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LARYNGEAL CONTRAST AND SOUND CHANGE: THE PRODUCTION AND 
PERCEPTION OF PLOSIVE VOICING AND CO-INTRINSIC PITCH

Inspired by Beddor 2009, this article explores whether and how trading relations between 
coarticulatory source and effect may serve as a precursor for sound change. It aims at extending 
the case of vowel nasalization examined by Beddor to the relationship between closure voicing 
(source) and co-intrinsic pitch (effect). Through four production and perception studies, we show 
that the inverse source-effect relation observed for vowel nasalization is not found in the voic-
ing contrast of French, a true-voicing language. Instead, we propose that the phonologization of  
co-intrinsic pitch (a.k.a. tonogenesis) originates from spontaneous devoicing (a production bias), 
which subsequently triggers an upweighting of pitch (a perceptual adaptation strategy).*
Keywords: trading relation, voicing, co-intrinsic pitch, phonologization, tonogenesis, sound change, 
French

1. Introduction.
1.1. Co-intrinsic pitch perturbations and sound change. This article aims 

to develop our understanding of the phonetic origins of sound change (Beddor 2023) 
through a study of two cues to the laryngeal (voicing) contrast: closure voicing and 
pitch. At least since House & Fairbanks 1953, it has been observed that differences in 
consonant voicing are associated with coarticulatory differences in vowel fundamental 
frequency (F0) in a wide range of languages (for crosslinguistic comparisons in typo-
logically diverse languages, see e.g. Bradshaw 1999, Chen & Downing 2011, Dmitrieva 
et al. 2015, Hombert et al. 1979, Kirby 2018, Lee 2008, Shimizu 1990, and Tang 2008). 
The most robust finding is that vowel F0 is raised, relative to the presumed intona-
tional baseline, following phonologically voiceless obstruents (Hanson 2009, Kirby & 
Ladd 2016), but lowered F0 following phonologically voiced obstruents has also been 
observed (Coetzee et al. 2018, Howe 2017). In this article, we refer to this effect as 
co-intrinsic pitch or CF0 (Kingston 2007, Krug et al. 2021), part of the more gen-
eral phenomenon of microprosody or micromelody (Di Cristo & Hirst 1986, Kohler 
1982). While the magnitude, direction, and temporal extent of CF0 perturbations are 
heavily contingent on the (local and global) prosodic context (Chen et al. 2023, Chen 
2011, Choi et al. 2020, Hanson 2009, Jun 1993, Kirby & Ladd 2016, Kohler 1982, 
Silverman 1986, Xu & Xu 2021), CF0 has been shown to affect the perception of laryn-
geal contrasts (Abramson & Lisker 1985, Haggard et al. 1970, Whalen et al. 1990). 
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Crucially, it is widely assumed both that CF0 plays a central role in the emergence and 
evolution of lexical tone and that phonologization of CF0 is an essential step in this pro-
cess (Dockum 2019, Gehrmann 2022, Haudricourt 1961, Hyman 1976, Hyslop 2022, 
Kingston 2011, Li 1980, Maspero 1912, Matisoff 1973, Mazaudon 2012b, Michaud & 
Sands 2020, Pittayaporn 2009, Ratliff 2015, inter alia).

An outstanding theoretical and experimental challenge in work on sound change has 
been to spell out the conditions under which synchronic coarticulatory effects like CF0, 
nasalization, or vowel-to-vowel coarticulation are phonologized, leading to the devel-
opment of new phonological contrasts such as lexical tone, contrastive vowel nasality, 
or umlaut (Blevins 2004, Hagège & Haudricourt 1978, Harrington et al. 2019, Hyman 
2013). Two leading models that have addressed this challenge are those of Ohala (1989, 
1993) and Beddor (2009, 2012, 2023). In Ohala’s model, coarticulation rarely leads to 
sound change, because adult listeners are sensitive to induced variation and compensate 
for it in speech perception (Mann 1980, Mann & Repp 1981, Pardo & Fowler 1997). 
As a result, even when presented with a coarticulated acoustic signal, listeners are typ-
ically successful at mapping it onto the phonological category intended by the speaker. 
It is only in the rare instances when listeners fail to compensate for coarticulation that a 
sound change will take place. In Ohala’s model, sound change is fundamentally abrupt, 
the result of a perceptual parsing error on the part of the listener (an idea with anteced-
ents going back at least to de Courtenay 1972 [1871] and Passy 1890). 

While Beddor’s model bears some superficial similarities to Ohala’s, it differs cru-
cially in two respects. First, the source of change is not listener error, but parsing vari-
ability: Beddor proposes that the flexibility observed in cue weighting (Francis et al. 
2000, Harmon et al. 2019, Holt & Lotto 2006, Idemaru & Holt 2011, 2014, Lisker 
1986) may lead to individual differences in cue weights (Clayards 2018a, Idemaru et al. 
2012, Yu 2021). Second, in Beddor’s model, coarticulation is phonologized in an incre-
mental fashion, as the relationship between coarticulatory source and effect changes. 
Specifically, Beddor proposes that listeners may treat covarying cues to a phonological 
contrast as perceptually equivalent (as defined in Best et al. 1981). Over time, one 
cue-weighting pattern can become dominant, giving rise to sound change. Thus, instead 
of listener parsing errors, it is the articulatory covariation and perceptual equivalence 
between cues that provide the seed of sound change.

In support of her model, Beddor (2009, 2012) demonstrates the existence of vari-
able perceptual strategies for identifying nasalization in vowel-nasal (ṼN) sequences 
in American English: some listeners base their judgments of whether a lexical item 
contains a nasal (e.g. bent vs. bet) primarily on information in the N, while others make 
greater use of information in the Ṽ, or some combination of the two. She further pro-
vides acoustic evidence that the durations of Ṽ and N are negatively correlated within 
and across contexts and speakers, regardless of whether the nasal consonant is robustly 
present or reduced. Beddor argues that these converging articulatory and perceptual 
findings provide a plausible basis for the reinterpretation of coarticulatory source and 
effect and subsequent diachronic change.

This model, which we refer to as the coarticulatory path model (or CoPath), pro-
vides a principled framework in which to consider many types of sound change thought 
to arise from the phonologization of coarticulatory effects, as well as a methodology 
for investigating them. Indeed, Beddor herself suggests that ‘the expectation is that 
articulatory covariation and perceptual equivalence might hold for other coarticulatory 
sources and their effects. They may therefore underlie other sound changes in which 
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the source is lost and the coarticulated variant becomes distinctive’ (2009:817). Beddor 
goes on to suggest that the phonologization of co-intrinsic pitch may be just such a case, 
based on studies showing the perceptual trading relation between VOT (voice onset 
time, an index of the temporal interval between the onset of vocal-fold vibration and the 
release of a plosive: Lisker & Abramson 1964) and F0 of the following vowel (Whalen 
et al. 1993). Beddor’s model has subsequently been cited as providing a plausible mech-
anism to explain so-called ‘tonogenetic’ sound changes involving phonologization of 
CF0 (Coetzee et al. 2018, Howe 2017, Kuang & Cui 2018, Yang et al. 2015).

However, there are reasons to doubt that either articulatory covariance or perceptual 
equivalence obtain in the case of voicing and CF0, because the relationship between 
coarticulatory source and effect in this case is considerably more complex than in nasal-
ization. In VN sequences, the velum-lowering gesture is timed to coordinate with the 
oral closure, producing the acoustic effect of a nasal obstruent. As explained in §1.2 
below, if this gesture occurs prior to oral closure, the vowel will be realized as (at least 
partially) nasalized. We may thus regard the N as the coarticulatory source, and the 
nasalized Ṽ as the coarticulatory effect, with a single gesture (velum lowering) connect-
ing the two. Because source and effect are mediated by a single gesture, they are treated 
as equivalent by speakers and listeners. That is, as the source wanes, the effect becomes 
stronger, and vice versa.

In the case of CF0, this relationship is not quite as clear-cut. First, as we discuss in 
more detail in §1.3 below, there are probably at least two CF0 effects—raised F0 follow-
ing voiceless obstruents, and lowered F0 during and/or following voiced obstruents— 
that come about due to very different laryngeal adjustments. It is thus not obvious what 
we should regard as the ‘coarticulatory effect’ in this case—F0 raising, or F0 lower-
ing? Moreover, the production of voicing (or voicelessness) differs from the production 
of nasalization in that more than one gesture is involved. Voicing (that is, sustained 
vocal-fold oscillation during oral closure) is the result of a complex coordination of 
gestures aimed at adducting the vocal folds while also achieving a precise combination 
of airflow and vocal-fold tension necessary to sustain vibration; similarly, voicelessness 
requires both abduction of the vocal folds (via displacement of the arytenoid cartilages, 
an action of the posterior cricoarytenoid muscles) in concert with sufficient vocal-fold 
stiffness (controlled mainly by actions of the cricothyroid and thyroarytenoid muscles: 
Titze 2000). In both cases, the acoustic effect is clearly not the result of any one sin-
gle gesture. The final and perhaps critical point of difference is that the relationship 
between these constellations of laryngeal gestures and the primary acoustic characteris-
tic of the coarticulatory source is nonlinear. There exist multiple combinations of trans-
glottal pressure differentials and glottal widths under which vocal-fold oscillation is 
possible for a given stiffness of the vocal folds (Halle & Stevens 1971). Thus, in the case 
of voicing and CF0, it is not clear that any gestural basis exists for expecting there to be 
an inverse relationship between the strength of the coarticulatory source (voicelessness 
or voicing) and the prominence of the coarticulatory effect (raised or lowered F0).

