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Effects of obstruent voicing on vowel fundamental frequency
in Dutch

Anne-France Pingeta) and Hugo Quen�e
Institute of Language Sciences, Utrecht University, Trans 10, 3512 JK Utrecht, the Netherlands

ABSTRACT:
It has been known for a long time and a wide variety of languages that vowel fundamental frequency (F0) following

voiceless obstruents tends to be significantly higher than F0 following voiced obstruents. There has been a long-

standing debate about the cause of this phenomenon. Some evidence in previous work is more compatible with an

articulatory account of this effect, while others support the auditory enhancement account. This paper investigates

these consonant-related F0 perturbations in Dutch after initial fricatives (/v, f/) and stops (/b, p/), as compared to

after the nasal /m/. Dutch is particularly interesting because it is a “true voicing” language, and because fricatives

are currently undergoing a process of devoicing. Results show that F0 was raised after voiceless, but largely unaf-

fected after voiced obstruents. Fricative voicing in /v/ and F0 level tend to covary: the less voicing in /v/, the higher

F0 at onset. There was no trace of an active gesture to explicitly lower pitch after highly devoiced fricatives, as

would be predicted by an auditory account. In conclusion, F0 perturbations after Dutch obstruents and their covaria-

tion patterns are taken as additional evidence to support an articulatory cause of consonant-related F0 effects.
VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0021070
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I. INTRODUCTION

In a wide variety of languages, it has been well docu-

mented that fundamental frequency (F0) at the onset of a

vowel following a voiceless obstruent is higher than at the

onset of a vowel following a voiced obstruent (for English

see House and Fairbanks, 1953; Kingston and Diehl, 1994;

Lehiste and Peterson, 1961; Mohr, 1971, and in many other

languages like Korean, Swedish, French, Italian, Danish,

Xhosa; see Ting et al., 2023 for a recent review and compar-

ison of the literature). This effect has received a variety of

different names, sometimes called “pitch skip” (Hanson,

2009) or “consonants-related F0 perturbations” (Kirby and

Ladd, 2016), “onset voicing effect” (Kirby and Ladd, 2015),

or “consonant intrinsic F0” (Kingston, 2007). Following

Krug et al. (2021), we refer to this effect as co-intrinsic F0
(CF0). While CF0 effects have meanwhile been studied

extensively, there is a long-standing debate regarding their

underlying source.

This paper investigates CF0 effects in Dutch obstruents.

Dutch stops are of interest because the contrast lies between

voiceless unaspirated stops and fully voiced (prevoiced) stops,

i.e., Dutch is a true voicing language. F0 after Dutch fricatives

has—to our current knowledge—not been the subject of a thor-

ough investigation since the study of Slis and Cohen (1969).

Yet, Dutch fricatives are highly relevant to our understanding of

CF0 effects, as they are currently involved in a well-document

process of devoicing where voiced fricatives are produced as

(partially) voiceless. This paper presents a detailed investigation

of F0 contours, the magnitude and time course of CF0 effects,

and the covariation patterns between phonetic cues in Dutch

obstruents, aiming to contribute to the debate about the source

of CF0 effects.

A. Source of CF0 effects: A long-standing debate

Despite the large number of studies showing that voic-

ing contrasts in many languages are accompanied by effects

on the F0 of the following vowel, there is still debate among

researchers about the source of these effects. The proposed

causes for F0 differences fall into two clusters: (1) auditory-

motivated accounts and (2) articulatory-motivated accounts.

On the one hand, Kingston and Diehl (1994) proposed

an auditory-motivated account to explain F0 differences.

They suggested that speakers actively lower F0 following a

voiced obstruent to signal the [þvoice] feature to listeners.

Because it is based on the principle of contrast enhance-

ment, this explanation can be considered of a phonological

nature. This view is also supported by Ohde (1984) who

reported that in English a high F0 at onset was found for

both voiceless aspirated and unaspirated plosives, although

the VOTs were very different. They suggested that F0 dif-

ferences are a product of articulations that are controlled

independent of the timing of the glottal articulations to pro-

duce voicing. Hence this effect is the consequence of a con-

trolled, deliberate enhancement of [þvoice]. We will refer

to this account as the auditory enhancement account as it is

related to how listeners integrate acoustic cues perceptually.

a)Also at: Fryske Akademy, Doelestraat 8, 8911 DX Leeuwarden, the

Netherlands.
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On the other hand, there is reason to believe that this

effect may simply fall out from the physiology or articula-

tion of obstruent production. F0 differences might directly

reflect the automatic effect of laryngeal articulatory gestures

and are therefore articulatory-motivated (Hanson 2009).

Halle and Stevens (1971) specifically proposed that voice-

less obstruents tend to raise F0 of the following vowel

because their production canonically involves a stiffening of

the vocal folds. This stiffening primarily results in the inhi-

bition of phonation, but it also tends to increase vocal fold

length which may result in a rise in F0 at the onset of the

following segment. This view in which the F0 perturbations

are caused by the physiology of voiceless obstruents also

received support from L€ofqvist et al. (1989), who found that

cricothyroid muscle activity increases for voiceless conso-

nants relative to voiced consonants. An increase in cricothy-

roid activity intensifies the longitudinal tension of the folds,

which helps to inhibit voicing during the voiceless conso-

nant and also increases the frequency of vibration upon pho-

nation for the following vowel. Hombert et al. (1979),

however, showed that there is possibly another force at play:

F0 is lowered after voiced obstruents. They proposed that a

possible cause for the F0 perturbations is the lowering of the

larynx during the production of voiced plosives in order to

obtain sufficient transglottal pressure to produce vocal fold

vibration. Honda et al. (1999) gave additional support for

this hypothesis, showing that the lowering of the larynx can

cause a downward tilt of the cricoid cartilage, which causes

a shortening of the vocal folds and thereby a decrease in

their horizontal tension. These gestures result in a lower F0

in voiced obstruents that carries over into the adjacent

vowel. We will refer to this account as the articulatory-

motivated account.

Several later studies providing general evidence for an

articulatory account of CF0 differences further tried to dis-

entangle these two possible physiological forces (F0 raised

after voiceless obstruents vs lowered after voiced obstru-

ents) by introducing a nasal baseline condition (Hanson,

2009; Kirby and Ladd, 2016). It is generally accepted that

the production of nasals does not require any articulatory

adjustments of the supralaryngeal cavity and that the airflow

going through the nasal cavity does not perturb F0 (Ohala,

1975; Hombert et al., 1979). Hanson’s (2009) results on

English using a nasal /m/ as a reference level pointed

towards a raised F0 after voiceless consonants, as the F0

contour was higher than F0 after the nasals long into the

vowel. Looking at true voicing languages Italian and

French, Kirby and Ladd (2016) provided evidence for both

physiological forces: they showed both raised F0 following

the release of voiceless consonants and depressed F0 during

the closure phase of voiced obstruent, as compared to the

nasal reference level. Working along the same lines as

Hanson (2009) and Kirby and Ladd (2016), the current study

includes a nasal baseline in order to investigate—in the case

of an articulatory-motivated explanation for CF0 effects—

which physiological force is at play, i.e., to establish the

change in F0 after Dutch obstruents relative to F0 after

Dutch sonorants, which we regard as an unperturbed refer-

ence level.

