory nasalization in their own speech will attend to this information especially closely in
perception. Speakers’ patterns of nasal airflow revealed that, although all speakers pro-
duced coarticulatory nasal airflow during the vowel preceding a nasal consonant, the
time course of the airflow patterns differed measurably and reliably across individuals.
These individual differences were modeled in a functional principal component analy-
sis whose second component, PC2, captured speaker differences in both the volume of
nasal airflow early in the vowel and the changing slope of the airflow functions over
time. Speakers whose nasal airflow patterns were associated with higher PC2 values
produced relatively heavy coarticulatory flow early in the vowel and had plateau-like
airflow functions (until shortly before the nasal consonant), whereas those whose pat-
terns were associated with lower PC2 values had later onset of coarticulation and more
cline-like curves (Figs. 4 and 5).

The time course of these same participants’ perception of coarticulatory nasalization,
as that information became available in real time, was measured in an eye-tracking task.
As a group, listeners closely attended to the coarticulatory information: the earlier the
coarticulatory cues for an upcoming nasal consonant, the earlier listeners look to target
images representing CVNC rather than CVC words (Figs. 7 and 8). As a group, listen-
ers also demonstrated that nasalization was especially informative in the voiceless con-
text—that is, in the context in which the coarticulatory property tends, in the ambient
speech of the community, to be particularly robust and the trigger of the coarticulation
(the nasal consonant) is more variably realized (Fig. 9).

Statistical models that tested whether individual participants differed in their percep-
tual processing of coarticulatory nasalization, and whether individuals’ perceptual pat-
terns are partially predicted by their production of that information, provide support for
the hypothesized relation between perception and production. Participants who produced
heavier coarticulatory airflow early in the vowel (high PC2 values) looked earlier to, 
and had more fixations over time on, the target CVNC images in response to auditory
prompts with vowel nasalization (Figs. 11 and 14). Consistent with these participants
more closely tracking the coarticulatory information, they also exhibited (slightly) larger
perceptual differences between the (early, late) conditions that differed in the temporal
extent of vowel nasalization. Participants’ perceptual time course differed as well in that
the effect of the temporal manipulation of coarticulatory nasalization emerged relatively
early in eye-tracking trials for participants with high PC2 values and only later for par-
ticipants with lower values (at least in voiceless contexts; Fig. 13). However, not all ex-
pected links between production and perception of coarticulation were realized in the
data. In particular, although participants differed in whether vowel nasalization alone,
without an accompanying nasal consonant, was sufficient to systematically elicit CVNC
lexical decisions (Fig. 15, rightmost panel), this perceptual difference did not depend on
participants’ production patterns. Put another way, these data do not provide evidence
that individuals’ production predicts their final decision about the word they heard. This
may be, in part, because the main perceptual condition in which final decisions substan-
tially differed was also the only one in which the auditory stimulus, voiced CṼD, would
rarely occur in natural speech, possibly leading some participants to use—in this labora-
tory setting—cues that they might otherwise find less informative (i.e. in settings where
other information would be available). The data do, however, provide clear evidence that
the time course of individuals’ production of coarticulatory nasalization predicts, to some
degree, the time course of their perception of that information.
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5.2. The relation between individuals’ production and perception. We con-
sider first how to interpret the perceptual findings in light of theoretical approaches to
speech perception that hold that, due to its lawful nature, coarticulatory variation in-
forms perception (e.g. Strange et al. 1983, Whalen 1984, Fowler 2006; see §1). We
share this perspective and, indeed, the related perspective that this informativeness
should hold, to some extent, for all perceivers. In our view, the current perceptual re-
sults provide further support for this approach. Regardless of whether participants pro-
duced early or later onset of coarticulatory nasalization, they showed sensitivity to that
information in the eye-tracking task. Perhaps the clearest evidence of this sensitivity is
that producers of both early and later nasality (i.e. producers with high and low PC2
values) exhibited a difference between the two perceptual conditions that differed in the
timing of the coarticulatory information. Where participants differed, as we have
shown, is in the time course of their attention to coarticulation. This main finding effec-
tively adds a temporal dimension to the individual differences in cue weighting that
have been reported in the literature (e.g. Beddor 2009, Idemaru et al. 2012, Shultz et al.
2012, Schertz et al. 2015): here, some listeners attend more efficiently and, at least ini-
tially, more accurately than others to the evolving coarticulatory information.

These data also merit interpretation relative to previous studies, reviewed in §1, that
have for the most part failed to establish a correlation between perception and produc-
tion of coarticulation at the level of individual speaker-listeners (Grosvald 2009,
Kataoka 2011, Grosvald & Corina 2012, Shultz et al. 2012, Schertz et al. 2015; though
cf. Zellou 2017). A similarly negative outcome could quite possibly have been obtained
in this study as well if instead of analyzing the time course of perception we had ana-
lyzed participants’ final lexical choices, which were, as we have observed, not demon-
strably tied to their production patterns. That the time-course analysis was successful in
establishing a production-perception relation is, we believe, due to these data revealing
the moment-by-moment usefulness of specific properties of the acoustic signal as they
become available to a listener. The findings show that individuals who are the more ef-
ficient users of the coarticulatory cues in turn produce similarly informative (i.e. more
heavily coarticulated) speech signals. Although it is somewhat tempting to suggest that
these individuals do so because they find such signals useful to themselves as per-
ceivers, we remain agnostic about the direction of this relation (e.g. perhaps routinely
producing the strongly coarticulated signals more finely attunes an individual to that
 information).

