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Development of voice perception
Is dissociated across gender cues in
school-age children

Leanne Nagels®23*, Etienne Gaudrain®?*3*, Deborah Vickers(®?, Petra Hendriks(®-* &
Deniz Baskent®?%3

Children’s ability to distinguish speakers’ voices continues to develop throughout childhood, yet

it remains unclear how children’s sensitivity to voice cues, such as differences in speakers’ gender,
develops over time. This so-called voice gender is primarily characterized by speakers’ mean
fundamental frequency (F0), related to glottal pulse rate, and vocal-tract length (VTL), related to
speakers’ size. Here we show that children’s acquisition of adult-like performance for discrimination,
alower-order perceptual task, and categorization, a higher-order cognitive task, differs across voice
gender cues. Children’s discrimination was adult-like around the age of 8 for VTL but still differed from
adults at the age of 12 for FO. Children’s perceptual weight attributed to FO for gender categorization
was adult-like around the age of 6 but around the age of 10 for VTL. Children’s discrimination and
weighting of FO and VTL were only correlated for 4- to 6-year-olds. Hence, children’s development

of discrimination and weighting of voice gender cues are dissociated, i.e., adult-like performance

for FO and VTL is acquired at different rates and does not seem to be closely related. The different
developmental patterns for auditory discrimination and categorization highlight the complexity of the
relationship between perceptual and cognitive mechanisms of voice perception.

Voice cues enable listeners to recognize and distinguish speakers, which is imperative for speech-related tasks,
such as speech perception in noisy environments. At an early age, children are already sensitive to differences in
voice cues, especially for familiar speakers! and in their native language®. Furthermore, infants are already sensi-
tive to differences in voice cues, such as fundamental frequency (F0)® or voice pitch?, timbre differences associated
with vocal-tract length®, or prosody®. On the other hand, there is a clear prolonged development in children’s
ability to encode and recognize the characteristics of voices”™. Hence, it is unclear how children’s sensitivity to
differences in voice cues develops over time.

Children’s ability to discriminate differences in voice-related acoustic cues, such as F0'°'* or temporal
cues'*'>, continues to develop throughout childhood. Yet, the specific age at which children’s voice discrimination
thresholds are adult-like has been debated, partially due to differences in experimental stimuli. Earlier research
has primarily used non-voice stimuli, such as pure tones'®!!, or octave-band' and narrow-band noises'”, where
the results were interpreted and extrapolated for voice perception. In contrast, research directly using voice stim-
uli has been scarce!>". Further challenges come from task demands, as these can influence outcomes, and the
high variability among children’s performance, even after controlling for effects of age'®. Children’ ability to cat-
egorize voice and speech cues, a higher-order cognitive task, also continues to develop even after 12 years of age,
e.g., as observed for phonemic categorization!”!8. These higher-order cognitive identification tasks depend on
long-term exposure to voice cues and stored representations of voice categories in addition to perceptual process-
ing!®?. Despite these shared features, the source of the relatively slow development in sensitivity to differences
in voice cues and the relation between discrimination and categorization of voice cues are not well understood.
Some parts of the auditory system only become mature during or after childhood, such as the auditory cortex,
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as evidenced by developmental effects on the latency of evoked cortical potentials®!, but children’s sensitivity to
subtle acoustic cues seems to be also largely determined by cognitive development and auditory experience>?.

Mann, Diamond, and Carey” have proposed that children’s difficulties with encoding speakers’ voice charac-
teristics are caused by changes in central auditory processing related to right hemisphere maturation. This expla-
nation is partially supported by findings of recent neuroimaging studies which show that listeners rely on areas
in both hemispheres to process differences in speakers’ voices, but predominantly on the right hemisphere**>.
Furthermore, Mann et al.” proposed that the development in children’s ability to encode unfamiliar speakers’
voice characteristics may be caused by different processing strategies and reliance on different acoustic cues com-
pared to adults. This hypothesis is in agreement with the ‘Developmental Weighting Shift (DWS)’ model for
categorical perception of phonemes by Nittrouer and Miller'®, which states that children weigh dynamic acoustic
cues of speech (such as formant transitions) more than static acoustic speech cues (such as noise segments of
consonants) due to their higher perceptual salience and more informative properties. The usage of static acoustic
cues seems to require more auditory experience and language exposure for children to attend to these cues. A
similar explanation may apply to the development of children’s sensitivity to different acoustic voice cues, such
as voice gender cues.