To get a better understanding of how CF0 comes to be phonologized, we first need 
greater empirical clarity on the relationship between voicing and CF0. To this end, the 
present study considers whether articulatory covariation and perceptual equivalence 
obtain between voicing and CF0 in French, a ‘true-voicing’ language,1 that is, a language 

1 For more details on the dichotomy between ‘true voicing’ and ‘aspirating’, see Beckman et al. 2013, 
Honeybone 2005, and Iverson & Salmons 1995; for problematic cases, see, for example, Gao & Arai 2019.
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in which phonologically voiced obstruents are canonically realized with robust closure 
voicing. The reason it is critical to study this coarticulatory relationship in a true-voicing 
language is that in most documented cases in which CF0 has arguably been phonolo-
gized, such as Western Kmhmu’ (Premsrirat 2001, Svantesson & House 2006), Central 
Malagasy (Howe 2017), or Afrikaans (Coetzee et al. 2018), evidence suggests that the 
laryngeal contrast had previously been of the true-voicing type. We have no reason to 
suspect that CF0 is phonologizing in French, but this is precisely why it is a useful test 
case: if we are able to observe covariation in production and/or perceptual equivalence 
between closure voicing and CF0 in a language where the phonological contrast appears 
to be stable, this would provide strong evidence for the existence of a putative phonetic 
universal and permit us to make inferences about how the process may have taken place 
in other languages. In any case, the findings will help us to better understand the pho-
netic underpinnings of a common sound change.

Our study has two goals. The first is to extend Beddor’s (2009) methodology to study 
the relationship between closure voicing and CF0 in both production and perception in 
French. We emphasize that our study is not designed as a test of the CoPath model per 
se, but rather of whether the empirical underpinnings that hold for the case of coarticu-
latory vowel nasalization also hold for the relationship between voicing and CF0. The 
second goal is to consider the implications of our findings for the phonologization of 
CF0 and for coarticulatory sound change more generally. In the remainder of this intro-
duction, we review the essential components of the CoPath model based on the case of 
vowel nasalization, before laying out the theoretical and methodological bases for our 
investigation into the case of voicing and CF0.

1.2. Articulatory covariation and perceptual equivalence: the case of 
vowel nasalization. The CoPath model postulates that a robust trading relation—
perceptual equivalence and articulatory covariation between coarticulatory source and 
effect—prefigures at least some instances of phonologization. Such a relation is charac-
terized by an inverse correlation between source and effect: when the source is weaker, 
the effect is stronger, and vice versa. The basis for this assumption is that at least some 
coarticulatory sources and effects can be traced to a single gesture, and because of this 
shared gestural basis, listeners may treat the source and its effect as equivalent.

Beddor (2009) presents evidence consistent with this hypothesis from a study on 
vowel nasalization in American English, where the vowel in /VN/ sequences is typically 
nasalized to some degree—more so when the /N/ is followed by a voiceless obstruent 
than by a voiced one (e.g. in bent vs. bend). Beddor proposes an underlying mecha-
nism that could account for covariation between vowel and consonantal nasality: the 
variable alignment of a roughly constant-sized nasal gesture with the oral articulators. 
She hypothesizes that the velum-lowering gesture is approximately stable in terms of 
temporal extent and magnitude, but the overlap between the nasal and oral gestures may 
be tighter or looser due to their variable alignment, resulting in a greater or lesser degree 
of nasality in the preceding vowel. That is, when physiological and acoustic-auditory 
constraints give rise to an incompatibility between nasality and a following voiceless 
obstruent, the nasal gesture is considerably anticipated, reducing the nasal consonant and  
leading to longer (and possibly stronger) vowel nasalization, as schematized in Figure 1.  
Because the total duration of nasality is relatively stable, when the nasal consonant is 
shortened, the nasal duration in the vowel becomes longer. Accordingly, vowel nasality 
is longer and consonantal nasality is shorter in VNCvoiceless than in VNCvoiced, and the 
(acoustic) durations of vowel nasality and consonantal nasality correlate negatively.
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Figure 1. Oral-nasal gestural alignment in two consonantal contexts, adapted from Beddor 2009. Lines indicate 
acoustic representations: acoustic signals corresponding to the vowel part are within dashed (gray) lines; 
acoustic signals corresponding to the nasal part are within solid (blue) lines. Left panel for weaker/shorter 

vowel nasalization (smaller-sized letter) and stronger/longer consonantal nasalization (bigger-sized  
letter); right panel for the inverse relationship of nasality.2

On the perception side, Beddor finds evidence for perceptual equivalence between 
coarticulatory source and effect. Listeners are sensitive to the total duration of nasal-
ity, but not to whether nasality is present in the consonant or the preceding vowel. In 
other words, listeners ‘do not perceptually differentiate source from effect’ (Beddor 
2009:815). In her study, listeners treat source and effect as equivalent across a wide 
range of stimulus conditions, even within an unambiguous category. It is this find-
ing that is critical for establishing within-category perceptual equivalence (see also Best 
et al. 1981, Fitch et al. 1980), a qualitatively stronger effect than cue trading at the cat-
egory boundary (Repp 1982, 1983).

Recent findings suggest that the strongly negative correlation between source and 
effect of nasality might be specific to American English. In Standard German, Carignan  
et al. (2021) do not find a strictly inverse relation between the temporal extent of vowel 
nasality and consonantal nasality. Instead, the reduction of the coarticulatory source—
when the nasal consonant is followed by a voiceless obstruent—has a much more 
attenuated effect in German compared to English. On the basis of this crosslinguistic 
difference, Carignan et al. propose that trading relations develop in two stages. In the 
first stage, represented by German, the increase in the Ṽ portion is much smaller than 
the decrease in the N portion. However, while the degrees of change in the source and 
the effect are different, this still allows for an increase in the informativeness of the 
vowel nasality, upweighting listeners’ perceptual use of this coarticulatory effect. This 
may lead to the second stage, represented by American English, where a source-effect 
covariation is generalized in both production and perception. Despite the differences in 
the extent of source-effect covariation reported in the two studies and their implications 
for the stages of sound change, in both Beddor’s (2009) and Carignan et al.’s (2021) 
proposals, the reduction of coarticulatory source and the perceptual trading between 
source and effect are considered preconditions for cue reweighting.

1.3. Voicing and co-intrinsic pitch: gestural and perceptual characteristics.  
As detailed above in §1.2, Beddor (2009) proposes that the gestural basis for the 
source-effect covariation in vowel nasalization is a single nasal gesture variably aligned 
with oral articulators. While a similarly variable coordination between the laryngeal and 
supralaryngeal gestures involved in the production of plosive voicing is theoretically 

2 This figure, like several others in the article, is presented in color in the electronic versions of this article, 
but in grayscale in the print version. Color versions of the figures are also available open access, along with 
the other supplementary materials, at http://muse.jhu.edu/resolve/234. 
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possible, there are some fundamental differences in the gestural characteristics between 
nasal and laryngeal articulations, from which may follow rather different acoustic and 
perceptual consequences.

As mentioned in §1.1, the basic acoustic relationship between voicing and CF0 is 
fairly well established: generally speaking, pitch is raised following phonologically 
voiceless consonants and, at least in some cases, lowered following phonologically 
voiced consonants.3 However, what ultimately gives rise to this dichotomy has been 
the source of much debate. The raised F0 following the release of voiceless plosives 
has been proposed to result from gestures implemented to suppress vocal-fold vibration 
during the oral occlusion (Halle & Stevens 1971, Hanson 2009, Kirby & Ladd 2016, 
Löfqvist et al. 1989). By contrast, the lowered F0 observed during (e.g. Kirby & Ladd 
2016) and/or following (e.g. Coetzee et al. 2018) voiced obstruents has been proposed 
to result from larynx lowering to support vocal-fold vibration during the oral occlusion 
phase (Honda et al. 1999, Hoole & Honda 2011, Reinholt Petersen 1983, Solé 2018) or 
a deliberate enhancement of the voicing feature (Kingston & Diehl 1994). Aerodynamic 
factors have also been argued to play a role (Chi et al. 2019, Francis et al. 2006, Guo & 
Kwon 2022, Hombert 1976, Kim et al. 2018, Kohler 1982, Ladefoged 1973, Luo 2018, 
Xu & Xu 2003). As all of these factors probably contribute to the CF0 effect to at least 
some degree (Hoole & Honda 2011), it does not make conceptual sense to think of a 
single ‘laryngeal gesture’, or even gestural complex, as on par with something like the 
movement of the velum.

In addition, there is evidence suggesting that the coordination between laryngeal and 
oral articulators is temporally constrained (Benguerel et al. 1978, Moisik et al. 2021, 
Ohde 1984). For example, in the production of certain types of plosives, peak glottal 
opening is found to be coordinated with oral release (Kingston 1990). While the precise 
details of how laryngeal-oral coordination is constrained across consonant types, sylla-
ble structures, languages, and speakers remains debated (Goldstein 1990, Hoole 2006), 
the temporal alignment between laryngeal and oral gestures in a given language may not 
be as variable as what is found for the velum-lowering gesture. Finally, unlike nasality, 
with its consistent acoustic fingerprint, variability in laryngeal-oral coordination may 
have very different acoustic-auditory consequences, including voice murmur, burst, 
pre- or post-aspiration, breathiness, glottalization, and pitch differences. Therefore, it 
remains unclear how these acoustic characteristics covary and to what degree they are 
treated as perceptually equivalent.