B. Covariation patterns between cues

The two above-described accounts make different pre-

dictions about how phonetic cues covary and provide differ-

ent explanations about why they do so. For stops, the

articulatory account predicts a correlation between voice

onset time (VOT) and onset F0 in the following vowel that

automatically follows from the articulatory settings involved

in voicing production, and that is not directly controlled by

the speaker (Hombert et al., 1979; L€ofqvist et al., 1989). In

contrast, the auditory enhancement account predicts that

that the connection between these two cues is intentional

and phonologically-determined (Keating, 1984; Kingston

and Diehl, 1994; Kingston, 2007). The F0 cue helps to

enhance the perception of segments as [þvoice] stops,

thereby increasing the perceptual distinctiveness between

[þvoice] and [�voice] stops.

Covariation patterns between VOT and onset F0 have

been examined for stops in different types of languages, but

the results are contradictory. Shultz et al. (2012), for instance,

presented data from a production study of 32 native speakers

of American English and showed a significant inverse corre-

lation between VOT and onset F0, suggesting that the F0

effect was attenuated by speakers who produced stops with

longer VOTs. The authors interpreted their findings as being

consistent with the account from Kingston and Diehl (1994).

Like Repp (1982), they suggested that VOT and onset F0 are

in a trading relationship: a change in the value of one cue that

would otherwise result in a different phonetic percept can be

offset by a change in the value of another. Yet, the Kirby and

Ladd (2015) data on French and Italian showed that rather

than an inverse correlation between voicing lead and onset

F0, longer prevoicing is accompanied by a lower F0 at the

onset of the following vowel (based on words in isolation,

thus utterance-initial stops). They interpreted these findings

as more compatible with the articulatory account: this rela-

tionship is expected if F0 effects are a by-product of laryn-

geal lowering, a gesture maintaining the transglottal pressure

to maintain voicing during the stop closure. This finding was,

however, not replicated in Kirby and Ladd (2016), a follow

up study on the same languages, but involving different elici-

tation context, i.e., carrier phrases. Kirby and Ladd (2016)

also reported considerable individual variation in the strength

and direction of correlations, a point also made by Dmitrieva

et al. (2015) and Gao and Arai (2019). Dmitrieva et al.
(2015) moreover reported within-category VOT and onset F0

to be uncorrelated in Spanish and in English data. In conclu-

sion, the examination of how VOT and onset F0 co-vary in

different languages has yielded conflicting results.

In general, the study of CF0 effects has largely concen-

trated on stops, at the expense of our knowledge about other

obstruents. This is also true regarding covariation patterns.

Kirby and Ladd (2016) did look at the correlations between

noise duration and F0 at vowel onset for fricatives and found
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no significant correlation. This study therefore includes—in

addition to the covariation patterns for Dutch stops—an

examination of covariation patterns for fricatives, and thus

aims to look for additional support for either the articulatory

or the auditory enhancement account (see hypotheses under

Sec. I F).

C. Characteristics of the CF0 effects: Time course,
contours, and magnitude

A possible reason why there is still a debate about the

source of CF0 effects is the lack of clarity about how to

characterize these effects (Ladd and Schmid, 2018). Studies

tend to differ as to which aspects they focus on: either the

time course of CF0 effects, the contour shapes, or the mag-

nitude of CF0 differences.

Regarding the time course of CF0 effects, House and

Fairbanks (1953) started with measurements of the average

F0 over the whole vowel segment, but already noted that F0

differences between voiced and voiceless consonants did

not occur uniformly through the following vowel but

appeared mostly at the onset of the vowel. Mohr (1971)

measured maximum vs minimum F0 over the entire duration

of vowels and suggested that the influence of the obstruents

is limited to the early part of the vowel. However, looking at

languages other than English, it was shown that F0 perturba-

tions might extent further into the vowel. Hombert (1978)

reported perturbations for Yoruba that extend up to 100 ms

into the vowel. Kenstowicz and Park (2006) looked at

Kyungsang Korean reported perturbations at least until mid-

vowel. In contrast, Francis et al. (2006) reported that F0 per-

turbations in Cantonese—more like their English

counterparts—are more limited to the very early portion of

the vowel (first 0–10 ms). As these studies also significantly

differ in terms of type of recordings, these findings are diffi-

cult to compare. Hence, there is no consensus whether the

obstruent effect only involves the absolute F0 value immedi-

ately after the consonants or whether it entails an F0 move-

ment into the vowel, and if so, until which part of the vowel.

Yet, the question about the time course of CF0 perturbations

is crucial to understanding which mechanisms are at force

and what the source of the effect is. We will return to this

point in the discussion.

Many researchers have focused more specifically on the

contour shapes of CF0 effects, noting that F0 falls after

voiceless obstruents and rises after voiced ones (e.g.,

Whalen et al., 1999). Hombert et al. (1979) also focused on

the contour shapes showing that F0 contours do not slope

down for all speakers, making an important point regarding

individual differences. Some individual variability in the F0

contours was also shown by L€ofqvist et al. (1995). It is very

plausible that the shape of CF0 differences is the most per-

ceptually relevant feature and that should be a crucial argu-

ment for the auditory enhancement account. Haggard et al.
(1970), for instance, showed that stops with a low-rising F0

contour in the following vowel are consistently perceived as

/b/, but as /p/ with a high-falling contour in the vowel,

underlying the perceptual importance of F0 movement into

the vowel as well. However, other perceptual evidence pro-

vided by Haggard et al. (1981) suggested that the actual per-

ceptual cue listeners attend to is the onset frequency, rather

than the F0 movement into the vowel. Hanson (2009) inves-

tigated CF0 effects in production after English obstruents

and measured both the onset of the vowel and the F0 con-

tours throughout the vowel. She claimed that the effects are

indeed not so much related to the F0 contours, but mostly

related to the absolute F0 difference over the first few tens

of milliseconds in the vowel. The magnitude of CF0 differ-

ences thus appears to be crucial. However, this aspect is the

most challenging as it is not straightforwardly comparable

across studies, since we know that it highly depends on

many factors, such as the general intonational context, the

vowels under consideration, the gender of the speakers, etc.

(Chen, 2011; Hanson, 2009; Kirby, 2018; Kirby and Ladd,

2016; Gao and Arai, 2019).