The perceived gender of a voice results from a combination of many acoustic features**?”. However, it is pri-
marily defined by the mean F0, related to glottal pulse rate, and vocal-tract length (VTL), related to the size of
the speaker?®. The mean F0 of female voices is around 70%, approximately 12 semitones (st), equal to one octave,
higher than male voices?, but, as FO can be modulated easily within the same speaker, the range of F0 values
of male and female voices largely overlap. Therefore, listeners are exposed to a wide range of F0 variations. FO
contours indicate a word’s meaning in tonal languages and play a large role in prosodic differences that convey,
among others, the emotions and attitudes of speakers, and they are an important cue for infants to recognize their
mother’s voice*. Therefore, F0, with its information-bearing dynamic fluctuations, seems to parallel dynamic
formant transitions in the DWS model and may consequently be subject to similar principles.

The female vocal-tract is around 20% shorter than the male vocal-tract, causing a difference of around 3.6 st
in formant frequencies®. Estimation of speakers’ VTL is essential for listeners to recognize speech, as the formant
frequency distributions of vowels depend on speakers’ VTL size*. Differences between speakers’ mean FO and
VTL both facilitate speech perception in competing speech maskers for adult listeners®*%. VTL cues are unlike FO
cues in that they can only be modified to a very limited extent within a speaker. This reduces the range of different
values and fluctuations that listeners are exposed to relative to F0, behaving more like the static cues of the DWS
model. Previous research on voice gender categorization in adult listeners has also indicated that differences in
dynamic FO cues may be more perceptually salient®** than static VTL cues. Finally, there are differences in the
mean FO and VTL values of male and female voices across speakers of different languages and modalities. For
an overview of mean F0 values for different languages and modalities see®, and for an overview of differences in
average height per country, which is the main determinant of speakers’ VTL?, see®®.

For children’s voices, voice gender is differentiated almost exclusively by formant frequencies, as there is a large
overlap in mean FO values until around the age of 12*7*%. For instance, Perry et al.” found that the formant fre-
quencies of 8-year-old boys were approximately 9% lower than those of 8-year-old girls, while their FO values did
not significantly differ from each other. As there are also no gender differences in the VTL size of children before
12 years of age, Vorperian and Kent® have proposed that the gender differences in children’s formant frequencies
may arise from differences in the resonator width and size instead of the length of the vocal-tract. For face recog-
nition, Anastasi and Rhodes* found that children and adults are better at recognizing faces from people of their
own age. This ‘own-age bias’ may also apply to children’s ability to recognize voices. Consequently, children may
attend to different acoustic cues than adults, and hence have different representations of voice gender categories
than adults.

In the present study, we investigated whether children’s ability to discriminate voice gender cues (Experiment
1) and how they weigh voice gender cues for categorization (Experiment 2) develop similarly for FO as for VTL
cues, the primary cues of voice gender, and at what age children’s performance is adult-like. Previous studies
have shown that children’s discrimination of FO continues to develop throughout childhood, but some of these
studies measured pure-tone frequency discrimination using non-voice stimuli'*® instead of discrimination of
more realistic voice pitch cues using voice stimuli'>'. Regarding VTL, discrimination has only been studied
before in infants and only using EEG, which, while providing some evidence of processing of the acoustic traits
associated with VTL, does not necessarily reflect perception®. Thus, the development of children’s ability to dis-
criminate differences in voice gender cues has not been previously studied in a systematic way. Furthermore, the
relation between children’s discrimination, a lower-order perceptual ability, and the categorization of voice cues,
a higher-order cognitive process, is not well understood. If children’ ability to discriminate FO and VTL cues is
indeed reduced, their weighting may differ from adults’ due to perceptual limitations. However, as discrimina-
tion is a lower-level perceptual task and categorization is a higher-level cognitive task, the development of both
abilities may also be dissociated. We conducted two experiments to measure children’s just noticeable differences
(JNDs), i.e., discrimination thresholds, for FO and VTL (Experiment 1), and their perceptual weighting of FO and
VTL cues for the categorization of voice gender (Experiment 2). We hypothesized that children are more sensitive
to differences in FO than VTL, as F0 is a more dynamic cue that varies widely among and within speakers, and
therefore listeners are exposed to wide variations in FO. These characteristics may make FO more perceptually
salient than VTL, which can be modified only to a very limited extent within the same speaker, and hence lead to
a higher weighting of F0, similar to principles of the DWS model. Alternatively, due to high overlap in speakers’
FO values across gender, VTL may be a more informative cue for determining speakers’ voice gender, and hence
receive a higher weighting than F0. In addition, we expected children to show different weighting of FO and VTL
cues for voice gender categorization than adults due to differences in their representations of voice gender cate-
gories, based on differences in exposure to voice cues and an ‘own-age bias'®. Finally, we investigated if children’s
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Participant | Number of Age Gender | Vocabulary
age groups | participants | (median) | (fim) (median)
Children 13 5.08 8:5 36

4-6 years

Children 7.17 7:6 40

6-8 years

Children .