In sum, the production of a laryngeal contrast involves coordination between multiple 
articulators and a complex mapping between multiple articulators and acoustic cues. To 
trace the pathway toward the phonologization of the coarticulatory effect of a laryngeal 
articulation, a crucial question is whether the primary cue (voicing) and a secondary 
cue (CF0) exhibit covariation in production and equivalence in perception before or at 
the initial stages of phonologization, as observed for vowel nasalization. Below we first 
discuss the lack of a single shared gestural basis in the case of voicing and co-intrinsic 
pitch. We then discuss two theoretical accounts that may predict acoustic covariation 
and perceptual equivalence between voicing and CF0.

Aerodynamic constraints in the production of voicing and CF0. It is fre-
quently observed that voiced obstruents are spontaneously devoiced, that is, phonetically 

3 More robustly, pitch seems to be lowered during the production of phonetically voiced obstruents, 
which strictly speaking is an intrinsic rather than co-intrinsic effect (Krug et al. 2021). Furthermore, in some 
languages, the dichotomy is not always apparent; see, for example, Shi et al. 2020 and Gordon 2016.
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realized without glottal pulsing during the oral closure phase. Crosslinguistically, the 
rate of devoicing ranges from sporadic to frequent (Dmitrieva et al. 2015, Hutin et al. 
2021, Keating et al. 1983, Kirby & Tan 2023, Pape & Jesus 2015, Pinget et al. 2020, 
Takada et al. 2015, inter alia). While prosodic and positional factors have been shown 
to play a role (Davidson 2016, DiCanio & Sharp 2020, Gao & Arai 2019, Hutin et al. 
2021), devoicing is also physiologically motivated, largely due to what is best known as 
the aerodynamic voicing constraint (AVC), which observes that phonation is diffi-
cult both to initiate and to sustain throughout the closure or constriction of an obstru-
ent (Ohala 1983, 2011). As the oral pressure increases with the accumulation of air in 
the oral cavity, the subglottal-oral air pressure difference may fall below the threshold 
required to sustain glottal vibration. From this it follows that the earlier voicing is initi-
ated, the more challenging it may be to sustain throughout the closure. To overcome the 
AVC, speakers may deploy a number of synergistic gestures, including prenasalization, 
pharyngeal expansion, and larynx lowering, in order to expand the volume of the supra-
laryngeal cavity to facilitate vocal-fold vibration (Ahn 2018, Bell-Berti 1975, Honda 
et al. 1999, Hoole & Honda 2011, Kingston & Diehl 1994, Solé 2018, Westbury 1983, 
Zhang & Goldstein 2023). If a speaker successfully manages to circumvent the AVC by 
means of one or more of these maneuvers, the magnitude of the coarticulatory effect of 
that maneuver on the adjacent vowel would be expected to be greater than if the speaker 
had not implemented that maneuver, all else being equal. As one of these effects, the 
co-intrinsic lowering of F0 would thus be expected to correlate positively, rather than 
inversely, with the degree of closure voicing. In other words, this relation would be the 
opposite of the source-effect relation observed for nasalization.

Compensatory cue enhancement. Nonetheless, even if multiple cues signaling a 
contrast are not related by a shared articulatory basis, reduction of a primary cue could still 
lead to an increase in one or more secondary cues as an attempt to enhance an acoustic/ 
auditory target or a phonological contrast (Carignan et al. 2011, Ferlus 1979, Gao 
et al. 2021, Gay et al. 1981, Keyser & Stevens 2006, Kingston & Diehl 1994, Kühnert 
et al. 1991, Liljencrants & Lindblom 1972, Maeda 1990, Mazaudon & Michaud 2008,  
Perkell et al. 1993, Perrier & Fuchs 2015). In the case of prevoiced obstruents, this 
would lead to the expectation that as the duration of vocal-fold vibration during the clo-
sure decreases, a secondary cue such as CF0 may be produced with greater magnitude 
and/or temporal extent; as a result, CF0 would correlate inversely with closure voicing. 
Such compensatory enhancement has been hypothesized by some authors to be gradi-
ent and probabilistic, predicting covariation between cues across categories as well as 
within a single phonological category (Clayards 2018b, Kirby 2013, Shultz et al. 2012).

Despite such theoretical predictions, the empirical grounding for an inverse relation-
ship between voicing and onset F0 is lacking. In the case of voicing contrast, while there 
is some evidence for covariance of multiple cues across voicing categories (Clayards 
2018b, Shultz et al. 2012), studies in several languages (English, Spanish, French, and 
Japanese) have so far failed to find consistent evidence of inverse covariance between 
VOT and onset F0 within the voiced or voiceless category (Clayards 2018b, Dmitrieva 
et al. 2015, Gao & Arai 2019, Kirby & Ladd 2015).

Auditory-based perceptual equivalence between voicing and CF0. If there is 
no articulatory or compensatory basis for voicing and CF0 to inversely covary, why is 
there any reason to think they might be treated as perceptually equivalent? One potential 
source of perceptual equivalence could be auditory cue enhancement. John Kingston, 
Randy Diehl, and colleagues have made a strong case that auditorily similar cues to 
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voicing—crucially, including closure voicing and CF0—contribute to an intermedi-
ate perceptual property (IPP) they term the ‘low-frequency property’ (Kingston & 
Diehl 1994, Kingston et al. 2008). An IPP is an integrated perceptual effect of auditorily 
similar (as opposed to merely covarying) acoustic properties, which contribute to a per-
cept by virtue of being mutually reinforcing. Kingston and colleagues hypothesize that, 
because different combinations of acoustic properties with various values can signal the 
same IPP (such as the low-frequency property), the acoustic properties involved will be 
perceptually equivalent (Kingston et al. 2008:29).

If closure voicing and CF0 cohere into an IPP, we might then expect to find them 
in a trading relation across the entire stimulus space. Testing this requires a task that 
examines within-category perceptual equivalence, such as discrimination (Best et al. 
1981, Fitch et al. 1980) or fixed classification experiments (Garner 1974), which do 
not require explicit labeling. Kingston et al. (2008), using several fixed classification 
experiments, showed that English-speaking listeners perceive low-rising F0 and closure 
voicing in VCV sequences as equivalent. To the best of our knowledge, however, within- 
category perceptual equivalence has not been tested for closure voicing and CF0 in a 
true-voicing language.

In a categorization task, although there is evidence that perceptual trading between 
VOT and CF0 occurs across the stimulus space in an aspirating language (Whalen et al. 
1993), the perceptual role of CF0 in a true-voicing language has been found to be lim-
ited in the acoustic space. Llanos et al. (2013) found that for Spanish listeners, CF0 
contributed to identification of the voicing contrast only in the voiceless region of the 
stimulus space, while Gao et al. (2019) and Kang and Hirayama (2023) observed this 
effect only in the voiced region for Japanese listeners. This is the second reason why it is 
important to collect more data testing the perceptual relation between voicing and CF0 
across the entire stimulus space.

1.4. Aims and protocol of the present study. As reviewed in §1.1 and §1.2, the 
CoPath model proposes that phonologization of the coarticulatory effect is driven by 
mutual covariation in production and perception, with an inverse relationship between 
two cues in production providing the basis for listeners to treat them as perceptually 
equivalent. Given the success of this model in accounting for the phonologization of 
coarticulatory nasalization (Beddor 2009, Beddor et al. 2018), it has been suggested that 
it could also account for other instances of phonologization, such as the emergence of 
contrastive F0 height from an onset voicing contrast. As discussed in §1.3, however, it 
is not clear that the conditions that obtain in the case of nasalization also hold in the case 
of voicing and CF0. Therefore, our primary aim with this study is to assess whether, and 
to what extent, articulatory-acoustic covariation and/or perceptual equivalence obtain 
between voicing and CF0 in Metropolitan French, a true-voicing language. In partic-
ular, we seek to establish (i) whether voicing covaries with the magnitude of CF0 in 
production, both within and across categories, and (ii) whether closure voicing and CF0 
are treated as perceptually equivalent both within the voiced category and at the 
voiced-voiceless category boundary—that is, whether they trade across a wide range 
of stimulus conditions, not just in configurations where the primary cue is ambiguous.

We begin by looking for evidence of within- and across-category covariation in pro-
duction by considering how onset F0 correlates with the duration of prevoicing. Going 
forward, we refer to the acoustic manifestation of closure voicing as ‘prevoicing’ and 
to the acoustic value of the CF0 effect as ‘onset F0’ (i.e. F0 at the following vowel 
onset). Prevoicing is (at least utterance-initially) indexed by VOT, which is negative for 
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a typical voiced plosive in French. In particular, we assess whether VOT is in an inverse 
relationship to onset F0. We also consider two predictions based on the compensatory- 
enhancement perspectives outlined in §1.3. First, at least some accounts would predict 
that VOT-onset F0 covariation should be observed across the voicing categories as well 
as within the voiceless and the voiced categories (e.g. Clayards 2018b). Second, if the 
degree of compensation is proportional, onset F0 should become lower as the duration 
of prevoicing decreases, and should be lowest following devoiced plosives compared 
to canonical voiced plosives. 