To summarize, previous studies tend to focus on a cer-

tain aspect of CF0 effects instead of providing a comprehen-

sive analysis (except for the recent study by Ting et al.,
2023, which includes several aspects in 16 different lan-

guages). Moreover, heterogeneity in measurements makes

the comparison between studies and the evaluation of their

contribution to the theoretical debate challenging. The cur-

rent study aims to examine all aspects of CF0 effects (i.e.,

the magnitude of the CF0 differences, F0 contours onto the

entire vowel, and thus the time course of the effects). It will

include a large sample of speakers for whom individual dif-

ferences are taken into account. Generalized Additive

Mixed Modeling (GAMM) (Wood, 2017; Wieling, 2018)

will be used to assess and compare smoothed F0 contours in

various CF0 contexts, including a baseline context, while

allowing for individual differences between speakers in their

F0 contours.

D. Dutch as a true voicing language

While CF0 effects are thought to be found cross-

linguistically and regardless of how the voicing contrasts are

mapped onto phonetic differences in the VOT distribution

(Ting et al., 2023), most of the CF0 evidence is based on

aspirating languages, very often English. English tradition-

ally contrasts between word-initial short lag voiced stop and

long lag voiceless stop (Lisker and Abramson, 1964; Cho

and Ladefoged, 1999). Kirby and Ladd (2015, 2016) under-

lined the importance of investigating other languages, espe-

cially true voicing languages (also called true voice

languages by Beckman et al., 2013). They suspected that F0

lowering may be more easily observed when there is vigor-

ous voicing during the closure, a characteristic that is often

called true voicing. In English, the [voice] feature in stops

primarily manifests itself through VOT. Voicing during clo-

sure in stops generally does not affect the phonological sta-

tus of the stop, although this may depend on the context and

the specific variety of English (Davidson, 2016; Flege 1982;

Jacewicz et al., 2009). In recent years, some criticism

against the strictly binary interpretation of VOT has been
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expressed (e.g., Ladd and Schmid, 2018, for a critique of

“laryngeal realism” based on data from Swiss German,

where closure duration, not VOT is the primary cue to the

fortis vs lenis contrast between stops). We will return to this

topic in the discussion.

Dutch in contrast is relatively unusual within the

Germanic languages in that it has a true voicing contrast

(Keating, 1984; Lisker and Abramson 1964).1 Along with

other languages such as Arabic, Japanese, Polish, French,

Italian, Spanish, Russian or Hungarian, the contrast in stan-

dard Dutch is between word-initial voiceless unaspirated

stops and prevoiced stops (i.e., voicing begins before the

stop closure is released) (Cohen et al., 1961; Keating, 1984;

Rietveld and Van Heuven, 2009, pp. 134–135). van Alphen

and Smits (2004) investigated the voicing distinction in

Dutch initial bilabial and alveolar plosives and showed that

speakers indeed generally implemented the contrast in terms

of the presence or absence of prevoicing (negative VOT).

Perceptually, prevoicing was also the strongest cue that lis-

teners used to classify plosives as voiced or voiceless. In

addition to prevoicing, a range of secondary cues (e.g., the

burst duration, the intensity of the burst) appeared to play

some role in the contrast. Interestingly, some evidence pro-

vided by van Alphen and Smits (2004) suggests that voiced

stops might not always show full voicing during the closure.

We will return to this issue in the discussion section. This

study aims to contribute evidence from a true voicing lan-

guage, by describing CF0 effects after word-initial bilabial

stops (/b/ and /p/) in Dutch.

In addition to studying Dutch stops, we aimed to give

for the first time a full account of CF0 effects after Dutch

fricatives. Standard Dutch is traditionally described as hav-

ing a phonological distinction between voiced and voiceless

fricatives (Booij, 1995). The primary cue for the voiced/

voiceless distinction is the presence or the absence of vocal

cord vibration in the fricative (Slis and Cohen, 1969; van

den Berg, 1988). Moreover, voiceless fricatives tend to be

longer and louder than their voiced counterparts (Slis and

van Heugten, 1989; Kissine et al., 2003). However, research

in the last few decades has provided ample evidence that ini-

tial voiced fricatives in standard Dutch are increasingly pro-

duced as voiceless because of an ongoing sound change (see

next section for more details). The current study will there-

fore include initial labiodental fricatives /v/ and /f/.

E. Sound change in Dutch fricatives and the question
of tonogenesis

The study of CF0 effects is not only interesting from

the phonetic and phonological points of view, but it can also

tell us something about models of sound change (Hanson,

2009). Lexical tone in many unrelated languages, for

instance, is believed to have derived from voicing contrasts

in obstruents. Indeed, one of the potential origins for this

process (often called tonogenesis) is when vowel F0 differ-

ences become the primary cue (Hombert et al., 1979;

Kingston, 2011).

Tonogenesis induced by F0 effects is characteristic of

the Sino-Tibetan, Hmong, Tai, and Kam-Sui families of lan-

guages in East and Southeast Asia (Kingston, 2011). A tone

system induced by an earlier [voice] contrast in initial con-

sonants has been illustrated for Vietnamese (Haudricourt,

1954), Seoul Korean (Silva, 2006), but many other examples

can be found in this linguistic area (Matisoff, 1973;

Mazaudon, 1977). A similar ongoing process has been

reported for Afrikaans (Coetzee et al., 2018). Traditionally,

prevoiced and voiceless unaspirated plosives ([b]–[p],

[t]–[d]) in Afrikaans are produced with comparable VOTs.

Yet, the voice contrast is not neutralized but is rather main-

tained through the F0 contour of the post-stop vowels.

Coetzee et al. (2018) showed that F0 appeared 50 to 100 Hz

lower after phonologically voiced than after phonologically

voiceless plosives. The F0 difference continues through at

least 70% of the vowel. They therefore concluded that this

difference is getting phonologized, resulting in an emergent

two-way tonal system.

As mentioned in Sec. I D, a comparable sound change

involving the loss of the voicing contrast has extensively

been reported for Dutch initial fricatives. There is extensive

evidence that Dutch initial voiced fricatives are often pro-

duced as voiceless because of a change in voicing, duration,

and intensity (Goossens, 1974; Gussenhoven, 1999;

Gussenhoven and Bremmer, 1983; Kissine et al., 2003,

2005; Pinget, 2015; Pinget et al., 2020; Van de Velde et al.,
1996). There is thus a large consensus that Dutch fricative

devoicing is a sound change in progress, but not all frica-

tives are equally advanced in the process. Labiodental frica-

tives /f, v/ which are taken into consideration in this study

take an in-between position in the change: their devoicing is

less advanced than in dorsal fricatives, but further than in

alveolar fricatives. Moreover, regional differences were

often observed within the Dutch language area as to how far

along the sound change process is. Kissine et al. (2003,

2005), Van de Velde (1996), and Pinget et al. (2020)

showed that some regions such as the center and north of the

Netherlands are more advanced in the sound change than

southern regions.

The devoicing process in Dutch fricatives offers an

interesting case to study CF0 effects. First, it allows us to

investigate the covariation patterns between voicing cues

within the fricatives and post-fricative vowel F0.