5.3. Implications for sound change. A challenge for research on sound change, as
aptly characterized by Stevens and Harrington, is to ‘link the initiation of sound change
within individual cognitive grammars with the diffusion of novel variants through the
community’ (2014:2). This study takes up one specific aspect of this challenge: to iden-
tify a mechanism, for perceptually motivated sound changes, through which a listener’s
percept—most relevantly, an innovative percept—is publicly manifested and hence has
the potential to spread through the community. We investigated coarticulation be-
cause sound changes involving coarticulatory processes have become the classic exam-
ple of changes in which the source of the phonetic variation is articulatory, but the
impetus for the change involving those variants is arguably perceptual (e.g. Ohala 1981,
1993, Guion 1998, Harrington et al. 2008, Beddor 2009, Grosvald & Corina 2012, Yu
2013; though cf. Bybee 2012). This classic example and other claims of perceptually
motivated changes rely, as discussed in §1, on listeners-turned-speakers producing vari-
ants that reflect their percepts. The main finding of a link between an individual’s per-
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ception and production, with earlier and more efficient perceptual attention to coarticu-
lation being tied to greater production of that information, offers empirical support for
this assumption. 

How might the perception-production relation established here help explain sound
changes leading to distinctive vowel nasalization, whereby the coarticulatory trigger
(N) is lost and the original coarticulatory effect (Ṽ) becomes the contrastive property?
We refer to listeners who closely track coarticulatory nasalization, and attend to this in-
formation as soon as it becomes available to them, as ‘innovative’ listeners. This is not
to say that all listeners who find coarticulatory information to be perceptually useful are
innovative (indeed, we expect such processing to be the norm). Rather, in the context of
describing incipient perceptually motivated sound change, we take listeners who fall at
the more extreme, positive end of the continuum of attention to coarticulatory detail to
be innovative. Some of these listeners are especially innovative in that not only do they
readily anticipate a CVNC word on the basis of vowel nasalization, but they also do not
require the nasal consonant to sustain the CVNC percept (see §4.2). The findings for
participants with high airflow PC2 values indicate that the innovative listeners also tend
to be innovative speakers in that they produce especially heavy anticipatory nasal coar-
ticulation early in the vowel. It remains to be shown, then, how this situation—which is
presumably one of stable variation in a speech community—could progress to one in
which an emerging new norm increasingly has extensive vowel nasalization and de-
creasingly realizes the nasal consonant.

One possible account appeals to the trade-off, within stable variation, that has been
reported between the temporal extent of vowel nasalization and the duration of a fol-
lowing nasal consonant due to variable alignment, in VNC sequences, of a relatively
constant-sized lowered-velum gesture relative to oral vowel and stop constrictions (see
§2.2 and Beddor 2009). This trading relation also holds for the current production data:
in general, the earlier the onset of anticipatory nasal airflow during the vowel, the
shorter the following nasal consonant (§2.2). Thus, innovative perception is linked, in
production, to both more extensive vowel nasalization and shorter nasal consonants—
that is, to nasal consonants that are, arguably, perceptually not highly salient for these
individuals’ interlocutors. These variants, if spread through the speech community,
could, over time, potentially contribute to a change from ṼN to ṼN (i.e. shortened and
only sporadically realized N) to Ṽ. Indeed, as we have discussed, ṼN is already the situ-
ation for phonological VNCvoiceless sequences for some speakers of American English.

Figure 16 gives further evidence from the current production and perception data that
the participants who show earlier attention to vowel nasality produce not only more ex-
tensively nasalized vowels but also shorter nasal consonants. Rather than taking our
previous approach of evaluating the mean proportion CVNC fixations for the partici-
pants with the five highest and five lowest PC2 values, we instead calculated CVNC
fixation curves for the participants with the five longest and five shortest average nasal
consonant durations in voiceless contexts. The expected difference—that partici-
pants who produce shorter nasal consonants (and concomitantly earlier vowel nasaliza-
tion) look earlier to the CVNC images—emerges only very early (up to about 400 ms
after stimulus onset) in response to auditory CṼearlyNC prompts (right panels) but ex-
tends through more of the perceptual trial in response to CṼC prompts (left).