Next, we look for evidence of perceptual equivalence using three experimental par-
adigms. Building on previous work (Beddor 2009, Best et al. 1981, Fitch et al. 1980), 
we conduct an AX discrimination (same/different) experiment to test for perceptual 
equivalence between prevoicing and low onset F0 in a true-voicing language. While 
a number of previous studies have addressed the question of perceptual integration of 
VOT with other cues to voicing, such as first-formant cutback (Lisker 1975, Lisker et al. 
1977, Repp 1983, Serniclaes 1987, Simon & Fourcin 1978, Soli 1983, Stevens & Klatt 
1974), we know of only one study that examines the perceptual integration of onset 
F0 and (presence vs. absence) of prevoicing by English-speaking listeners (Kingston 
et al. 2008). In the present study, we compare two cases with French-speaking listeners:  
(i) when the duration of prevoicing varies but falls clearly within the voiced category, 
and (ii) when prevoicing is absent from a phonologically voiced plosive (i.e. at the 
voiced-voiceless boundary). We focus on these cases because, as mentioned above, 
some versions of auditory-based theories predict that it is the presence of prevoicing—
but not its duration—that creates auditory similarities with a low F0 at the following 
vowel onset, giving rise to a trading relation between the two cues. If true, the absence 
of prevoicing would create a categorization ambiguity between voiced and voiceless 
plosives in a true-voicing language (but not an aspirating language), leading to a con-
trast reduction that could initiate the phonologization of CF0. At least some theories 
posit that contrast reduction, either prior to or concomitant with enhancement, is the 
precursor of the phonologization of a secondary cue (e.g. Bang et al. 2018, Haudricourt 
1961, Kirby 2013).

We then employ the two-alternative forced-choice (2AFC) and visual analog 
scaling (VAS) paradigms to test a more classic trading relation in word identifica-
tion involving voicing categorization, paying special attention to the role of onset F0 
in ambiguous vs. unambiguous VOT regions. Our decision to deploy VAS alongside 
the more traditional 2AFC paradigm is based on a growing body of research suggest-
ing that categoricalness in speech perception may be at least partly encouraged by the 
dichotomous nature of the 2AFC task (McMurray 2022). The findings of VAS studies 
(Kapnoula et al. 2017, Kim et al. 2020, Kong & Edwards 2016, Massaro & Cohen 
1983) show that listeners’ responses are more gradient, and their use of secondary cues 
is greater in the VAS task than the 2AFC task. Thus, the contribution of CF0 to voicing 
judgments in unambiguous VOT regions may be more apparent in VAS responses than 
in traditional 2AFC responses. 

Our specific research questions can be summarized as follows.
In production:
RQ1: Does VOT covary with onset F0 within the voiced and/or voiceless category? 
RQ2: Does VOT covary with onset F0 across the voiced and voiceless categories?
RQ3:  Are voiced plosives that are devoiced followed by a lower onset F0 than those 

that are typically prevoiced?
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In perception:
RQ4:  Is longer prevoicing perceived as equivalent to a lower onset F0 across a wide 

range of stimulus conditions, whether VOT is ambiguous or not?
RQ5:  Does onset F0 affect voicing categorization along the entire VOT continuum, 

and not only at the voiced-voiceless boundary?

2. Study 1: testing for covariation in production between voicing and CF0. 
Study 1 examines correlations between VOT and onset F0 both within the voiced and 
voiceless categories and across the two categories.

2.1. Participants and materials. Data for this study were drawn from a previ-
ous production experiment (Kirby et al. 2020) in which covariation between voicing 
and CF0 was not investigated. Eleven native speakers of French (nine women and two 
men), from eighteen to twenty-three years old (median = 21, mean = 21, SD = 1.5), 
participated in the study. Each speaker was recorded reading seventy-two mono- and 
disyllabic French lexical items with /p, b, m/ onsets in isolated citation form.4 

2.2. Analysis and results. Figure 2 plots the relation between speaker-normalized  
VOT and onset F0 (operationalized as the averaged F0 over the first 25% of the interval 
between the plosive release and vowel offset) across twenty-four /p/-onset and twenty- 
four /b/-onset lexical items. Within the voiced category (further broken down into pre-
voiced and devoiced) and voiceless category, VOT has either no correlation or a weakly 
positive correlation with onset F0 (for prevoiced /b/: R = 0.13, p < 0.005; for devoiced 
/b/: R = 0.24, p = 0.06; for /p/: R = 0.03, p = 0.45).5 Specifically for the voiced category, 
this means that the degree of prevoicing has a weakly positive correlation with F0 low-
ering. This runs against the inverse relation between coarticulatory source and effect. 
The same pattern is observed for most individuals (Figure 3).

4 Details related to the speech materials for the studies discussed in this article, as well as the appendices 
referenced throughout, can be consulted online at http://muse.jhu.edu/resolve/234 and at https://doi.org/10.1121/ 
10.0001698.

5 We also used other time intervals for F0 extraction, including the first 30 ms, first 50 ms, and the first 50% 
of the interval between the plosive release and vowel offset, but none resulted in an inverse relation between 
prevoicing and onset F0.

Figure 2. Scatterplot of onset F0 against speaker-normalized VOT across all speakers and tokens with  
linear smoothing.
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To further assess the relation between VOT, onset F0, and other factors within and 
across categories, a linear mixed-effects model was fitted to the onset F0 data (in semi-
tones) using the lmer function in R (R Core Team 2021), with voicing group (Helmert- 
coded: prevoiced, devoiced, voiceless), VOT (numerical), sex (treatment-coded), and 
the VOT : Voicing group interaction as predictors. Random intercepts were included for 
participants and items. Online appendix A.1 shows the full model summary, followed 
by the estimates of the slopes of the regression lines for each level of the Voicing group 
predictor computed by emtrends (Lenth 2021). Onset F0 increases with VOT, confirm-
ing a weakly positive correlation between the two variables (est. = 0.01, SE = 0.005,  
t = 2.27, p < 0.05), with no interaction with Voicing group. The regression line is esti-
mated to be flat for the prevoiced category (slope = −0.00006) and positive for the 
devoiced and voiceless categories (slopes at 0.02 and 0.009, respectively). These results 
indicate the lack of inverse relationship between onset F0 and VOT not only within each 
voicing category, but also across the categories.

If speakers were enhancing CF0 in a compensatory manner, they might be more likely 
to do so in instances where prevoicing fails to be produced (i.e. where confusion with 
voiceless plosives would be more likely). However, as shown in Fig. 2, the instances 
of /b/ that are devoiced (10.1% on average across speakers) are produced with similar 
onset F0 to prevoiced plosives. This suggests that onset F0 is not lowered to compensate 
for the devoicing of voiced stops. Pairwise comparisons based on a linear mixed-effects 
model with only Voicing group and Sex as predictors and the same random predictors 

Figure 3. Individual scatterplots of onset F0 against VOT.
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as the model above suggest no difference in onset F0 between the prevoiced and the 
devoiced categories (est. = −0.16, SE = 0.10, t = 1.62, p = 0.24).

To sum up, our acoustic analysis of isolated words in French shows that VOT has 
at best a weakly positive correlation with onset F0 within both voiced and voiceless 
categories (RQ1), as well as across categories (RQ2), and that devoiced plosives are not 
produced with a lower onset F0 than prevoiced plosives (RQ3).

3. Studies 2–4: testing for perceptual equivalence between prevoicing and 
onset F0. Study 1 found no evidence for an inverse relation between voicing and CF0 
in production. However, as noted in §1.3, the lack of an inverse correlation between two 
cues in production does not rule out the possibility that equivalence obtains between 
them in perception. We looked for evidence of perceptual equivalence between pre-
voicing and onset F0 using three experimental paradigms: an AX discrimination task 
(§3.1), a 2AFC task, and a VAS task (§3.2). All experiments were conducted online 
using the PsyToolkit platform (Stoet 2010, 2017) between October 2020 and February 
2021, during COVID-19 lockdowns.

3.1. Study 2: AX discrimination. To test for perceptual equivalence between pre-
voicing and onset F0, we adapted the AX discrimination design of Beddor 2009 to 
assess how listeners discriminated between stimuli pairs with different manipulations 
of VOT and/or onset F0.

Participants. We recruited 115 native speakers of Metropolitan French from various 
mailing lists and participant pools in France. Participation was restricted to those who 
were eighteen years of age or older, but was otherwise not restricted on the basis of sex/
gender, social, linguistic (i.e. mono- or multilingual speakers of French), or neurocog-
nitive background.

Materials. All stimuli were Ca syllables (where C was a labial plosive), synthesized 
using the KlattGrid synthesizer implemented in Praat (Weenink 2009), adapting a pro-
cedure by Schertz (2014). Syllables were created with two crossed parameters: (1) four 
levels of VOT: −100, −60, −40, and 0 ms, and (2) two levels of onset F0: 90 Hz and  
130 Hz. The F0 of the turning point was set to 130 Hz. That is, from the vowel onset, F0 
was either low (rising from 90 to 130 Hz, crossed with two F0 transition lengths: 40 ms 
and 100 ms) or flat at 130 Hz. The F0 offset was set to 100 Hz—that is, F0 was falling 
from the turning point till vowel offset—to ensure a relatively natural F0 declination. 
All other parameters were kept constant, including the following: burst duration at 5 ms 
and vowel duration at 245 ms.

Stimuli pairs can be organized according to condition and ambiguity.
(A) Condition. On each trial, participants were presented with a pair of stimuli 

potentially differing in VOT and/or onset F0, yielding four conditions patterned after 
those in Beddor 2009:799ff.

(A0)  Control: stimuli were identical, sharing both the same VOT (−100, −60, −40, 
or 0 ms) and onset F0 (90 or 130 Hz).