Specifically, we will be able to compare F0 patterns follow-

ing highly devoiced /v/ (produced by speakers taking part in

the sound change) and following fully voiced /v/ [produced

by speakers who are not (yet) taking part in the sound

change]. Second, the examination of F0 contours after

devoiced fricatives allows us to inspect whether Dutch, a

language related to Afrikaans (Reenen and Coetzee, 1996),

also shows emerging tonogenesis. Evidence for the mainte-

nance of low onset F0 when [þvoice] fricatives are pro-

duced phonetically devoiced would point towards this

direction. If F0 differences disappear along with voicing,

however, then the sound change could result in a merger

(Labov, 1994).
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F. Summarizing goals and hypotheses

H1: In general, we expect higher F0 values at the onset

of a vowel following a voiceless obstruent (/p, f/) than fol-

lowing a voiced obstruent (/b, v/). When compared to a

nasal /m/ baseline, F0 after /p, f/ is expected to start higher

(i.e., to be raised) at the vowel onset, while F0 after voiced

obstruents (/b, v/) is expected to be comparable to the nasal

baseline. Such evidence would be taken in favor of an artic-

ulatory account of CF0 effects, where voiceless obstruents

tend to raise F0 because of stiffening of the vocal folds

involved in the production of vocal fold vibration (follow-

ing, a.o., Halle and Stevens, 1971; Hanson, 2009).

H2: For Dutch voiced fricatives /v/—as they have

entered a process of devoicing—we distinguished between

three possible scenarios of covariation patterns, i.e., mainte-

nance (H2a), enhancement (H2b), or loss of CF0 effects

(H2c), related to the amount of voicing.

H2a: CF0 effects could be maintained: F0 at onset is

comparable after a highly devoiced /v/ to after a (normally)

voiced /v/. In this case, we thus expect no interaction

between the degree of voicing in /v/ and F0 at vowel onset.

Such a finding would not provide evidence against an articu-

latory account of CF0 effects. Indeed, the suppression (or at

least diminution) of laryngeal articulatory gestures does not

necessarily lead to any consequence in F0 levels. However,

such evidence is possibly more in favor of a perceptual

enhancement account. While consonantal voicing cues are

getting lost (voicing, duration, intensity), F0 is maintained

to ensure a perceptual contrast between voiced and voiceless

consonants.

H2b: CF0 effects are enhanced in devoiced /v/. In this

case, we thus expect an interaction between the degree of

voicing in /v/ and F0 at vowel onset: F0 at onset is lower

after a highly devoiced /v/ than after a (normally) voiced /v/.

Such a correlation between fricative voicing and F0 would

form clear evidence for a perceptual enhancement account.

Pushing the reasoning of Kingston and Diehl (1994) one

step further, it is possible that—because F0 is used as an

enhancing gesture—the magnitude of F0 effects is increased

by the speaker when fricative voicing is getting weak. CF0

effects in devoiced cases are therefore not only maintained

but amplified, and presumably in proportion to the amount

of devoicing. This is a possible route towards tonogenesis in

Dutch.

H2c: CF0 effects are getting lost in devoiced /v/. Here,

we thus expect an interaction between the degree of voicing

in /v/ and F0 at vowel onset, but—in this case—F0 at onset

is higher (more raised) after a highly devoiced /v/ (and

therefore compares more to F0 after /f/) than after a nor-

mally voiced /v/. Such a correlation between fricative voic-

ing and F0 would clearly be in favor of the articulatory

account: the more the laryngeal gestures disappear, the more

F0 effects are getting lost alongside. Specifically, we follow

the argument by L€ofqvist et al. (1989) that the higher cryco-

thyroid muscle activity for voiceless obstruents increases

the tension along the vocal folds, and that this higher

longitudinal tension inhibits (or helps to inhibit) voicing/

phonation. Once phonation does start for the vowel follow-

ing the consonant, however, the higher longitudinal tension

then results in a higher F0 (relative to the same vowel fol-

lowing a voiced consonant). Thus, if a /v/ is produced as

more voiceless, presumably involving more crycothyroid

muscle activity and presumably with more longitudinal ten-

sion along the vocal folds in order to inhibit phonation dur-

ing the consonant, then we expect a more raised F0 in the

beginning of the following vowel.

In the next section, we describe the method for the

study. Section III presents the results. Finally, the results are

discussed, and the findings are summarized in Sec. IV.

II. METHODS

A. Speech materials and recordings

The data reported here are based on the laboratory

speech recordings of test sentences read aloud by 100 native

speakers of standard Dutch. We first created 45 Dutch con-

sonant-vowel-consonant (CVC) nonwords, formed by com-

bining an initial target consonant (/v/, /f/, /b/, /p/, or /m/, the

vowel /i/ and a final consonant (/g, f, k, l, m, n, p, s, t/) (see

the Appendix, Table I). Vowel /i/ was selected because it

shows the least regional variation in Standard Dutch (Van

der Harst, 2011:159) (i.e., other vowels might have shown

significant regional differences in formants) and /i/ was kept

constant in the study as we know that the magnitude of the

F0 perturbations may vary with the vowel (Ladd and

Silverman, 1984; Silverman, 1986; Whalen et al., 1999).

The target words were inserted in the focus position of the

carrier sentence “Ik neem de ___” [I take the ___]. The use

of a carrier sentence and a controlled experiment presenta-

tion was meant to force participants to produce every target

word with similar intonation patterns, as Hanson (2009) has

shown that F0 effects significantly depend on the pitch envi-

ronment. Participants received no specific instruction

regarding the target intonation pattern at the sentence level,

but—because the carrier sentences were declarative with a

different direct object every trial—they tended to produce

the sentence with a narrow focus on the direct object.

A total of 72 sentences (containing 45 targets and 27 fill-

ers) was randomly presented one at a time to each partici-

pant on a laptop operating with Linux using Zep (Veenker,

2012). Participants were instructed to read the word aloud in

a normal speaking voice as it appeared on the screen.

Digital recordings were made at 48 kHz, 24 bits, using an

AKG C420 cardioid condenser head-mounted microphone

(AKG, Vienna, Austria). This equipment was designed for

portability (recording were made in five different labs),

while still providing excellent recordings.

B. Speakers

A hundred native speakers of standard Dutch were

recruited for this study. They were born and raised in five

regions of the Dutch language area, viz. Groningen, South-

Holland, Netherlands Limburg, Flemish-Brabant, and West-
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Flanders. This selection of regions enables us to cover dif-

ferent stages of devoicing in voiced fricatives, as we know

that the change is currently spreading regionally (Kissine

et al., 2003; 2005, Pinget, 2015; Pinget et al., 2020). It con-

sists of two regions with speakers typically producing highly

devoiced fricatives, such as Groningen and South-Holland,

two regions with only incipient stages of devoicing (such as

West-Flanders and Flemish-Brabant), and a region with an

in-between status in the process of devoicing (see Pinget

et al., 2020 for more details).