8-10 years 16 9.00 10:6 45
Children

10-12 years 16 11.10 10:6 46
Adults 15 24.40 11:4 —

Table 1. Demographic characteristics of participant age groups. Age is given in decimal years. Vocabulary
corresponds to scores on the Renfrew Word Finding Vocabulary Test (maximum score of 50 points).

discrimination and weighting for voice gender categorization develop in a similar manner for FO and VTL, as
these abilities may rely on different auditory processes.

Experiment 1 - Discrimination of FO and VTL cues

Methods. Participants. Fifty-eight children between the ages of 4 and 12, divided into four different age
groups (Table 1), and fifteen adults between the ages of 20 and 30 took part in the study. All participants were
native speakers of Dutch, and reported no history of hearing or language disorders. We screened participants’
hearing thresholds at 20 dB HL using pure-tone audiometry at octave frequencies between 500 and 4000 Hz to
ensure they were normal hearing. Table 1 summarizes the participants’ demographic characteristics. Children’s
vocabulary size was measured using the Dutch version of the Renfrew Word Finding Vocabulary Test*! to ensure
age-normal linguistic development in our test population.

A written informed consent form for study participation was signed by the parents and/or legal guardians of
children and by adult participants prior to data collection. Ethical approval of the study was given by the Medical
Ethical Review Committee of the University Medical Center Groningen (METc 2016.689). All experiments and
methods were performed in accordance with the relevant guidelines and regulations.

Stimuli and apparatus. The stimuli consisted of three-syllable CVCVCV nonwords, for instance, ‘ba-ki-mo;,
that were spliced from Dutch CVC words, taken from the NVA corpus*. The stimuli were produced by a female
native speaker of Dutch with a mean FO of 242 Hz and an estimated VTL size of approximately 13.5 cm, based on
the average height of Dutch women of 168.72 cm?. For the experiment, we focused on the differences in FO and
VTL relative to the original speaker’s voice. As both FO and VTL alterations lead to differences in frequencies, we
expressed the differences as ratios measured on a logarithmic scale in st instead of differences in Hertz or centim-
eters. The word recordings were spliced into 61 CV syllables, equalized for root-mean-square (RMS) level, and
analyzed using STRAIGHT®, to obtain the FO contour and the spectral envelope. The method that we used is the
same as employed by Gaudrain and Bagkent**.

For each trial, three CV syllable pairs were randomly selected, normalized to a duration of 200 ms and a mean
FO of 242 Hz, and resynthesized with STRAIGHT using the new F0 and VTL parameters. This resynthesis proce-
dure was performed for all stimuli to prevent potential artifacts arising from the resynthesis procedure itself. The
three syllables were then concatenated with 50 ms of silence separating the individual syllables. The overall FO
contour of a CVCVCYV nonword was adjusted by shifting the natural FO contour of each CV syllable by random
steps of 1/3 st, which could be —1/3 st, 0 st or +1/3 st, to make them sound more natural. After adjusting the FO
contour of each CV syllable, the overall FO contour of the nonword was centered to zero again so it would not
affect the mean F0. For the FO manipulation, the FO contour (in Hz) was multiplied by a specified factor, which
depended on the applied change in mean FO0, to preserve the original FO fluctuations and only adjust the mean
FO. For the VTL manipulation, the spectral envelope was compressed toward the lower frequencies to generate
an overall spectral shift. The modified FO contour and spectral envelope were then recombined using a pitch syn-
chronous overlap-add (PSOLA) resynthesis method.

In each trial, the same nonword with the same syllable structure was used for the target nonword and the two
standard nonwords. The target nonword differed in mean F0 or VTL from the two standard nonwords. Besides
this manipulation, there were only small differences in the mean F0 contour of the nonwords to make them sound
more natural. Depending on the condition, the target nonword was either produced with a lower FO or a larger
VTL value relative to the original female speaker’s voice, which made the target nonword sound more masculine.
All signal processing was performed in Matlab*® using a sampling frequency of 44.1kHz.