That a trading relation between coarticulatory source and effect might contribute 
to change is consistent with the sound change literature. The synchronic tendency for
earlier onset of vowel nasalization to cooccur with shorter nasal consonants in pre-
voiceless contexts, for example, is mirrored in the historical development of phonemic
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vowel nasalization. Specifically, historical data from Romance (e.g. Hajek 1997:141–
43, Sampson 1999:224, 274) and Indo-Aryan (Ruhlen 1978) languages indicate earlier
development of vowel nasalization and nasal consonant loss in voiceless contexts.
Three other coarticulatory trading relations that likely contribute to sound change are
also relevant here. First, strikingly parallel to the realignment of the lowered-velum
gesture that presumably contributes to phonemic nasalization is the realignment of an
open-glottis gesture relative to stop closure in Western Andalusian Spanish. This re-
alignment in /s/ + stop clusters yields a trading relation between preaspiration (e.g. [st],
[ht]) and postaspiration (e.g. [th]) and is the source of change from unaspirated to aspi-
rated stops in this variety (Parrell 2012). A second example is the relative weighting of
VOT and f0 as information for voicing contrasts (see §1). These properties trade off,
with longer positive VOTs for voiceless plosives in English, for example, cooccurring
with lower f0 values (Shultz et al. 2012, Dmitrieva et al. 2015). For English, the
VOT/f0 trade-off is presumably stable covariation. For Seoul Korean, however, which
is undergoing tonogenesis, some findings point toward decreasing VOT differences be-
tween phonation types occurring in tandem with increasing f0 differences on following
vowels (e.g. Kang 2014). Third, another trade-off implicated in (noninitial) voicing
contrasts is that between the durations of stop closure and a preceding vowel: longer
closures for voiceless stops cooccur with shorter vowels. Harrington et al. 2012 re-
ported that a postvocalic voicing contrast is developing in the stop productions of
younger speakers of the East Franconian dialect of German apparently due to an emerg-
ing trading relation between the source (in this case, a strongly released phonologically
voiceless stop) and its effect (truncation of the preceding vowel). We view these trading
relations as an important mechanism by which new production and perception norms
may emerge from coarticulatory variation.

We are necessarily cautious in our interpretation of our results’ implications for sound
change. The ‘innovative’ listeners who rely especially heavily on vowel nasality early in
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Figure 16. Proportion CVNC fixations to auditory CṼearlyC (left) and CṼearlyNC (right) trials for
participants who produced the five longest and five shortest average N durations in 

voiceless contexts. Line width represents standard error.



the time course of perception are not the only individuals who, as speakers, produce early
heavy coarticulatory nasalization. From the production side, not all producers of relatively
late onset of coarticulation—that is, conservative speakers—are also conservative listen-
ers. Indeed, for some of the coarticulatorily conservative speakers in this study, vowel
nasalization alone (without a following nasal consonant) was sufficient for eliciting and
sustaining looks to CVNC words (Fig. 15). Participants in this study do not fall neatly
along an innovative-to-conservative perception-production continuum. Rather, our find-
ing is that there is a small but significant and systematic tendency, demonstrated by statis-
tical modeling, for perception and production of coarticulation to be linked. And, again, it
is via this tendency that innovative—or conservative—perception can be manifested in
production. Grosvald and Corina (2012) pointed out that, for listeners to contribute to
sound changes involving coarticulation, a speech community as a whole would not need
to exhibit a perception-production correlation; that is, it should be sufficient for some lis-
teners to manifest their percepts in their coarticulated productions, and it is these quite pos-
sibly sporadic speaker-listeners who could initiate the change. Stevens and Harrington
(2014) further suggested that, if indeed only very few individuals in a community have the
requisite perception-production link, this might help explain why sound change is not
rampant despite the phonetic conditions for sound change being ever-present in the ambi-
ent language. The current data, however, indicate that although perception of coarticula-
tion is highly variable across participants in ways not explained by their coarticulated pro-
ductions, production nonetheless partially predicts perception in expected ways.

We are also necessarily cautious in interpreting our results because these data do not
address why particular individuals differ in their attention to, and production of, coar -
ticulation. That individuals differ follows, we believe, from the multiple sources of
 information that are available for a given speech contrast and the typical status of coar-
ticulatory information as redundant, subphonemic detail. However, in this study we lack
participant information that might inform these individuals’ specific (but linked) articu-
latory and perceptual repertoires. We expect that both linguistic experience and so-
ciocognitive characteristics contribute not only to a given speaker-listener’s patterns, but
also to the strength of the link between these patterns, which varies across individuals.
Although this speculation cannot be pursued further here, in ongoing research in our lab
we are addressing some of these issues by extending investigation of the time course of
perception and production to socially indexed patterns of coarticulatory variation.

6. Conclusion. Theories of phonetics and theories of the actuation of sound change
share the goal of determining the relation between speech perception and production for
individual speaker-listeners. This study of speaker-listeners’ production of, and percep-
tual attention to, coarticulated speech demonstrates that listeners who are efficient users
of the coarticulatory information and who track the coarticulatory information espe-
cially closely as the acoustic signal unfolds over time produce, as speakers, especially
early onset of that same information. Other speaker-listeners, however, evidence a later
time course in both perception and production. For theories of phonetics, this main
finding suggests that the parity between the forms of speaking and listening is not lim-
ited to the requirement of sufficient similarity between these forms, but apparently ex-
tends to the production-perception relation within the individual language user. For
theories of sound change, this outcome substantiates the long-standing assumption, es-
pecially of models of perceptually motivated change, that listeners-turned-speakers’
productions reflect their perception. A speaker-listener’s perception of coarticulated
speech is made public through their productions.
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