Of each region, ten males and ten females were

recorded. All speakers were highly educated young adults,

aged between 18 and 28 years of age (mean¼ 22.03 years)

and attending or recently graduated from a university or a

university of applied science. All participants reported hav-

ing normal hearing and no speech or language disorders.

They were paid for their participation.

C. Segmentation and measurements

Realizations of the target obstruents and subsequent

vowels were segmented and labeled using PRAAT version

6.1.38 (Boersma and Weenink, 2021). Fricatives were seg-

mented by assessing their center of gravity (Gordon et al.,
2002), following a segmentation protocol for Dutch (van

Son, 2001) (see also Pinget et al., 2020, for details).

Following Kissine et al. (2003), F0 in the fricative segment

was measured with intervals of 10 ms constrained to the

50–400 Hz range. The number of measurements with the

presence of F0 was divided by the total number of measure-

ments, multiplied by 100. The resulting relative voicing

score ranges from 0 (no voicing throughout the obstruent) to

100 (voicing throughout the obstruent).

Stops were segmented by defining their onset and their

offset. The criterion for indicating the onset of the stop is

the point where the second formant (F2) disappears, which

is equivalent to the offset of the preceding vowel (Cho and

McQueen, 2005). The criterion for indicating the offset of

the stop is the F2 onset of the next segment, following

Rojczyk (2011, p. 117). The stop onset, offset, and release

burst were determined by visual analysis of the spectro-

graphic display and waveforms. Subsequently, VOT was

measured as the duration between the stop release and the

onset of periodic voicing. As in the study by van Alphen

and Smits (2004), our voiced stops /b/ did not always show

full voicing during the closure phase. In total, 223 of the

900 realizations of /b/ (i.e., 24.78%) were produced with

some (short) cessation of phonation. These devoiced instan-

ces were equally often encountered in all regions, but not in

all speakers. We will return to this issue in the discussion

section.

For the nasal onsets and offsets, we looked for changes

in the waveform and spectrogram associated with the release

of the supraglottal constriction. For offsets specifically,

changes were indicated by formants higher than F1 being

more strongly excited, i.e., higher frequency modulations on

the F1 oscillations. In the same way, vowel onsets and

offsets were aligned with changes in the supraglottal con-

striction as identified by observations on the waveform and

spectrogram. Specifically, vowel offset was defined as the

last pitch cycle before a drop in the amplitude or before fric-

tion or nasality onset depending on word offset consonant.

Vowel F0 measurements were taken using PRAAT at 11

equidistant time points within the vowels. F0 was con-

strained to the 100–500 Hz range for females, and to the

75–300 Hz range for males. F0 measures were examined

visually and checked by hand. Because we are studying the

time course of F0, and because the hypothesized CF0 effects

unfold in real time rather than relative time, we chose to

transform the relative time points to absolute time in ms

after vowel onset (using the relative time points and the

duration of each vowel token).

For each individual speaker, the F0 values measured in

the first 20 ms of vowels following /m/ were averaged, yield-

ing a speaker-specific vowel-onset F0 centroid in Hz. All F0

measures of a speaker were subsequently expressed in semi-
tones relative to this speaker-specific F0 centroid (cf. Shultz

et al., 2012). This centering increases the sensitivity of the

statistical models to detect possible transitory effects of

onset voicing on F0, and the semitone scale reduces the cor-

relation between speaker mean and speaker standard devia-

tion in F0.

Regarding F0 as a function of absolute (not relative)

time may introduce the risk, however, that the rare observa-

tions at very late absolute time points (from the rarely occur-

ring long vowel tokens) might exert an overdue influence on

our statistical models of F0 at vowel onsets. Therefore, we

censored the time variable by discarding all observations

with absolute time points beyond 194 ms. [The cutoff value

of 194 ms was chosen because it was the 99% percentile of

the durations of all vowel tokens. This censoring removed

70 (0.1%) of the F0 measurements, which originated from

45 (1%) of the vowel tokens. In addition, 88 observations

coming from eight vowel tokens were also discarded

because the duration of the vowel token was missing.]

Moreover, the observations at time points between 97 and

194 ms were weighted gradually lighter, from 1 to 0 by lin-

ear interpolation, again to avoid overdue influence of these

observations. (The cutoff value of 97 ms was chosen here

too because it was the median of the durations of all vowel

tokens; this weighting affected 5810 (11.8%) of the remain-

ing observations, from 2236 (49.7%) of the remaining vowel

tokens.) The remaining data set contained 49 342 observa-

tions from 4492 vowel tokens.

D. Statistical analyses

The resulting F0 data in semitones were analyzed by

means of GAMM (Wood, 2017, Wieling, 2018) using the

mcgv and itsadug packages (Wood, 2017; van Rij et al.,
2022) in R (R Core Team, 2022). Three analyses were per-

formed (see Data Availability). In the first GAMM, the

speaker-centered F0 values of the remaining weighted

observations were regressed onto time (in ms, counted from
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vowel onset), with different smoothing functions for each

initial consonant and for each speaker [f0centered � s (vow-

eltime, by¼ consonant, k¼ 20) þ consonant þ ti (vowel-

time, talker, bs¼ “fs,” m¼ 1), see supplementary materials2].

To stabilize the GAMM, 20 suspect F0 observations (having

>6 semitone difference between adjacent measurements in the

same vowel token) from seven vowel tokens (by seven differ-

ent speakers) were ignored. This resulting GAMM and the sub-

sequent ones reported below also contained a term for

autocorrelation of the residuals.

In the second and third analysis, we also included the

degree of voicing of the onset consonant as a predictor, but

this was done differently for fricative and plosive conso-

nants, yielding two additional GAMMs. For fricative conso-

nants /v/ and /f/, the relative degree of voicing (see Sec.

II C) and its interaction with smoothed time functions were

included in the second GAMM. For plosive consonants /b/

and /p/, VOT (in ms) and its interaction with smoothed time

functions were included in the third GAMM.

III. RESULTS

A. General model

As described above, a generalized additive mixed model

(GAMM) was fit to capture the smoothed effects of time after

vowel onset (for each onset consonant separately) on the F0

contour in the critical vowel, allowing for random variation

between individual speakers in these smooth functions.

Diagnostics of the GAMM did not suggest any problems. A

comparison by likelihoods (Barto�n, 2023) of the general

GAMM and a null model without any random effects of talk-

ers indicated that in the general GAMM, 48% of the variance

in the centered F0 values was due to random effects of talkers

(adjusted pseudo R2 0.50). Figure 1 visualizes the non-random

part of this general GAMM as fitted F0 contours, separately

for each onset consonant; our interpretations below are driven

mainly by this graphical summary of the model. (The paramet-

ric and non-parametric estimates of this general GAMM are

provided in the Appendix, Table II.)

Figure 1 shows several interesting patterns. First, com-

pared to the baseline condition of F0 after /m/, the F0 after

unvoiced consonants /f, p/ starts relatively higher at vowel

onset (by about 2.0 and 1.5 semitones, respectively, see Fig.