Procedure. 'We used a 3-interval 3-alternative forced-choice (3I-3AFC) adaptive procedure to measure par-
ticipants’ JNDs for FO and VTL. The experiment started with two training sessions, each consisting of three
trials, and was followed by two experiment sessions of approximately 25 to 45 trials, depending on participants’
responses. The experiment sessions were presented to participants in a randomized order, either measuring their
FO or VTL JND first.

Each experiment session started with a difference of 12 st in FO or VTL values relative to the original female
speaker’s voice. The voice difference decreased by one step size after two consecutive correct responses and
increased by one step size after an incorrect response (2-down, 1-up). The initial step size was 2 st but after 15
trials with the same step size or when the difference became smaller than two times the step size, the step size was

SCIENTIFIC REPORTS |

(2020) 10:5074 | https://doi.org/10.1038/s41598-020-61732-6


https://doi.org/10.1038/s41598-020-61732-6

www.nature.com/scientificreports/

divided by v/2. The experiment session ended after eight reversals. Finally, we calculated the geometric mean of
the voice difference values at the last six reversals to determine participants’ JND, which corresponds to the 70.7%
correct discrimination point on the psychometric function®.

Stimuli were presented to participants on a touchscreen laptop via Sennheiser HD 380 Pro headphones at a
sound level of 65 dBA. A child-friendly interface was constructed using Matlab to maintain children’s attention
(Fig. 1B). In each trial, three sea animals appeared on the screen and subsequently produced the same CVCVCV
nonword. Participants were instructed to click on the sea animal whose voice differed from the other two sea ani-
mals. Visual feedback on response accuracy was provided to participants. Children were tested in a quiet room at
their homes, and adults were tested in a quiet testing room at the University of Groningen.

Data analysis. Participants’ JNDs for FO and VTL were analyzed using the lme4 package (version 1.1.12¥) in
R (version 3.4.1%%). A linear mixed-effects model with a two-way interaction between voice cue (FO or VTL) and
age, and a random intercept per participant for children’s data was computed to examine if children’s discrim-
ination of FO and VTL cues developed similarly. We evaluated the models using backward stepwise selection
with ANOVA Chi-Square tests, starting with the full factorial model, in Ime4 syntax: JND log ~ voice
cue*age+ (1|participant). We used log-transformed JNDs, which are more normally distributed than
the raw values, as the JND procedure does not allow crossing the zero line. Furthermore, the log-transformation
reduced the differences in variability and decoupled it from the mean. Voice cue indicated whether the JND
was for FO or VTL, while age represented children’s age in decimal years. In addition, to investigate at what age
children’s discrimination of FO and VTL does not differ from adults, we used the Desctools package (version
0.99.25%) to perform two Dunnett’s Tests on subsets of FO and VTL JNDs with JND log as an outcome variable
and age group as a fixed effect.

Results

Do children’s discrimination abilities develop similarly for FO and VTL as a function of age?
Fig. 1A shows participants’ JND values for FO (left) and VTL (right) as a function of their age (dots) and the
median JND per age group (boxplots), Fig. 1B shows the experimental interface, and Fig. 1C shows the F0 and
VTL JND adaptive tracks of one adult and one child participant. We first performed a Shapiro-Wilk test to con-
firm that the assumption for LMMs of normally distributed residuals for our data was met (W=0.98, P=0.13).
Model selection revealed that the model with voice cue and age as fixed effects had a better and more parsimo-
nious fit than the model with the two-way interaction between voice cue and age [x*(1) =0.02, P=0.89], or the
models without voice cue [x*(1) = 24.80, P < 0.001] or without age [x*(1) =28.01, P < 0.001] as fixed effects. The
significant effects of voice cue and age indicate that children’s JNDs were significantly lower for VTL than for F0,
[F(1,56) =30.95, t value = —5.56, P < 0.001], and generally decreased significantly with age [F(1,56) =36.01, t
value=—6.00, P < 0.001]. However, the rate of improvement, i.e., the slope size, did not significantly differ across
cues, which is evidenced by the lack of a significant interaction between voice cue and age.