(A1)  VOT-only: stimuli differed only in VOT by 60 ms (−100 vs. −40 ms, or −60 vs. 
0 ms). Each stimuli pair shared the same onset F0 (90 or 130 Hz).

(A2)  Additive: stimuli differed in VOT and onset F0 in such a way that the cues were 
expected to reinforce each other to increase the perceived difference. That is, 
one stimulus had longer prevoicing and low onset F0—both prototypical of 
/b/—while the other had shorter or no prevoicing and flat onset F0—both 
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less prototypical of /b/ (e.g. −100 ms VOT with 90 Hz onset F0 vs. −40 ms 
VOT with 130 Hz onset F0).

(A3)  Canceling: stimuli differed in VOT and onset F0, but in such a way that the cues 
were expected to trade with each other, canceling out the perceived difference. 
That is, one stimulus had longer prevoicing and flat onset F0, while the 
other had shorter prevoicing and low onset F0—one cue as prototypical of 
/b/ and the other not, in both cases (e.g. −100 ms VOT with 130 Hz onset F0 
vs. −40 ms VOT with 90 Hz onset F0).

Note that since we aimed to ensure that the differences would be perceptible by partic-
ipants, the VOT/F0 difference within a stimulus pair was chosen to be larger than in a 
typical AX discrimination task along acoustic continua (see also Kingston et al. 2008).

(B) Ambiguity of prevoicing. To probe for evidence of perceptual equivalence
between prevoicing and onset F0, we structured the design to examine whether the 
weight of the F0 cue differed depending on the ambiguity of the primary cue, VOT. This 
allows us to see if perceptual equivalence holds regardless of whether stimuli are clearly 
members of the voiced category, or ambiguous between voiced and voiceless. For the 
nonidentical conditions, half of the stimuli pairs had prevoicing that was unambigu-
ously within the typical /b/ range (−100 vs. −40 ms). For the other half, one stimulus 
was clearly in the voiced category, but the other was at the category boundary, that is, 
was ambiguous (−60 vs. 0 ms). For the control condition (A0), VOT was held constant 
within the stimuli pair. Thus, in terms of VOT, two-thirds of the stimuli pairs were 
clearly within the voiced category (sharing a VOT of −100, −60, or −40 ms), while one- 
third were defined as ambiguous (sharing a VOT of 0 ms). Examples of unambiguous 
stimuli pairs are given in Figure 4 and ambiguous stimuli pairs in Figure 5.

Stimuli. All VOT and onset F0 levels were crossed, yielding eight stimuli pairs for 
condition A1, repeated ten times, four stimuli pairs per conditions A2 and A3, repeated 
twenty times, and sixteen stimuli pairs for condition A0, repeated five times, for a total 
of 320 trials. Pitch transition was manipulated for independent reasons. As the inclusion 

Figure 4. Illustrations of the three conditions for stimuli pairs where both are unambiguously /b/ in terms of 
VOT. Curves represent F0 trajectories. Time (seconds) on x-axis and F0 (Hz) on y-axis.



Laryngeal contrast and sound change 137

of this factor did not change our main findings (see appendices B.2 and C.1), we aggre-
gate across transition lengths for ease of exposition. The experiment also contained an 
additional condition (appendix B.1) to be reported in future work.

Procedure. Participants were instructed to wear headphones or earbuds and com-
plete the experiment on a computer in a quiet room. All instructions and survey ques-
tions were given in French. Prior to completing the discrimination task, participants 
completed a brief survey on demographic information such as age, sex/gender, place of 
birth, and so forth.

In the AX discrimination task, participants were presented with two stimuli on each 
trial and asked to identify whether they sounded identical or different, by pressing the 
tab or enter key, respectively. The interstimulus interval (ISI) was set to 330 ms, the 
intertrial interval to 700 ms, and the time-out to 2.5 s. Note that a 330 ms ISI would test 
an auditory mode of perception (Werker & Logan 1985). The test phase was preceded 
by a training phase with ten mandatory trials, including four identical stimuli pairs and 
six different stimuli pairs. Since within-category discrimination is known to be difficult, 
participants were allowed to complete the training phase twice, with trials repeated if 
they responded in error. Stimuli in both training and test phases were randomized for 
each participant.

Following the experiment, participants completed an exit survey that invited them to 
choose among broad categories related to language, education, and music-related back-
ground, and speech/hearing/motor-related disorders. They were invited to give further 
comments on a voluntary basis. The entire session lasted around twenty to thirty minutes.

Predictions. If prevoicing and low onset F0 are perceived as equivalent across the 
stimulus space,

(i) discrimination accuracy in the additive condition should be greater than in the
VOT-only condition, which should in turn be higher than in the canceling condi-
tion (additive > VOT-only > canceling); and

(ii) this pattern should hold regardless of the ambiguity of prevoicing.

Figure 5. Illustrations of the three conditions where one stimulus is ambiguous between /p/ and /b/ in terms 
of VOT. Curves represent F0 trajectories. Time (seconds) on x-axis and F0 (Hz) on y-axis. 
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In contrast, if listeners discriminate the stimuli pair based on their acoustic (dis)similarity,  
we expect the discrimination accuracy to follow the order additive = canceling > 
VOT-only.

Analysis and results. We discarded the data of one participant who failed to press a 
button (i.e. exceeded response time-out) for 140 of 400 trials of the entire session. Data 
from 114 listeners (eighty-three women, thirty-one men), from eighteen to sixty-one 
years old (median = 28, mean = 32, SD = 12), were thus retained. Although remote data 
collection is increasingly accepted as valid even for examining the perception of pho-
netic details (e.g. Elliott et al. 2022, Sanker 2023), we were aware of its limitations. For 
example, we could not be certain about the engagement or the experimental environ-
ment of the participants. However, given that within-category discrimination is known 
to be difficult, there was no objective way to discard data based on listeners’ perfor-
mances. To remove possible concerns that the retained data might contain unmeaningful 
responses, we compared the results of these data with the results after two rejection 
criteria.6 Neither criterion changed the main findings we present below.

Discrimination accuracy was indexed by d′ scores (Macmillan & Creelman 2005). 
d′ was calculated for each participant, based on hit vs. miss responses to different stim-
uli pairs, and false alarm vs. correct rejection responses to identical stimuli pairs. The 
log-linear method was used to adjust extreme single scores (i.e. all hits or all misses) 
by adding 0.5 to both the number of hits and the number of false alarms, and 1 to both 
the number of different-pair trials and the number of identical-pair trials (Stanislaw &  
Todorov 1999). Figure 6 plots the density of d′ scores for the three nonidentical  
conditions by ambiguity. Overall, discrimination accuracy follows the following order: 
for ambiguous stimuli pairs, additive > canceling > VOT-only; for unambiguous stimuli 
pairs, canceling = additive > VOT-only.

6 One criterion was based on listeners’ performance during the training phase, and the other on their 
performance during the VOT-only ambiguous condition, where participants were expected to perform better 
than the chance level. See appendices B.3.2–B.3.3 for the results of these analyses. In addition, see appendix 
B.3.4 for the distribution plot of the numbers of timed-out trials, based on which we decided to reject the
outlier participant from the retained data.

Figure 6. Density plots of d′ for VOT-only, additive, and canceling conditions by ambiguity. Numbers 
indicate means.
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A binomial generalized linear mixed model (GLMM) was fitted to the response data 
using the glmer function in R (R Core Team 2021), with Helmert-coded predictors Con-
dition, Ambiguity, and their interaction. Random intercepts were included for partici-
pants, and by-participant random slopes for Condition and Ambiguity. The full model 
summary and the estimated marginal means for each level of the predictors are given 
in appendix B.3.1. The prediction plot of the model with the interaction term (Figure 7) 
shows the same pattern as the d′ plot above. Here we focus on the results that are relevant 
to the predictions laid out in §3.1.

Figure 7. Prediction plot of the GLMM model showing the interaction between Condition and Ambiguity 
predicting the probabilities of ‘different’ responses (model: glmer(response ~ ambiguity * condition +  

(1 + condition + ambiguity)|subject)). Error bars indicate 95% confidence intervals.

Pairwise comparisons were conducted using the emmeans package (Lenth 2021). 
These show that discrimination accuracy (i.e. the probability of giving a ‘different’ over 
a ‘same’ response to nonidentical stimuli pairs) is higher for additive than for canceling 
conditions only for ambiguous stimuli (est. = 0.45, SE = 0.06, z = 7.1, p < 0.0001), 
but does not differ between the two conditions for unambiguous stimuli (est. = −0.14,  
SE = −0.12, z = −1.99, p = 0.19). In both cases, the discrimination accuracy is the lowest 
for the VOT-only condition (where listeners’ probability of a ‘different’ response was 
still higher than for the control condition, excluding the possibility of a floor effect).