1). In contrast, second, the F0 after voiced consonants /v, b/

does not differ from that after /m/. At vowel onset, the confi-

dence bands of F0 after unvoiced consonants /b, p/ are at

least one semitone higher than those after voiced /v, f/.

Third, these voicing effects of the onset consonant on F0 are

only transitory, and are no longer noticeable after approxi-

mately 50 ms in the vowel (when the 95% confidence inter-

vals of /m/ and /p/ start to overlap, see Fig. 1).

Because consonant voicing manifests itself in different

ways for plosives (VOT) than it does for fricatives (degree

of voicing during frication), we will further inspect the F0

contours in separate GAMMs for onset plosives and onset

fricatives, respectively (see Sec. II D). The ongoing change

in voicing of Dutch initial fricatives—but not in initial plo-

sives—also suggests that different sociophonetic processes

may be at play in the two classes of tokens.

B. Additional model for F0 after fricatives

As described above, a second GAMM was fit to capture

the smoothed effects of time after vowel onset (for each

onset consonant separately) on the F0 contour in the critical

vowel, as well as the smoothed effects of the relative

amount of voicing of the fricative, as well as their interac-

tion, while allowing for random variation between individ-

ual speakers in the main effects of time. Diagnostics of this

GAMM did not suggest any problems. According to a

Likelihood Ratio Test, this complex model including the

interactions of time and relative degree of voicing per-

formed considerably better than a simpler model with main

effects, random intercepts, and slopes, but without interac-

tion terms [v2(73)¼ 384, p< 0.0001]. In Fig. 2, the gradient

effect of the degree of consonant voicing on the F0 contour

of the following vowel is visualized as a contour plot, show-

ing the joint effects of time (along X, first part of vowel

FIG. 1. (Color online) Fitted contours of F0 (in semitones, centered by

speaker) over time (in ms from vowel onset) as fitted by nonlinear smooth

functions, broken down by onset consonant, with 95% confidence intervals.

Random effects are ignored in the fitted F0 values.

FIG. 2. Contour plots showing the interaction between vowel time (in ms,

first part of vowel only) and the degree of voicing of the onset consonant

(in percentage points, rescaled), on F0 (in semitones, centered, lighter shade

indicates higher F0). The lefthand panel shows the interaction for vowel

tokens after /v/; the righthand panel shows the interaction after /f/; voicing

axes are scaled differently across panels for clarity. The density of the

degree of voicing is shown along the left axis (with quartiles and median).

Random effects have been ignored in the fitted F0 values. White areas have

essentially no interaction.
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only) and degree of voicing (scaled, along Y) on F0 (Z,

higher F0 in lighter shade of gray).

Figure 2 shows a clear gradient effect of the relative

degree of voicing, in particular at the beginning of the vowel

after /v/. If an onset/v/ is less voiced, then F0 at vowel onset

tends to start higher (lefthand panel, lower left, lighter

shade) and decrease more. These gradient effects of voicing

of /v/ are only present in the first part of the target vowel

and disappear after about 40 ms in the vowel. Most of the

onset /f/ consonants have a low degree of voicing (righthand

panel, about 90% of /f/ tokens are below <25% voiced) and

these show the F0 pattern also visible in Fig. 1: a relatively

high F0 at vowel onset, followed by a decrease in F0 in the

first 60 ms of the vowel. (We ignore the “visible ridge” at

10% voicing of /f/ as a probable overfitting).

C. Additional model for F0 after plosives

As described above, a third GAMM was fit to capture the

smoothed effects of time after vowel onset (for each onset plo-

sive consonant separately) on the F0 contour in the critical

vowel, as well as the smoothed effects of the VOT of the onset

plosive, as well as their interaction, while allowing for random

variation between individual speakers in the main effects of

time. Diagnostics of this GAMM did not suggest any prob-

lems. According to a Likelihood Ratio Test, this complex

model including the interactions of time and relative degree of

voicing did not perform significantly better than a simpler

model with main effects, random intercepts, and slopes, but

without interaction terms [v2(48)¼ 63.4, p¼ 0.063]. This sug-

gests that the interaction did not significantly contribute to the

complex GAMM for vowels following plosives. Figure 3,

visualizing the gradient effect of the degree of consonant

VOT on the F0 contour of the following vowel, confirms this

absence of interaction. No interactions are visible in the onset

of the vowel in the areas with higher density along the VOT

axis.

IV. GENERAL DISCUSSION

In this study, we examined the CF0 after Dutch obstru-

ents. Our results showed that F0 was raised after voiceless

obstruents, while it remained largely unaffected after voiced

obstruents, where the F0 contour did not differ from that

after the nasal consonant /m/ regarded as baseline. The

results are discussed in relation to the hypothesized source

of CF0 perturbations (Sec. IV A). The covariation patterns

and the differences between fricatives and stops are dis-

cussed in Secs. IV A and IV B, while Sec. IV C reviews the

time course, the magnitude, and the contours of the effects.

A. F0 perturbations: Articulatory vs auditory account

First, we asked whether CF0 perturbations are best

accounted for by an automatic, articulatory source or an

auditory enhanced source. For fricative /v/, it was shown

that fricatives devoicing and F0 level tend to covary: the

less voicing in /v/, the higher F0 at onset. In other words, F0

at onset is higher (more raised) after a highly devoiced /v/

(and therefore compares more to F0 after /f/) than after a

(normally) voiced /v/. It seems thus that CF0 difference is

decreasing because of the ongoing sound change of /v/. This

result is clearly in favor of the articulatory account: the

more the laryngeal gestures disappear, the more F0 effects

are getting lost alongside. The lowered F0 following voiced

fricatives does not become phonologized, showing that the

ongoing sound change in Dutch will most probably result in

a full /v, f/ merger, and not in tonogenesis.

For bilabial stops, however, our results did not reveal

any covariation patterns between VOT and F0 levels. Kirby

and Ladd (2015) did find an inverse correlation between

voicing lead and onset F0: i.e., the longer prevoicing was

accompanied by a lower F0 at the onset of the following

vowel. This finding was, however, not replicated in Kirby

and Ladd (2016), a follow up study on the same languages

where obstruents in carrier phrase contexts were analysed

instead of words in isolation. The examination of covaria-

tion patterns in stops in the present study does not provide

enough evidence in favor of either an automatic, articulatory

source or an auditory enhanced source of CF0 effects. In the

next section, possible reasons for this lack of co-variation

patterns in stops are discussed.

Second, we asked whether CF0 perturbations in the

case of an articulatory mechanism were better described in

terms of a lowered F0 after voiced obstruents or a raised F0

after voiceless obstruents (or possibly both mechanisms at

the same time). The covariation patterns do not directly pro-

vide evidence on this matter, but the nasal baseline allows

us to disentangle whether F0 was raised or F0 lowered. The

results clearly showed that F0 was higher after voiceless

obstruents than after voiced obstruents and after /m/. F0 fol-

lowing voiced stops was not lowered relative to that of /m/.