At what age do children show adult-like discrimination of FO and VTL?. We performed two
Dunnett’s Tests on subsets of FO and VTL JNDs per age group. For F0, the JNDs of adults significantly differed
from the JNDs of children of all age groups [4-6 years: diff =1.85, P < 0.001; 6-8 years: diff=1.38, P < 0.001;
8-10 years: diff=1.01, P < 0.001; 10-12 years: diff=0.75, P < 0.01]. For VTL, adults’ JNDs significantly differed
from the JNDs of 4- to 8-year-olds [4-6 years: diff=1.07, P < 0.001; 6-8 years: diff =0.62, P < 0.01] but not from
the JNDs of 8- to 12-year-olds [8-10 years: diff=0.30, P=0.30; 10-12 years: diff=0.09, P=0.96].

Discussion

Our results show that children’s discrimination of FO and VTL improves gradually with age, but discrimination
of VTL becomes adult-like earlier than their discrimination of FO. Adults’ VTL JNDs did not significantly differ
from those of 8- to 12-year-old children, whereas adults’ FO JNDs differed from children’s FO JNDs at all ages.
The increase in sensitivity to differences in FO cues with age is in line with previously reported research!®-"3. The
differences in the reported ages at which children’s discrimination of FO is adult-like are likely due to differences
in stimuli and task demands. The perception of VTL differences has only been studied before in infants and
adults, using an objective EEG mismatched negativity paradigm®. Vestergaard et al.> found that newborn infants
are already sensitive to large differences in VTL, but it was not possible to quantify infants’ ability to discriminate
VTL and to assess whether it was adult-like yet. To our knowledge, there is no prior information regarding the
development of school-age children’s discrimination of VTL differences.

Our findings do not support our expectation that children would be more sensitive to differences in FO than
VTL due to exposure to wide variations in FO, even within the same speaker, compared to small variations in
VTL, which usually only differs markedly between different speakers. According to the DWS model'®, children
are more sensitive to the most salient and informative acoustic cue, which can be F0 because of its higher per-
ceptual salience®** or VTL because of its lower overlap across genders and potential higher informativeness for
determining speakers’ voice gender. Also on a linguistic level, VTL seems to be more informative, as it is required
for the correct interpretation of vowels*, while FO primarily provides paralinguistic information in non-tonal
languages. However, the DWS model is also based on categorization rather than discrimination of acoustic cues.
Acoustic dynamics may have different effects on discrimination than on categorization. Evidence for a potential
trade-off effect between the discrimination and categorization of acoustic cues based on acoustic dynamics is
provided by Mirman, Holt, and McClelland™. They found that adult listeners could more accurately discriminate
sounds that differed in steady-state acoustic cues than rapidly-changing, dynamic acoustic cues, but they showed
an opposite benefit for categorization of these cues. Contrary to our expectation, dynamic cues may be more dif-
ficult to discriminate than static cues but perhaps still more perceptually salient for categorization.
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Figure 1. Differences in JNDs for FO and VTL, the experimental interface of Experiment 1, and the adaptive
tracks of one adults and one child participant. (A) Log-transformed JNDs for FO (left) and VTL (right). The dots
show individual data points located at participants’ age in years, rounded to two decimal places (Npjjgren = 58;
Naguiis = 15). The boxplots depict the median per age group, and the box shows the lower and upper quartiles.
The whiskers show the lowest and highest data points within plus or minus 1.5 times the interquartile range.

(B) The experimental interface. As participants give correct answers, they collect sea animals around the central
yellow fish. The illustrations were made by Jop Luberti for the purpose of this study. This image is published
under the CC BY NC 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/). (C) The FO and VTL JND
adaptive tracks of one adult (NHA012) and one 8- to 10-year-old child participant (NHK034).

Another explanation is that children may have different representations of voice gender than adults, as dis-
crimination abilities are also influenced by the categories that listeners have of the particular acoustic dimen-
sions®»*2. Voice gender differences in children’s voices are primarily caused by differences in formant frequencies,
possibly due to differences in the resonator width and size®, as FO and VTL values do not systematically vary
with sex until puberty*”*%. As a result, children may have voice gender representations that are primarily based on
voice gender differences among children’s voices instead of adults’ voices.

Experiment 2: FO and VTL weighting for voice gender categorization
Methods. Participants. The same group of participants that took part in the first experiment also partici-
pated in the second experiment.