AX discrimination task: summary. The AX discrimination task was conducted 
to look for evidence of perceptual equivalence between prevoicing and onset F0. Our 
results provide evidence for weak perceptual equivalence between prevoicing and low 
onset F0 for ambiguous stimuli, as indicated by the ranking of discrimination accu-
racy additive > canceling > VOT-only. But they provide no evidence for unambiguous 
stimuli, as indicated by the ranking canceling = additive > VOT-only. That is, low 
onset F0 trades with the absence of prevoicing, but not with its temporal reduction. 
When prevoicing is completely absent in one member of a stimulus pair (i.e. when 
VOT = 0), low onset F0 at least partly cancels out the effect induced by the absence 
of prevoicing. However, this canceling effect appears to be incomplete, because the 
canceling condition yields a similar discrimination accuracy as for the VOT-only con-
dition. This suggests that while French listeners only partly rely on low onset F0 to 
substitute for the absence of prevoicing, they are also sensitive to the onset F0 differ-
ences without perceiving them as a cue to voicing. Taken together, prevoicing trades 
perceptually with low onset F0 only when VOT is ambiguous, but a strict perceptual 
equivalence relationship between the two cues is not established when prevoicing is 
robust (RQ4).
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3.2. Studies 3 and 4: 2AFC and VAS identification. 
Participants and procedure. Of the 115 participants who completed the AX dis-

crimination task, seventy-two replied to our invitation to complete the identification 
tasks. The 2AFC and VAS experiments were also conducted online, at least one month 
after the AX experiment. In the 2AFC task, on each trial, participants were presented 
with one stimulus and two response choices, ‘pa’ and ‘ba’, and pressed the tab or enter 
key to indicate whether they thought the sound corresponded to the choice on the left 
or right side of the screen. Position of the response options was randomized across 
participants, but constant for each individual participant. The intertrial interval was set 
to 1.2 s and the time-out to 2.5 s. The test phase was preceded by a short training phase 
with only six trials, using stimuli randomly chosen from the test phase. No feedback was 
given during training in order to stress the fact that there were no ‘correct’ responses and 
to avoid giving participants the impression that their performance was being evaluated.

After the completion of the short 2AFC task, participants were presented with some 
animal videos during a short break, before starting the VAS task. In the VAS task, par-
ticipants were again presented with a single stimulus, but this time, the two response 
choices were located at the two ends of a horizontal slider, on the same sides as in the 
2AFC task for that participant. Participants dragged the vertical bar on the slider from 
the center point to indicate where the sound stimulus should be located between the 
left and the right endpoints, that is, between ‘pa’ and ‘ba’. They then pressed the button 
‘next’ to proceed to the following trial. No time-out was set so that listeners could have 
ample time for each trial. Stimuli were presented in a different randomized order for 
each participant. In the training phase, participants started with eight trials in a fixed 
order with synthesized stimuli other than ‘pa/ba’ to familiarize them with using the 
slider. They then completed six trials with randomly chosen ‘pa/ba’ stimuli to familiar-
ize them with the task itself. The whole session lasted around twenty to thirty minutes.

Materials. The primary purpose of the 2AFC task was to determine the extent to 
which onset F0 influenced voicing category judgments across the VOT continuum. 
However, we were also interested in inferring how listeners may have been identifying 
the stimuli previously heard in the AX task. For this reason, we used the same stimuli 
from the AX task in the 2AFC task, except for two modifications to the VOT levels. 
First, the −100 ms level was removed because we assumed that all listeners would 
consistently identify a VOT of −100 ms as voiced. Second, a −20 ms level was added 
to ensure a linear change along the VOT continuum, following the procedure of most 
2AFC tasks.7 Stimuli varied in VOT (four levels) and Onset F0 (two levels, crossed with 
two F0 transition lengths). Each stimulus was repeated four times, yielding sixty-four 
trials. (The 2AFC task could train listeners to give more categorical responses in the 
following VAS task, which was why we avoided a longer exposure with more trials.)

For the VAS design, stimuli were drawn from a continuum of six levels of VOT × 
three levels of Onset F0 (crossed with two F0 transitions). VOT ranged from −60 to 
+20 ms, with a 20 ms step in the negative range and a 10 ms step in the positive range. 
A modification and an extension were made in the onset F0 levels, with 100, 130, and 
169 Hz at the vowel onset, to ensure equal semitone intervals between two consecutive 
steps (4.5 semitones). Each stimulus was repeated five times, yielding 180 trials in total.

7 No positive VOT steps were used because we wanted to avoid a change in terms of the VOT distributions 
in the stimuli between the AX task and the 2AFC task. We were aware that this could encourage listeners to 
increase their ‘pa’ responses for stimuli at VOT = 0 ms as the rightmost endpoint of the continuum.
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Predictions. First, as widely shown in previous literature, we predicted that lower 
onset F0 would lead to more, and more rapid, voiced responses and a shift in the identifi-
cation curve toward the positive VOT endpoint. If listeners were treating the ambiguous 
stimuli in the AX task primarily as instances of voiceless plosives, onset F0 should have 
the greatest influence on voicing identification and judgment at the voiced-voiceless 
boundary (i.e. VOT at or slightly below 0 ms; see e.g. Serniclaes 1987). By contrast, if 
onset F0 plays a role across the stimulus space, some effects should be revealed in the 
VAS task even when VOT is unambiguous.

Analysis. We discarded from all analyses the data of one participant who gave voiceless 
responses 100% of the time because this was most likely due to a lack of engagement. Data 
from seventy-one participants (fifty-five women, sixteen men), from eighteen to fifty-nine 
years old (median = 31, mean = 33, SD = 11), were thus retained for analysis. For the 
2AFC task, six listeners failed to press a button for more than fourteen of sixty-four trials 
(i.e. more than 20%), which quite clearly suggested a lack of engagement, and thus their 
data were further excluded from the plots and the statistical analyses for the 2AFC task.8

For 2AFC results, binomial GLMM models were fitted to the binary responses using the 
glmer function of the lme4 package (Bates et al. 2015). For VAS results, beta regression 
GLMM models were fitted to the VAS response [0, 100] rescaled to [0.01, 0.99] using the 
glmmTMB package (Brooks et al. 2017), given the typical beta distribution illustrated by 
the VAS data found in previous studies (Kapnoula et al. 2017, Kong & Edwards 2016).9 
All post-hoc pairwise comparisons were made using emmeans (Lenth 2021).

Results. Figure 8 shows the aggregated identification rate by VOT and Onset F0 
observed in the two identification tasks. Unsurprisingly, in both tasks, the /ba/ identi-
fication rate decreases when VOT increases and when onset F0 increases. Of greater 
interest is to see precisely how onset F0 affects listeners’ performance along the entire 
VOT continuum, which we examine in the following.

8 See appendix C.3.1 for the distribution plot of the numbers of timed-out trials. The inclusion or exclusion 
of these data for the VAS task does not change our main findings. See appendices C.1, C.2, and C.3.3 for 
results including all participants.

9 The beta distribution illustrated by our VAS data may be obscured by the peak at the midpoint of the VAS 
scale (appendix C.4.1). However, this peak is possibly due to the lack of engagement of some participants, 
who responded excessively with the midpoint of the scale (see individual plots in appendix C.2).

Figure 8. Observed identification rate for 2AFC and VAS by VOT and Onset F0. Error bars indicate 95% 
confidence intervals.
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2AFC responses. A binomial GLMM model was fitted to the response data, with the 
centered and standardized continuous predictors VOT, (Onset) F0, and their interaction. 
Random intercepts were included for participants, and by-participant random slopes 
for the interaction between VOT and F0. The full model summary is given in appen-
dix C.3.2. Figure 9 plots the predicted probability of /b/ response by VOT and F0. /b/ 
response is almost at ceiling when VOT is at −60 and −40 ms, where F0 has little effect. 
/b/ response is mostly affected by F0 when VOT is at −20 ms (low-rising: 0.88, 95% CI  
[0.81, 0.93]; flat: 0.63, 95% CI [0.55, 0.71]). For VOT at 0 ms, listeners gave predo-
minantly /p/ responses and were influenced by F0 to a lesser degree than VOT at −20 ms 
(low: 0.17, 95% CI [0.11, 0.26]; flat: 0.07, 95% CI [0.04, 0.11]).

Figure 9. Prediction plot for /b/ response by VOT and F0 (model: glmer(response ~ F0 * VOT + (1 + F0 * 
VOT )|subject)). Shaded areas indicate 95% confidence intervals.

For some listeners, F0 has no effect, and some other listeners show no effect of VOT 
(see appendix C.2). It is unclear how to interpret these individual differences and how 
much should be explained by the remote collection setting, but the removal of these 
participants does not change the general outcomes of the model.

VAS responses. A beta regression GLMM model was fitted to the VAS scale 
responses [0, 100] rescaled to [0.01, 0.99], with orthogonal polynomial coded predic-
tors (i.e. ordered categorical) VOT, F0, and their interaction. Random intercepts were 
included for participants, and by-participant random slopes for F0. The summary of the 
full model is given in appendix C.4.2. VOT and F0 were specified as ordered categor-
ical rather than numerical predictors for two reasons. First, we sought to estimate the 
differences related to each F0 level at each VOT level. Second, the observed data in 
Fig. 8 suggest that the effect of F0 may be asymmetrical and/or unequal within different 
VOT ranges.