Therefore, our data lend more support to the effect of F0

raising of voiceless obstruents as the primary source of CF0

perturbations. This finding corresponds to the evidence pro-

vided by Gao and Arai (2019) for Japanese, and by Hanson

FIG. 3. Contour plots showing the interaction between vowel time (in ms,

first part of vowel only) and VOT (in ms), on F0 (in semitones, centered,

lighter shade indicates higher F0). The lefthand panel shows the interaction

for vowel tokens after /b/; the righthand panel shows the interaction after /

p/; VOT axes are scaled differently across panels for clarity. The density of

VOTs is shown along the left axis (with quartiles and median). Random

effects have been ignored in the fitted F0 values. White areas have essen-

tially no interaction.
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(2009) for English; however, it contradicts the results for

Afrikaans by Coetzee et al. (2018), who found lowering of

F0 after voiced, next to effect of F0 raising of voiceless

obstruents. We could not observe any intended gesture to

enhance the saliency of the [þvoice] feature as compared to

the nasal baseline, as was proposed by Kingston and Diehl

(1994). With Hanson (2009), we interpret these findings as

being the result of an increase in active vocal fold stiffening

during the voiceless obstruent consonants that carries over

to the following vowel as originally proposed by Halle and

Stevens (1971) and L€ofqvist et al. (1989). In short, these

data provide clear support for articulatory effects that fall

out from gestural overlap between a voiceless obstruent and

the following vowel.

B. No covariation pattern in stops

This study fails to reveal any covariation patterns

between VOT and F0 levels in Dutch stops. This has been

the case in different previous studies on different languages.

Dmitrieva et al. (2015), for instance, have reported within-

category VOT and onset F0 to be uncorrelated in Spanish

and English data. Kirby and Ladd (2016) could not replicate

an inverse correlation between voicing lead and onset F0

(i.e., the longer prevoicing accompanied by a lower F0 at

the onset of the following vowel) they found in 2015, once

they completed a follow up study on French and Italian

obstruents. They also reported considerable individual varia-

tion in the strength and direction of correlations, a finding

also reported by Dmitrieva et al. (2015) and Gao and Arai

(2019). The current study presented a very large pool of

individual speakers (N¼ 100, balanced for gender, and born

and raised in different regions), and at the same time

accounted for individual variation in modeling F0 contours

by means of GAMM, thus yielding better generalizable F0

contours (Baayen, 2008, Sec. 7.3). It thus seems that—once

individual effects are properly modelled in the analyses—no

covariation patterns can be found in the stop data.

A possible explanation for our failure to find covaria-

tion patterns in stops in the current study (and the previous

studies) could be the lack of variation within category.

Despite the substantial amount of data in the current study

(a hundred speakers, nine tokens per onset consonant), the

homogeneity in stop production was very large. In contrast,

there was a lot of variation within the /v/ category. As men-

tioned in the introduction, Dutch voiced fricatives including

labiodentals have been involved in the past decennia in a

devoicing process for which we have strong evidence. The

large collection of data including a hundred speakers from

different regions of the Dutch-speaking area and with differ-

ent degrees of devoicing succeeded in eliciting very hetero-

geneous realizations of Dutch /v/, which possibly explains

why a significant covariation pattern could be found for this

category. The lack of variation within the category could be

a reason why there was not a significant effect in the other

three categories (/f, b, p/).

Another interesting thought in the case of Dutch stops

is that there was in this study a number of voiced stops

showing a short cessation of phonation that leads to a short

period of voicelessness in the prevoicing. Other studies con-

sidering Dutch have reported such a phenomenon where

vocal pulsing dropped before the release or cases where

vocal pulsing ceases in the middle of the prevoiced part and

started again before the burst (Foulkes et al., 2010; van

Alphen and Smits 2004; Pinget, 2015; Pinget et al., 2020).

van Alphen and Smits (2004), for instance, found that only

75% of word-initial “voiced” stops produced when reading

a wordlist had voicing during closure. Pinget (2015) further

investigated this apparent cessation of phonation during clo-

sure and confirmed that Dutch /b/ might not always be pro-

duced as fully voiced. Pinget et al. (2020) examined this

“devoicing” in bilabial stops as a possible case of incipient

sound change and showed that only some individuals in a

large pool of participants clearly devoiced initial voiced

stops, but it does not yet form a strong community pattern.

Recent findings by Pfiffner (2021) also showed individual

speakers of Dutch with devoicing. These speakers with the

largest devoicing rates were all in the younger age groups

(22–29 years old). This suggests that Dutch [þvoice] stops

might not always show continuous voicing during the clo-

sure, and consequently analyzing VOT as the traditional pri-

mary cue in stop might not fully cover what is happening

there. In the current data set, 25% of the voiced stops were

to some extent devoiced, a proportion comparable to van

Alphen and Smits (2004). Taken together, evidence in these

studies on Dutch stops could potentially point towards stop

devoicing, but it is currently unclear whether plosive

devoicing is a stable variation or the beginning of a sound

change. This is of interest because some scholars have pro-

posed that it is the phonological, rather than the phonetic

status of stops that triggers F0 raising or lowering in the fol-

lowing vowel (Ohde, 1984; Hanson, 2009; Dmitrieva et al.,
2015). The study of English and Spanish (a true voicing lan-

guage) stops by Dmitrieva et al. (2015), for instance,

showed that F0 contours in both languages were highly sim-

ilar, and therefore predictable from the phonological status

of the stops, and not from the specific phonetic realization

of VOT. Dutch stops showing some cessation of phonation

might provide additional evidence supporting this claim, as

there is variation within the [þvoice] category. This pattern

merits to be followed up as it can help to provide additional

evidence in the future examination of Dutch stops and to

possibly reconsider the “aspirating” vs “voicing” dichotomy

either as a continuum or as a multidimensional space where

more cues are involved than just VOT.

C. Time course, magnitude, and contours of CF0
perturbations

The GAMM models presented in the current study

allowed us to examine F0 perturbations over the vowel dura-

tion in order to get insight into the time course of F0 effects.

The results showed that the F0 effect not only involved F0

values immediately after the consonants, but it entailed an
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F0 movement that extended further into the vowel, mostly

into its first half. In that respect, Dutch seems to be different

than Cantonese measured by Francis et al. (2006) where the

reported F0 effects were shown to be limited to the very

onset of the vowels (0–10 ms). Our findings correspond

more to results by Hanson (2009) and Kenstowicz and Park

(2006), reporting perturbations at least until midvowel.

