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ABSTRACT

This study examines French-speaking listeners’ per-
ceptual adaptation to altered informativeness of
acoustic cues signalling the voicing contrast. We
attempt to condition a shift of perceptual attention
from a primary cue to a secondary cue. Listeners
were exposed to stimuli in which the distributional
characteristics of either the primary or secondary cue
were altered: either informativeness of F0 was in-
creased, or that of VOTwas decreased. When lexical
feedback was given, increased informativeness of F0
led to listeners’ increased use of high F0 in identify-
ing voiceless plosives, whereas decreased informa-
tiveness of VOT led to increased use of low F0 in
identifying voiced plosives. We suggest this asym-
metry is due to general auditory mechanisms in the
perception of F0 and VOT. Our findings highlight
the importance of non-distributional characteristics
such as auditory mechanisms and lexical knowledge
in cue (re-)weighting, shedding light on how a sec-
ondary cue is phonologised in sound change.

Keywords: perceptual learning; perceptual adapta-
tion; cue weighting; voicing; French

1. INTRODUCTION

Phonetic categories are signalled by multiple cues.
For example, VOT (voice onset time) and F0 (fun-
damental frequency) (among other acoustic dimen-
sions) signal the voicing contrast of plosives in
many languages, with larger/positive VOTs associ-
ated with a higher F0 at the vowel onset (or onset
F0) and smaller/negative VOTs with a lower onset
F0 (e.g., [1]). But the relative weight of these cues
differs. When the informativeness of one acoustic
dimension is greater, listeners give a greater percep-
tual weight to this dimension [2, 3].
Following [4, 5, 6, 7], we define “informative-

ness” in distributional and probabilistic terms. When
the distributions of two phonetic categories are more
separated along one acoustic dimension, this dimen-
sion has greater informativeness than when their dis-

tributions are more overlapped (all else being equal).
In languages like French or English, the VOT dis-
tributions of the voiced and voiceless categories are
more separated than the F0 distributions. The VOT
dimension is thus more informative, and listeners
typically give a greater perceptual weight to VOT
than onset F0 in categorising voicing [8, 9, 10].

Cue weighting is also dynamic. When the infor-
mativeness of a cue is increased, listeners rapidly
shift their attention to this cue through exposure
[4, 6, 11], a process known as “perceptual adapta-
tion”. But how is listeners’ perception affected by a
decrease in the informativeness of the primary cue?
This question is important because in real speech,
the primary cue cannot always be reliably recov-
ered, which, in the long term, could lead to a cue
re-weighting process. The current study tackles this
question by comparing speech perception in two ex-
perimental conditions: (1) in which the informa-
tiveness of a secondary cue is increased, and (2) in
which the informativeness of the primary cue is de-
creased. The rationale for the second condition is
that although manipulation of the primary cue does
not modify the informativeness of secondary cues
per se, it impacts their relative informativeness. Our
goal is to understand the conditions under which lis-
teners may come to upweight a secondary cue.

We explore this issue in the context of the French
voicing contrast. In Experiment 1, we examine the
effect of increased informativeness of F0 (a sec-
ondary cue) on categorisation of voiced and voice-
less plosives. In Experiment 2, we examine the ef-
fect of decreased informativeness of VOT (a primary
cue) on the same categorisation task.

We also examine the influence of lexical feedback.
Although some studies (e.g., [6, 12]) have shown
that changes to distributional informativeness alone
can lead to perceptual adaptation, others have found
that perceptual learning is more robust when lexical
information is provided [13, 14, 15, 16]. We there-
fore probe for a potential effect of lexical feedback
by displaying or not the appropriate image.