Post-hoc pairwise comparisons (Table 1) show the largest effects of F0 at −20 and 
0 ms. We can observe that the effect of high (falling) and low (rising) F0 is not evenly 
distributed along the VOT continuum. Compared to flat F0, low F0 affects voicing iden-
tification only when VOT is at or above −20 ms, and its effect persists in the positive 
range. By contrast, the effect of high F0 is larger in the negative range and the largest at 
−20 ms. Taken together, the effect of F0 is especially observed in two situations: first,
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when VOT lies in the ambiguous region for voicing categorization, and second, when 
VOT and F0 are conflicting, that is, when the value of F0 is typically associated with 
the opposite category of the value of VOT (i.e. negative VOT with a high F0, or positive 
VOT with a low F0).

contrast est SE df t-ratio p-value
VOT = −60

100 - 130 −0.09 0.07 12,922 −1.352 0.3665
130 - 169 0.31 0.07 12,922 4.678 < 0.0001

VOT = −40
100 - 130 −0.01 0.07 12,922 −0.091 0.9955
130 - 169 0.58 0.07 12,922 8.650 < 0.0001

VOT = −20
100 - 130 0.34 0.07 12,922 5.069 < 0.0001
130 - 169 1.16 0.07 12,922 17.371 < 0.0001

VOT = 0
100 - 130 0.59 0.07 12,922 8.673 < 0.0001
130 - 169 0.16 0.07 12,922 2.390 0.0444

VOT = 10
100 - 130 0.49 0.07 12,922 7.146 < 0.0001
130 - 169 0.21 0.07 12,922 3.132 0.0049

VOT = 20
100 - 130 0.49 0.07 12,922 7.102 < 0.0001
130 - 169 0.17 0.07 12,922 2.432 0.0399

Table 1. Estimated marginal means for the glmmTMB model predicting VAS response (Family: beta_family): 
glmmTMB(response ~ as.ordered(VOT) * as.ordered(F0) + (1 + as.ordered(F0))|subject). Results are given on 
the log-odds ratio (not the response) scale. p-value adjustment: Tukey method for comparing a family of three 

estimates. F0 = 100 for low-rising, 130 for flat, 169 for high-falling. The 100 - 169 pairs are not shown.

2AFC and VAS identification tasks: summary. The 2AFC and VAS identification 
tasks were conducted to see where on the VOT continuum onset F0 exerted the most 
influence on voicing category judgments. Onset F0 has the greatest influence around 
the category boundary, which is estimated to lie between −20 and 0 ms. In addition, 
onset F0 affects voicing categorization especially when VOT is ambiguous, or when 
VOT and F0 are conflicting. That is, the effect of onset F0 is not evenly distributed 
along the entire VOT continuum (RQ5). Except for the response curve with high-falling 
onset F0 showing somewhat continuous responses, listeners’ responses in both tasks are 
quite categorical, despite previous findings showing that VAS tasks encourage gradient 
responses. This may be specific to the true-voicing contrast, or may be due to method-
ological limitations (McMurray 2022).

4. General discussion.
4.1. Trading between voicing and CF0: a result of categorization. The main 

goal of the current study was to investigate the relation between voicing and CF0 from 
the perspective of a frequently observed sound change, phonologization of co-intrinsic 
pitch (CF0). We tested whether the core assumptions of the CoPath model—namely 
inverse acoustic covariation and perceptual equivalence between coarticulatory source 
and effect—hold between voicing and CF0 in Metropolitan French, a true-voicing lan-
guage where CF0 is not phonologized.

Our findings indicate that the correlation between VOT and onset F0 was absent or 
weakly positive within both voiced and voiceless categories (RQ1) as well as across cat-
egories (RQ2). In particular, in the production of /b/-onset words in isolation, the dura-
tion of prevoicing correlated weakly but positively with onset F0 lowering. In addition, 
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we did not find lower onset F0 when devoicing occurred (RQ3), as might be expected 
if speakers were compensating for their failure to produce a canonical realization of the 
primary cue (§1.3). Taken together with previous findings from other languages, includ-
ing Spanish (Dmitrieva et al. 2015), Tokyo Japanese (Gao & Arai 2019), and Central 
Swedish (Kirby & Tan 2023), our findings suggest that an inverse relation between 
coarticulatory source and effect does not apply to the production of voicing and CF0.

To answer RQ4, we conducted an AX discrimination experiment to test whether pre-
voicing and low onset F0 were perceptually equivalent when VOT was (i) unambigu-
ously within the voiced category as well as (ii) near the voiced-voiceless boundary, that 
is, when the VOT cue was ambiguous in terms of voicing categorization. Our results 
revealed a critical effect of the ambiguity of VOT in this true-voicing language. When 
both stimuli clearly fell unambiguously within the voiced category, we found no dif-
ference in listeners’ discrimination accuracy between the additive and canceling con-
ditions. This is unexpected if perceptual equivalence would obtain between prevoicing 
and low onset F0 across a wide range of stimulus conditions. By contrast, when one 
stimulus had an ambiguous VOT (i.e. VOT was near the voiceless-voiced boundary), 
listeners’ discrimination accuracy was higher for the additive than the canceling con-
dition. That is, perceptually, the lowering of onset F0 could stand in for the absence of 
prevoicing, but not the temporal reduction of prevoicing. In sum, our AX discrimination 
results did not provide evidence for perceptual equivalence between prevoicing and low 
onset F0 within the voiced category. Instead, we observed a rather classic trading rela-
tion between these two cues only when the VOT cue was ambiguous.

To answer RQ5, we conducted two identification experiments to examine how onset 
F0 would affect listeners’ voicing identification along the VOT continuum. In the 2AFC 
task, compared with a flat onset F0, a low-rising onset F0 lowered the voicing identi-
fication rate, especially near the voiceless-voiced boundary (i.e. when VOT was −20 
or 0 ms). In the VAS task, the effect of onset F0 on voicing judgments was not evenly 
distributed along the VOT continuum. In the negative VOT range, high onset F0 had a 
stronger effect than low onset F0, whereas from −20 ms to the positive VOT range, low 
onset F0 had a stronger effect than high onset F0. In other words, listeners seemed to 
pay more attention to onset F0 when it conflicted with the category signaled by VOT 
than when it was congruent with that category.

Taken together, in production, we found no evidence for an inverse relation between 
voicing and CF0: if anything, we found these properties to be positively correlated. In 
perception, prevoicing appears to trade with low onset F0 only when VOT is ambiguous. 
Although onset F0 contributes to voicing judgments even when VOT is unambiguous 
(as previously shown by Whalen et al. 1993 for American English), its role is the greatest 
at the voiced-voiceless boundary. In addition, conflicting VOT-F0 combinations seem 
to have more impact on voicing judgments than nonconflicting combinations. These 
results suggest that, unlike vowel nasalization, the trading relation between voicing and 
CF0 is observed when a categorization decision is needed (Repp 1983), whereby the role 
of the secondary cue is especially important when the primary cue is ambiguous.

4.2. Spontaneous devoicing and perceptual adaptation. Recall that the CoPath 
model postulates that articulatory covariation and perceptual equivalence between 
coarticulatory source and effect serve as a path to sound change, whereby the coartic-
ulatory effect becomes the dominant acoustic-perceptual property. In other words, the 
inverse relation between source and effect can be seen as a precursor of sound change 
(Beddor 2009:§2.3).
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Our study shows an absence of a strictly inverse source-effect relation in the produc-
tion and perception of voicing and CF0 in French, a true-voicing language. Does the 
absence of this precursor mean that the phonologization of CF0 would never take place 
in French? Perhaps. While the historical presence of canonical closure voicing appears 
to underlie many cases where CF0 has been phonologized, this does not mean that 
all languages with robust prevoicing must eventually transphonologize this property.  
However, our results may to some extent generalize to the case of voicing and CF0 in 
other languages. In the production of the voicing contrast in Afrikaans, younger speak-
ers who have a much higher devoicing rate than older speakers nonetheless exhibit a 
similar temporal extent and magnitude of CF0 (Coetzee et al. 2018). While this does not 
mean that an inverse source-effect relation might not obtain in the general population, 
it suggests an absence of this relation at least across generations, in a language where 
there is an ongoing reweighting between voicing and CF0. In Tokyo Japanese, where 
obstruent devoicing is more frequent and CF0 is more pronounced than in French, the 
inverse source-effect relation is also absent (Gao & Arai 2019).

How, then, might the phonologization of CF0 come about in a true-voicing language 
like French? We propose that spontaneous devoicing acts as a natural production bias, 
resulting in a shift of perceptual attention to CF0. If listeners come to give CF0 more 
weight in perception and this subsequently comes to be reflected in their productions, 
the proportion of tokens with enhanced CF0 will increase over time, eventually leading 
to the phonologization of CF0. Below we elaborate on the details of this proposal.

As described in §1.3, the phonetic basis for the spontaneous devoicing of voiced 
obstruents is uncontroversial. Ohala (2011) elaborates two main options that languages 
have in dealing with the aerodynamic voicing constraint: ‘let the AVC prevail’ or ‘cir-
cumvent the AVC’. The first option is simply to devoice phonetically voiced plosives. If 
the language’s phonological inventory also contains voiceless obstruents, the diachronic 
consequence would be (potentially incomplete) merger or positional neutralization, such 
as syllable-final obstruent devoicing in German (Fourakis & Iverson 1984,  Roettger 
et al. 2014) or word-initial fricative devoicing in some varieties of Dutch (Pinget et al. 
2020). The second option is to attempt to preserve voicing by synergistic gestures, 
including but not limited to prenasalization, larynx lowering, or pharyngeal expansion 
(see §1.3). These multiple strategies are highly variable across languages and speakers. 
For example, in French and Spanish where voiced plosives are typically reported to be 
robustly prevoiced, speakers vary in the selection of one or a combination of above- 
mentioned articulatory maneuvers to circumvent the AVC in absolute initial position 
(Solé 2018). Depending on the particular strategy that prevails, this response may over 
time contribute to the creation of spirantized or prenasalized plosives, or implosives.