In languages (possibly) undergoing tonogenesis, the

magnitude of the F0 difference was often shown to be much

greater than in languages where there is no tonogenesis:

45–60 Hz (3.3 to 4.5 semitones) in Seoul Korean (Silva,

2006), about 40 Hz (over three semitones) in young female

speakers of Afrikaans (Coetzee et al., 2018) vs 8–16 Hz for

English, German, and French (around one semitone)

(reported by Coetzee et al., 2018). Gao and Arai (2019) also

showed that onset F0 effects are enhanced in Tokyo

Japanese in contexts where the VOT cue was not sufficiently

reliable for potential tonal development. In the current

study, the magnitude of F0 perturbations turned out to be at

least one semitone between voiced and voiceless obstruents

at vowel onset, which is well above the just noticeable dif-

ference for frequency differences (of about 1%, or 0.2 semi-

tone; Fastl and Zwicker, 2007, Sec. 7.2; Lehiste, 1970, p.

64). As far as Dutch is concerned, Slis and Cohen (1969)

measured F0 values in naturally produced /Ca/ syllables and

reported that the “top frequency” in the vowel following

voiceless consonants was on average 6 Hz higher (i.e., pre-

sumably about 1 semitone, their Fig. 13, p. 99) than follow-

ing voiced consonants. van Alphen and Smits (2004)

measured a difference of 16 Hz (about 1.6 semitone)

between voiced and voiceless labial and alveolar stops with-

out providing any distinction between male and female

speakers. Pfiffner (2021) recently reported larger F0 differ-

ences (19–56 Hz, or 2.5–4.7 semitones). The latter three

studies, however, only included words recorded in isolation.

The magnitude of F0 differences cannot directly be com-

pared across studies as we know that it highly depends on

the general intonational context, the specific vowels, etc.

(Hanson, 2009; Kirby and Ladd, 2016; Gao and Arai, 2019).

It is possible that the high front vowel /i:/ used in this study

has led to relatively large F0 effects. Hence, a replication of

comparable F0 effects with other Dutch vowels is desirable

in future work. Importantly, the current recordings of obstru-

ents were made within a high pitch context (i.e., words in

focus position within a carrier sentence) which does reflect

natural speech situations better than words in isolation, and

we have expressed F0 in semitones to allow for better future

comparisons of the magnitude of the effects.

Note that there were interesting differences in the (mag-

nitude of) CF0 effect between stops and fricatives. Overall,

CF0 effects seemed larger for fricatives than for stops: F0

was higher after /f/ compared to the baseline /m/ than after

/p/. Moreover, the CF0 effects after /f/ were observed to last

longer into the vowel than after /p/. On the one hand, such a

finding might not be expected from an automatic, articula-

tory point of view. Indeed, we would expect the effects to

be smaller in fricatives because the articulatory constraints

on voicing are not as great in fricatives compared to plo-

sives. On the other hand, it has often been reported that

voiceless fricatives have a larger glottal opening than stops

(e.g., Collier et al., 1979), which could lead to a higher f0 at

the onset of the vowel and possibly explain the magnitude

difference. Because of the great overlap in confidence

bands, it is difficult to draw clear conclusions, but it might

be worth to address this issue in future studies.

The comparison between F0 differences for Dutch in

the current study (and their magnitude) and the Afrikaans

data provided by Coetzee et al. (2018) allows us to raise the

question of what drives this type of variation in the first

place. Since Dutch and Afrikaans are closely related, also in

terms of phoneme inventories and distribution (see De

Villiers and Ponelis, 1992; Ponelis, 1993, for more details),

it seems improbable that differences in functional load have

triggered the development of a tone contrast in Afrikaans (in

order to compensate for the loss of voicing,) and not in

Dutch. A further question then arises: What is the role of

language contact here, since Afrikaans is surrounded by

Bantu tone languages? A future, thorough examination of

F0 effects in Dutch and Afrikaans with a consistent method-

ology has the potential to offer crucial insight in the process

of tonogenesis and the role of language contact.

As far as the F0 contours are concerned, the GAMM

showed a rising F0 pattern after /b/, similar to the pattern

after the baseline level /m/ (see Fig. 1), which corresponds

to findings by Hanson (2009). As summarized in the previ-

ous section, the F0 contours after /v/ were highly dependent

on the amount of voicing. We observed no clear evidence of

falling F0 patterns after voiceless obstruents. We suggest

along with Hanson (2009) that F0 contour shapes could be

considered less relevant than other CF0 aspects (such as

magnitude and time course) as the displayed patterns are

highly dependent on the pitch environments. Nevertheless,

it would be insightful to investigate which contours and

slopes are perceptually salient in which contexts, along the

lines proposed by Serniclaes (1986) and Silverman (1986).

While the duration and the magnitude of CF0 perturbations

are large enough to be perceptually salient, such CF0 differ-

ences are typically neutralized or compensated for during

perception (’t Hart et al., 1990; Peterson, 1986; Silverman,

1986). The question then remains why the perceptual system

sometimes fails to compensate for these CF0 differences, so

that these CF0 differences may eventually become phonolo-

gized. Well-controlled perceptual experiments are necessary

to gain a better understanding of the perceptual relevance of

F0 differences and their cue weighting patterns.

V. CONCLUSION

This study examined the consonant-related F0 perturba-

tions in Dutch after initial fricatives (/v, f/) and stops (/b,

p/), as compared to after the nasal /m/. Our results showed

that F0 was raised after voiceless obstruents, while it

remained largely unaffected after voiced obstruents, where
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the F0 contour did not differ from that after the nasal conso-

nant /m/ regarded as baseline.

F0 patterns after Dutch initial /v/ were particularly inter-

esting because large individual variation across speakers was

observed in the realization of voicing: some fricatives are

highly devoiced (as the result of an ongoing sound change)

and others kept fully voiced. Fricative voicing in /v/ and F0

level tend to covary: the less voicing in /v/, the higher F0 at

onset. There was no trace of an active gesture to explicitly

lower pitch after highly devoiced fricatives, as would be pre-

dicted by an auditory account. In conclusion, F0 perturba-

tions after Dutch obstruents and their covariation patterns are

taken as additional evidence to support an articulatory cause

of consonant-related F0 effects. Furthermore, Dutch was

shown to be an interesting case study for further studies on

the production and perceptual nature of consonant-related F0

effects and their relation to voicing contrasts.
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APPENDIX

A list of the stimulus words (in Dutch orthography) is

provided Table I. Table II shows the summary of the general

GAMM of F0 (Sec. III A), having as predictors the onset

consonant (with /m/ as baseline) and vowel time after vowel

onset (in ms), with random smooths per speaker.

1For more details on the different Germanic languages: see Wissing (1991)

on Afrikaans; Tiersma (1985) on (West) Frisian; Birnbaum (1979) and

Katz (1987) on Yiddish; Hutters (1985) on Danish; Thr�ainsson (1978) on

Icelandic; Vanvik (1972) and Kristoffersen (2000) on Norwegian; Jessen

(1998) and Jessen and Ringen (2002) on German; Ladd and Schmid

(2018) on Swiss German.
2See the supplementary material at https://doi.org/10.24416/UU01-2XJTYX.
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