1. Speech Perception ID: 179

137



Block 1: F0 unimodal Block 2: F0 bimodal

[b]
[d]

−60
−60

−50
−50

−40
−40

−30
−30

−20
−20

−10
−10

0
10

15
20

20
25

25
30

[p]
[t]

[b]
[d]

−60
−60

−50
−50

−40
−40

−30
−30

−20
−20

−10
−10

0
10

15
20

20
25

25
30

[p]
[t]

120

140

160

180

200

VOT (ms)

F0
 (H

z)

Exp.1: Increased F0 informativeness

Block 1: VOT bimodal Block 2: VOT ambiguous
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Exp.2: Decreased VOT informativeness

Figure 1: Stimuli of Experiments 1 (left) and 2 (right): each dot for a VOT-F0 association. Black dots are the test
stimuli located at the ambiguous VOT step (dotted line). White dots are the exposure stimuli. For Experiment 2,
jittered dots at -50, 20/25 ms (Block 1) and 0 ms (Block 2) represent higher numbers of stimulus trials.

2. EXPERIMENTS

2.1. Participants

120 native French-speaking listeners, recruited and
paid through Prolific, participated remotely in two
two-alternative-forced-choice (2AFC) experiments
via PsyToolkit [17, 18]. 60 participated in Experi-
ment 1 and the other 60 in Experiment 2. They were
instructed to use earbuds or headphones and to per-
form the experiment in a quiet room. We discarded
the data from one listener due to a high error rate (10
out of 30) in the training session.

2.2. Stimulus creation and protocol

A stimulus pool was created based on two minimal
pairs, pain ‘bread’ vs. bain ‘bath’ and thym ‘thyme’
vs. daim ‘deer’, produced by a female native speaker
of French. All four words contain the same rime
[ɛ]̃. Continua along three parameters were created
using re-synthesis. First, voice leadwasmanipulated
from −60 to 0 ms with a step of 10 ms by reducing
the original voice lead in bain or daim using cosine-
function squared smoothing [19]. Second, voice lag
was manipulated from 5 to 30 ms with a step of 5 ms
by modifying the duration of the release within the
original pain or thym using TD-PSOLA [20]. Third,
onset F0 was manipulated from 127 to 204 Hz with
a step of 5.5 Hz, again using TD-PSOLA.
For each experiment, a subset of stimuli were se-

lected to form the distributional configurations of
VOT (involving voice lead and voice lag) and on-
set F0 (Fig. 1), as detailed below. Participants per-
formed the 2AFC task using their own personal com-
puter. On each trial, the listener was presented with
an auditory stimulus drawn either from the pain–
bain pair or the thym–daim pair, and invited to
choose the word they heard by clicking on one of the

two pictures presented on the screen. As detailed be-
low, the number of trials used to create an effect of
exposure was decided following [6].

2.3. Experiment 1: Increased F0 informativeness

2.3.1. Procedure

Experiment 1 examined listeners’ perceptual use of
F0 when the informativeness of F0 was increased.
In two blocks, listeners were exposed to a series of
randomly ordered stimuli that fell in a given distri-
butional configuration of VOT and F0, schematised
in Fig. 1 (left), where each dot represents an associa-
tion between VOT and onset F0 for a given stimulus.
Block 1 was followed by Block 2.
In Block 1 (F0 unimodal), the distributions of

voiced and voiceless categories were well separated
along the VOT dimension but unimodal along the F0
dimension. That is, only VOT, but not F0, was in-
formative. In Block 2 (F0 bimodal), the distributions
of the two categories were equally well separated
along the VOT dimension as in Block 1, but also
separated along the F0 dimension. The F0 distance
between the two categories was 65 Hz, above the
post-obstruent F0 difference canonically observed in
French. That is, the informativeness of VOTwas un-
changed, but that of F0 was increased.
The exposure stimuli, represented by the empty

dots, fell within the distributional configurations de-
scribed above. The two blocks also contained stim-
uli that were ambiguous for voicing identification,
determined by the results of a baseline experiment
conducted with a different listener group. They were
the test stimuli, represented by the black dots. The
task of the listener was the same for both exposure
and test stimuli, but only their responses to the test
stimuli were measured and compared across blocks.
In order to examine the effect of lexical feedback
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Figure 2: Interaction plots: voiceless response by F0, block, and feedback in the two experiments. Bars: 95% CIs.