Stimuli and apparatus.  'The stimuli consisted of four CVC words, bus [bus], vaak [often], leeg [empty], and pen
[pen], produced by the same female speaker with a mean F0 of 201 Hz and taken from the same corpus as used for
Experiment 1% The recordings were first equalized in RMS and modified using STRAIGHT*. The FO and VTL
values were manipulated independently from each other in the same manner as the stimuli of Experiment 1. For
the condition in which stimuli had differences of 0.0 st in FO and 0.0 st in VTL, stimuli were also resynthesized
using the same procedure to prevent any artifacts from the resynthesis procedure itself.

The FO was decreased by 0.0 st, 6.0 st, or 12.0 st, resulting in mean FO values of 201 Hz, 142 Hz, and 100 Hz
respectively, while the VTL was increased by 0.0 st, 1.8 st, or 3.6 st, corresponding to the estimated VTL sizes of
13.5cm, 15.1 cm, and 16.6 cm. Thus, there were nine different voice combinations for the four selected words,
resulting in 36 stimuli. The values for the differences in FO and VTL were chosen based on earlier studies on gen-
der categorization by Smith and Patterson®® and Smith et al.>*, which in turn were derived from the voice gender
differences in the Peterson and Barney® vowel database. Seven out of nine voice combinations that were used in
our experiment were within 95% of the adult population based on these values. In addition, Fuller et al.*® showed
that a combined difference of a decrease of 12 st in FO and an increase of 3.6 st in VTL using this manipulation
procedure reliably changes the perceived gender of speakers for adult listeners. The number of “male” categori-
zations was less than 10% when only the FO of the speaker was decreased by 12 st and around 30% when only the
VTL of the speaker was increased by 3.6 st.

Procedure. A visual-auditory match-to-sample task was used to investigate children’s weighting of FO and VTL
cues for voice gender categorization. The experiment consisted of a training session of 5 trials and an experiment
session of 36 trials with items that were presented in a randomized order. In each trial, a stimulus word was pro-
duced with voice characteristics in which the FO and VTL parameters were more female, i.e., conforming more
to the original speaker’s voice parameters, more masculine, because of a decrease in F0 and an increase in VTL,
or somewhat ambiguous.
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The stimuli were presented using the same touchscreen laptop and Sennheiser HD 380 pro headphones as
were used in Experiment 1. The experiment was conducted using a child-friendly interface that was developed in
Matlab (Fig. 2D). After hearing the auditory stimulus, participants were presented with either a male or female
face on the computer screen. Participants could then indicate whether the voice and the face were of the same
gender by pressing a green check mark or a red cross when the gender of the voice and face differed. No feedback
on the accuracy of responses was provided to participants. The second experiment was conducted in the same
testing environment after participants completed the first experiment.

Data analysis. 'We analyzed participants’ perceptual weighting of FO and VTL cues for voice gender catego-
rization across age. To calculate the cue weights, we first normalized the FO and VTL differences relative to the
original speaker’s voice in st and defined them as 6F0 = —AF0/12 - 0.5 and 6VTL= AVTL/3.6 - 0.5. This nor-
malization was done to make FO and VTL functionally equivalent for model fitting, despite the differences in
range and quality. With these normalized cues, the original female speaker’s voice had a 6F0 value of —0.5 and
a 0VTL value of —0.5, while the most male-sounding voice (difference of —12 st in FO and +-3.6 st in VTL) had
a 0F0 of+ 0.5 and a §VTL of +-0.5. We then extracted the coeflicients of participants by fitting a mixed-effects
logistic regression model with random intercepts and slopes for 6F0 and §VTL per participant, in Ime4 syntax:
response ~ (3F0+3VTL | participant).This model gives coefficient predicting values on a logit scale,
i.e., log odds ratios based on the natural log, relative to the normalized 6F0 and 6 VTL ranges. We converted the
participants’ coeflicients for 6F0 and 6 VTL into “Berkson” (Bk) units®” per st by scaling the factors so they cor-
respond to log, odds ratios per st. This conversion makes the differences in cue weights easier to interpret, as an
increase of 1 Bk per st is equal to doubling the percentage of male categorizations relative to that of female cate-
gorizations. Individual Bk units of children were then analyzed by fitting generalized linear mixed-effects models
with random intercepts per participant. Models were compared using backward stepwise model selection with
ANOVA Chi-Square tests, starting with the full factorial model with cue weight (Bk/st) as an outcome variable
and a two-way interaction between voice cue (FO or VTL) and age, in Ime4 syntax: cue weight ~ voice
cue*age+ (l|participant).