Here, we suggest a third possibility: ‘try, but fail to circumvent the AVC’. Despite 
the speaker’s best efforts to achieve closure voicing, glottal pulsing may still fail to 
occur if the requisite phonation pressure threshold is not met. However, because any F0 
lowering would be the result of articulatory maneuvers undertaken to support voicing, 
any co-intrinsic effects on the F0 of the following vowels should persist, regardless of 
whether closure voicing actually occurs. Moreover, if the CF0 dichotomy is primarily 
driven by gestures that perturb F0 following voiceless plosives (which seems to be 
the case in French as well as in many other languages: Kirby & Ladd 2016), there is 
even less reason to predict that devoicing should disturb the CF0 dichotomy. Persistent 
devoicing of phonologically voiced plosives would thus result in a laryngeal contrast 
signaled solely by the postrelease differences in F0.
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If, however, spontaneous devoicing does not simultaneously result in an enhance-
ment of lowered onset F0 following devoiced plosives, as we have shown, why should 
this lead to the phonologization of CF0, rather than a merger with voiceless plosives? 
Along with previous findings, our study clearly shows that ambiguity in categorization 
created by devoiced plosives compels listeners to rely more on CF0 to identify the 
voicing category. We thus hypothesize that this shift of perceptual attention to CF0, if 
recurrent, may contribute to its phonologization. Previous work shows that listeners 
can be trained to shift their attention to a cue by means of short-term exposure to stim-
uli in which cue informativeness is increased (e.g. greater acoustic separation between 
categories: Francis et al. 2000, Holt & Lotto 2006, Idemaru & Holt 2014, Schertz & 
Clare 2020). Our recent work further suggests that when VOT becomes less informa-
tive, the relative informativeness of CF0 increases, creating favorable conditions for 
a short-term reallocation of perceptual attention to CF0 (Gao & Kirby 2023; see also 
Kim et al. 2020 for similar findings with vowel-related cues). However, it has also been 
shown that an individual’s long-term cue weighting is stable and is dependent on the 
distributional regularities of the language environment (Idemaru et al. 2012). For this 
reason, we suspect that, for a persistent cue reweighting to become established, listeners 
would require long-term exposure to ambiguous items where the informativeness of 
prevoicing is reduced. Although this would not increase the informativeness of CF0 per 
se, upweighting of onset F0 (relative to VOT) would allow for a better mapping from 
listeners’ phonological categorization to lexical and contextual feedback (Harmon et al. 
2019). That is, persistent devoicing of phonologically voiced plosives would result in 
a laryngeal contrast signaled solely by the postrelease differences in F0, leading to a 
situation in which listeners would only be able to rely on CF0 to make lexical decisions 
between minimal pairs involving devoiced and voiceless plosives. Indeed, our ongoing 
work (Gao & Kirby 2023) suggests an enhancing effect of lexical information on per-
ceptual adaptation from voicing to CF0.

In sum, we propose that phonologization of CF0 begins with voicing failure contrib-
uting devoiced tokens to the pool of variation of phonologically voiced plosives (Ohala 
1989), which may drive listeners’ perceptual upweighting of CF0 for lexical disambig-
uation. Although we have not directly tested this idea in the present article, the findings 
presented here establish the empirical basis for this proposal: namely, that (a) devoicing 
does not impact the acoustic realization of CF0 in a true-voicing language, and (b) cate-
gorization ambiguity induced by devoicing increases the salience of CF0.

4.3. Theoretical perspectives. Our proposal shares similarities and differences 
with the two models described in §1.1. Like Ohala (1981, 1989, 1993), our proposal 
highlights the crucial role of the listener, but we see the upweighting of CF0 as a reallo-
cation of attentional resources rather than as an accidental misperception or misparsing, 
because we know of no evidence that CF0 is interpreted as a property of the vowel 
independently from its coarticulatory source. Moreover, we propose that this perceptual 
adaptation is guided by the need for perceptual distinctiveness to disambiguate mem-
bers of a phonological or lexical contrast, a view to which Ohala (1981:186) does not 
subscribe. Like Beddor (2009) and Beddor et al. (2018), our proposal emphasizes the 
role of the speaker and the effect of phonetic environment on the reduction of coarticu-
latory source. But unlike in that model, we suggest that parity between production and 
perception is not mediated through a single shared gesture in the case of voicing and 
CF0. Indeed, our empirical findings differ from the vowel nasalization case investigated 
by Beddor (2009) in that a reduction of closure voicing (the coarticulatory source) does 
not result in an enhancement of CF0 (the, or at least a, coarticulatory effect).
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As explained in §1.2, for vowel nasalization, both Beddor (2009) and Carignan et al. 
(2021) propose reduction of coarticulatory source as a precondition for phonologiza-
tion of coarticulatory effect. We are proposing something similar here, namely, that 
spontaneous devoicing functions as a precursor for phonologization of CF0. The key 
difference is that, in the case of CF0, the coarticulatory source—the gestures that sup-
port or inhibit voicing—are not ‘reduced’ per se. As outlined above, failure to over-
come the AVC does not entail the attenuation of these gestures, nor does it enhance 
the coarticulatory effect by itself. The enhancement of CF0—we hypothesize—is 
achieved through a perceptual adaptation strategy. While Carignan et al. (2021) also 
stress the role of shift of perceptual attention in the case of vowel nasalization, per-
ceptual upweighting of the increased vowel nasality appears to operate in a gradual 
fashion, possibly mirroring the gradual increase of vowel nasality in production. In the 
case of voicing and CF0, our findings suggest that listeners attend to CF0 in a relatively 
categorical fashion, especially when the absence of closure voicing causes ambiguity 
in voicing categorization.

Setting aside these differences, the two factors we highlight here—production bias 
and perceptual adaptation—are shared in one form or another by all theories of sound 
change (for a classic review, see Garrett & Johnson 2013). In this way, the initiation of 
the phonologization of CF0 may be seen to follow a similar trajectory to that of vowel 
nasalization. At the same time, our findings are a reminder that different coarticulatory 
patterns may have very different source-effect and production-perception relationships. 
We also know that different coarticulatory patterns differ in terms of their regularity, 
typology, directionality, and so on. For example, while tonogenesis due to the phonol-
ogization of CF0 is diachronically well attested, the intrinsic F0 differences related to 
vowel height are rarely transphonologized (Arnold 2020, Hombert et al. 1979, Kingston 
2011, Siddins & Harrington 2015, Ting et al. 2023), and ‘tonoexodus’ (i.e. tone loss) 
also seems to be relatively uncommon (Patin 2018, Ratliff 2015, Sims 2020). All of this 
means that we need to look in detail at the production and perception mechanisms for 
each coarticulatory pattern in order to model its behavior, direction, or rate in the course 
of sound change.

As a final remark, we stress that it is unlikely that the two factors we have high-
lighted here—devoicing and perceptual adaptation—can explain the phonologization 
of CF0 on their own. If both devoicing and perceptual adaptation are requirements for 
the subsequent enhancement of CF0 in production, the ongoing phonologization of CF0 
in Afrikaans is unexpected, because older speakers exhibit a low rate of devoicing but 
nevertheless show substantial differences in CF0 (Coetzee et al. 2018). Other phonetic 
mechanisms are no doubt involved, such as larger effects of pitch raising than lowering 
in both production (Kang & Guion 2008, Kirby & Ladd 2016) and perception (Gao 
et al. 2019), the influence of place and manner of articulation (Hyslop 2022, Mazaudon 
2012a, Peralta 2018), and the influence of phonation type (Gao et al. 2020, Henderson 
1982, Pulleyblank 1978, Thurgood 2007). Furthermore, while we focus here on the ini-
tiation of sound change, it can be difficult to separate initiation from transmission and 
propagation (Hall-Lew et al. 2021). Structural and systemic factors (Brunelle & Kirby 
2015, Brunelle & Pittayaporn 2012, Mazaudon 2012b, Michaud 2012), social factors 
(Yang et al. 2015), multilingualism, and contact (Evans 2001, Gao & Mazaudon 2022, 
Lau-Preechathammarach 2023, Pearce 2009, Steien & Yakpo 2020, Yeoung 2023) have 
been found or hypothesized to play a role in tonal developments and are likely to be 
operative at the earliest stages of tonogenetic sound changes.
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5. Conclusion and outlook. Beddor (2009) proposes that an inverse relationship 
between coarticulatory source and effect in production and perception serves as a pre-
cursor for the phonologization of vowel nasalization. Inspired by her model, we looked 
for evidence of inverse acoustic covariation and perceptual equivalence between voic-
ing and CF0 in Metropolitan French as a possible source of sound change. However, 
we found a different relationship between coarticulatory source and effect. Rather than 
an inverse correlation in production, we found at best a weakly positive correlation 
between the extent of prevoicing and onset F0. Rather than perceptual equivalence 
across the stimulus space, we found that the cue trading between prevoicing and onset 
F0 operates especially at the voiced-voiceless boundary.

We thus conclude that the phonologization of CF0 seen in ‘tonogenetic’ sound changes 
is driven not by an articulatorily based perceptual equivalence relation, as in the coarticu-
lation of VN sequences. Instead, we suggest that spontaneous devoicing of onsets creates 
an ambiguity in voicing categorization that redirects listener attention to the secondary 
CF0 cue. Over time, through accumulated exposure to spontaneously devoiced voiced 
plosives, listeners may gradually come to upweight CF0 for lexical disambiguation. 
Subsequently, it is conceivable that such a perception pattern will lead to a substantial 
increase in the use of CF0 in production, establishing its phonologization. In ongoing 
work, we are testing the effect of accumulated exposure to ambiguous items coupled 
with lexical effects on listener-turned-speakers’ reproduction of their perceptual pattern.
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