associated with the F0 informativeness on listeners’
performance, half of the listeners received feedback
in Block 2 and the other half received no feedback.
Feedback was provided by displaying the appropri-
ate picture in the middle of the screen for 1.5 sec
once the listener responded. Regardless of VOT, the
pictures representing bain and daim were given as
feedback to the auditory stimuli with a low onset F0
(from 127 to 144 Hz), and the pictures representing
pain and thymwere given as feedback to the auditory
stimuli with a high onset F0 (from 188 to 204 Hz).
The no-feedback version contained 416 trials in

total (12 exposure and test stimuli × 2 word pairs ×
8 repetitions × 2 blocks + 32 attention checks). The
feedback version contained 312 trials in total (12 ex-
posure and test stimuli× 2word pairs× 6 repetitions
× 2 blocks + 24 attention checks).

2.3.2. Prediction

If an increase in the informativeness of onset F0 in
distributional terms alone prompts listeners to up-
weight their use of onset F0 in voicing categorisa-
tion, we predict an increase in the use of F0 to the
test stimuli in Block 2 compared to Block 1 (i.e., a
greater use of high onset F0 in identifying voiceless
plosives and/or a greater use of low onset F0 in iden-
tifying voiced plosives). If lexical feedback plays a
role in addition to the distributional characteristics,
we predict that such an increase will occur only or
especially when lexical feedback is given.

2.3.3. Analysis and results

A generalised linear mixed model (GLMM), using
the lmerTest package [21] in R [22], was fitted to
listeners’ response data to the test stimuli (i.e., the
black dots in Fig. 1). The Helmert-coded predic-
tors Block (1 vs. 2), onsetF0 (high vs. low), feed-

back (no-feedback vs. feedback) and their three-way
interaction were included. Random intercepts were
included for participants, and by-participant random
slopes for Block, onsetF0, and feedback. Interaction
plots and pairwise comparisons were made using the
emmeans package [23].
As shown in Fig. 2 (left), in the absence of lex-

ical feedback, listeners’ voiceless response rate in-
creased in Block 2 as compared to Block 1 for high
onset F0 only (est. = 0.44, z = 2.45, p < .05) but
response rate did not differ between the two blocks
for low onset F0 (est. = 0.17, n.s.). When lexi-
cal feedback was given, listeners’ voiceless response
rate increased in Block 2 compared to Block 1 for
both F0 levels, but the increase was of a greater mag-
nitude when onset F0 was high (est. = 0.99, z =
4.87, p < .0001) than when it was low (est. =
0.59, z = 2.54, p < .05). In sum, an increase in
the informativeness of F0 led listeners to upweight
the use of high onset F0 in identifying voiceless plo-
sives. Lexical feedback strengthened this effect.

2.4. Experiment 2: Decreased VOT informativeness

2.4.1. Procedure

Experiment 2 examined listeners’ perceptual use of
F0 as the informativeness of VOT decreases, with
two different distributional configurations, schema-
tised in Fig. 1 (right). The test stimuli are the same
as for Experiment 1. In Block 1 (VOT bimodal), the
exposure stimuli are represented by the empty dots
and the test stimuli by the black dots. Voiced and
voiceless categories were well separated along both
the VOT and F0 dimensions. Furthermore, VOT co-
varied with F0, with positive VOTs associated with
a high onset F0 and negative VOTs with a low onset
F0. That is, both VOT and F0 were informative. In
Block 2 (VOT ambiguous), the test stimuli and the
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exposure stimuli (black dots) were the same. Stim-
uli were well separated along the F0 dimension but
shared the sameVOT step, whichwas ambiguous for
voicing identification (i.e., VOTwas distributionally
uninformative).
As in Experiment 1, half the listeners received lex-

ical feedback (display of the appropriate picture in
Block 2), while the other half did not. Regardless of
VOT, the pictures representing bain and daim were
displayed as feedback accompanying auditory stim-
uli with a low onset F0 (144 Hz), and the pictures
representing pain and thym were given as feedback
to the auditory stimuli with a high onset F0 (188 Hz).
The no-feedback version contained 406 trials in

total (12 exposure and test stimulus trials (Block 1)×
2 word pairs× 8 repetitions + 1 test stimulus (Block
2) × 2 word pairs × 90 repetitions + 34 attention
checks). The feedback version contained 310 trials
in total (12 exposure and test stimulus trials (Block
1) × 2 word pairs × 6 repetitions + 1 test stimulus
(Block 2) × 2 word pairs × 70 repetitions + 26 at-
tention checks).