In addition, we used two Dunnett’s Tests on age group subsets of FO and VTL cue weights to investigate at
what age children’s cue weights were adult-like. Finally, we determined two Pearson’s correlation coefficients
relating children’s FO and VTL JNDs to their FO and VTL cue weights. To ensure that the correlation between
children’s INDs and cue weights for FO and VTL was not caused by a general effect of age, we extracted the resid-
uals from four linear models. This method partials out the effect of age group on the differences in JNDs and cue
weights. As outcome variables, we used either log JNDs or cue weights in Bk units and only age as a fixed effect.
These analyses were repeated for FO and VTL. The residuals of each model were then used to calculate the corre-
lation between JNDs and cue weights for each cue.

Results

Does children’s cue weighting for voice gender categorization develop similarly for FO and VTL as
afunction of age? Fig. 2A shows participants’ cue weights for FO (left panel) and VTL (right panel) as a func-
tion of their age (dots) and age group (boxplots). Figure 2B shows the correlation between participants’ cue weight
residuals for FO (left panel) and VTL (right panel) as a function of their respective JND residuals (Experiment 1)
and age group. Figure 2C shows the average categorization judgments as a function of differences in FO and VTL for
each individual age group. Model selection demonstrated that the full model with a two-way interaction between
voice cue and age had a significantly better fit than the model with voice cue and age as fixed effects [x*(1) =16.4,
P <0.001]. The significant effect of voice cue shows that children’s weighting of VTL was overall higher than their
weighting of FO [Estimate =0.20, t=2.74, P < 0.01]. On average, the ratio between FO and VTL perceptual weights
differed by 2% between children and adults. Yet, children gave 71% of the weight given to FO by adults and 63% of
the weight given to VTL. Furthermore, the significant effect of age shows that children’s weighting of both F0 and
VTL cues became more adult-like with age [Estimate=0.02, t=2.64, P <0.01]. Finally, the significant interaction
between voice cue and age [Estimate=0.02, t=4.29, P < 0.001] indicates that there was an overall larger increase
in children’s weighting of VTL with age relative to their weighting of FO. However, since there was also a significant
fixed effect of voice cue, which indicates that participants’ overall weighting of FO differs from that of VTL (when
expressed in Berkson per semitone), the interaction could simply stem from the same multiplicative effect of age
being applied at different intercepts. In a signal-detection-theory model®, the ratio between cue weights will be
constant if the responses are affected by a single source of internal noise which is common to both cues. We thus
further explored this interaction by looking at the relative contribution of the two cues. For this we calculated,
for each participant, the ratio between weighting of FO and VTL. We found that, after removing data of four 4- to
6-year-old children who showed extremely singular weighting values, the ratios between participants’ weighting of
F0 and VTL did not differ across age [F(1,52) =0.65, P=0.42], which suggests that the interaction between voice
cue and age was likely caused by the differences in the overall weighting of FO and VTL.

When does children’s weighting of FO and VTL cues for voice gender categorization become
adult-like? The Dunnett’s Test that was performed on the subset of FO cue weights indicated that adults’
FO cue weights only significantly differed from 4- to 6-year-old children’s cue weights [4-6 years: diff=—0.51,
P <0.001]. For VTL cue weights, the Dunnett’s Test indicated that adults’ cue weights significantly differed
from 4- to 10-year-old children’s cue weights but not from 10- to 12-year-old children’s cue weights [4-6
years: diff = —1.08, P < 0.001; 6-8 years: diff=—0.59, P < 0.01; 8-10 years: diff = —0.39, P < 0.05; 10-12 years:
diff=-0.37, P=0.061].
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Figure 2. Cue weights for FO and VTL on the voice gender categorization task, the correlations between
participants’ JNDs and cue weights, and the experimental interface of Experiment 2. (A) Participants’ cue
weights for FO (left panel) and VTL (right panel). The dots show individual data points at participants’ age in
years, rounded to two decimal places (Njigren = 585 Noauis = 15) and the boxplots show the median cue weights
per age group. The box shows the lower and upper quartiles, and the whiskers show the lowest and highest data
points within plus or minus 1.5 times the interquartile range. (B) The correlations between participants’ FO JND
and cue weight residuals (left panel) and VTL JND and cue weight residuals. (C) Average gender categorization
judgments as a function of differences in FO (x-axis) and VTL (y-axis) in st for each individual age group. Blue
corresponds to 100% “man” categorizations and yellow corresponds to 100% “woman” responses. (D) The
experimental interface. Participants were instructed to click on the green check mark if the perceived gender of
the portrayed face and voice matched and on the red cross if they did not match. The illustrations were made
by Jop Luberti for the purpose of this study. This image is published under the CC BY NC 4.0 license (https://
creativecommons.org/licenses/by-nc/4.0/).