2.4.2. Prediction

If the decrease in the informativeness of VOT in dis-
tributional terms alone upweights listeners’ use of
F0 in voicing categorisation, we predict an increase
in the use of F0 to the test stimuli in Block 2 com-
pared to Block 1. Again, if lexical feedback plays a
role, we predict that such an increase will occur only
or especially when lexical feedback is given.

2.4.3. Analysis and results

A GLMM with the same structure as for Experi-
ment 1 was fitted to the response data to the test
stimuli. As shown in Fig. 2 (right), when lexical
feedbackwas not given, listeners’ voiceless response
rate was slightly increased in Block 2 as compared
to Block 1 for low onset F0 (est. = 0.49, z =
1.88, p = .061), but did not differ between the two
blocks for high onset F0 (est. = −0.19, n.s.). When
lexical feedback was given, listeners’ voiceless re-
sponse rate was decreased in Block 2 as compared
to Block 1 for low onset F0 (est. = −0.97, z =
−3.12, p < .005), but did not differ for high onset
F0 (est. = 0.20, n.s.).
In sum, while listeners did not respond to a de-

crease in the informativeness of VOT alone, the pres-
ence of lexical feedback led to an upweighted use of
F0. Contrary to the increased use of high onset F0
in Experiment 1, here listeners increased their use of
low onset F0 in identifying voiced plosives.

3. DISCUSSION

Our results first show that increased informativeness
of F0 leads to a greater use of high onset F0 in identi-
fying voiceless plosives, whereas a decreased infor-
mativeness of VOT leads to a greater use of low on-
set F0 in identifying voiced plosives, the latter being
achieved only when lexical feedback is given. We
hypothesise that general auditory plays a role in this
asymmetry. In Experiment 1, while the raising and
lowering of F0 is symmetrical in acoustic terms, lis-
teners may be more sensitive to F0 raising at the au-
ditory/attentional level [24]. In Experiment 2, the re-
moval of prevoicing from voiced plosives may trig-
ger a perceptual shift to low onset F0 as a replace-
ment of the low-frequency energy at the vowel onset
[25], giving rise to an increased perceptual weight
of low onset F0. In contrast, the removal of voice
lag from voiceless plosives does not affect the low-
frequency energy at the vowel onset, hence F0 is not
used as a rescue option. A similar asymmetry may
then be expected in other languages where the voic-
ing contrast is primarily signalled by the presence vs.
absence of closure voicing such as Italian.
Our second finding, that listeners’ increased use

of high or low onset F0 only occurs or is strength-
ened when lexical feedback is given, is in line with
other studies showing a crucial effect of lexical feed-
back in perceptual learning [13, 14, 15, 16]. Fur-
thermore, it suggests that changes in distributional
informativeness are processed by the listeners, but
that for at least some kinds of contrasts or regions of
phonetic space, distributional changes alone may not
be sufficient to trigger a perceptual adaptation.
In sum, our study shows how a particular combi-

nation of distributional, auditory, and lexical factors
contributes to the dynamic processing of VOT and
F0 in a true voicing language. They suggest that F0
raising after voiceless plosives is perceptually more
salient than F0 lowering after voiced plosives [26],
mirroring the production pattern [27]. However, the
exposure to devoiced tokens (when combined with
listeners’ implicit lexical knowledge) seems most
favourable for increasing the perceptual weight of F0
lowering. Such laboratory findings may have impli-
cations for cue re-weighting in sound change (e.g.,
[28, 29, 30, 31]), pointing to perceptual mechanisms
involved in the phonologisation of co-intrinsic F0
(aka tonogenesis) or a secondary cue in general.
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