Is children’s discrimination of FO and VTL related to their cue weighting of FO and VTL for voice
gender categorization? Two Pearson’s correlations between children’s JNDs and cue weights showed mod-
erate correlations between FO JNDs and cue weights [Pearson’s r=—0.49, P < 0.001] and VTL JNDs and cue
weights [Pearson’s r= —0.48, P < 0.001]. However, the correlation was only significant for the group of 4- to
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6-year-old children for FO [Pearson’s r= —0.63, P < 0.05] and for VTL [Pearson’s r= —0.59, P < 0.05]. Hence,
the reported correlations mainly seem to be driven by the generally low performance of some of the youngest
children on both tasks. For this reason, we performed two additional Pearson’s correlations using the residuals
of children’s FO and VTL JNDs (Experiment 1) and cue weights (Experiment 2) to prevent a correlation resulting
from a general effect of age. Figure 2 shows the correlation between participants’ FO JND and cue weight residuals
and their VTL JNDs and cue weight residuals (Experiment 2). We found that there was still a significant moder-
ate correlation between the residuals of participants’ JND and cue weight residuals for FO [Pearson’s r= —0.37,
P <0.01] and a small correlation for VTL [Pearson’s r = —0.28, P < 0.05] after this correction for a general effect
of age. In addition, we looked again at the correlations between JND residuals and cue weight residuals for FO and
VTL for individual age groups, and we found that, as for the non-residuals, there was only a significant correlation
for the 4- to 6-year-olds for FO [Pearsons r = —0.64, P < 0.05] and for VTL [Pearson’s r=—0.61, P < 0.05] JNDs
and cue weights even after taking a general effect of age into account.

Discussion

Our results show that children’s cue weights for FO only differed from adults’ cue weights for the youngest age
group between 4 and 6 years of age, while children’s cue weights for VTL differed from adults’ cue weights for the
age groups between 4 and 10 years of age. We also investigated if participants’ JNDs and cue weights for FO and
VTL were related to each other. After correcting for a general effect of age, we only found a significant moderate
and a small overall correlation for between JNDs and cue weights for FO and VTL, respectively, but our additional
correlation analyses for individual age groups showed that only 4- to 6-year-old children’s FO and VTL JNDs and
cue weights were significantly correlated.

Contrary to our first experiment, the results of our second experiment are in line with our expectation that
children’s weighting of FO cues for voice gender categorization is adult-like earlier than their weighting of VTL
cues. F0 is a more dynamic acoustic cue than VTL and may be a more perceptually salient cue for children to use
for voice gender categorization'®****. Hence, children may learn earlier which F0 values correspond to male and
female voices compared to VTL values, as they may attend more to FO differences. In keeping with the findings
of Mirman et al.’, the different developmental patterns for FO and VTL provide evidence for a trade-off effect
between the discrimination and categorization of acoustic cues based on their acoustic dynamics (steady-state,
static acoustic cues versus rapidly-changing, dynamic acoustic cues). A potential explanation for this observation
is related to the fact that, in NH adults, the VTL JNDs represent a larger proportion of the typical male-female
difference (about 34%) than FO JNDs (about 9%). As a result, VTL appears less robust to perceptual degradations
than FO0, as was observed in adult cochlear implant users**. In the present study, the larger VTL JNDs observed
in the younger age groups, which were sometimes above the smallest step size of 1.8 st in VTL, may have hin-
dered children’s access to the VTL cue in the gender categorization task. However, as participants’ JNDs corre-
sponded to the 70.7% correct discrimination point on the psychometric function, participants may have still been
able to perceive FO and VTL differences that were below their discrimination thresholds that were measured in
Experiment 1. Evidence for this possibility is provided by the significant increase in children’s VTL weighting for
the 6- to 8-year-old age group compared to the 4- to 6-year-old age group (Fig. 2).

Children’s weighting was adult-like earlier for FO than for VTL, but they did use both acoustic cues for cate-
gorizing speakers’ voice gender at all ages. This finding implies that children may have different representations
of voice gender and their corresponding FO and VTL values than adults. Most children were consistent in their
categorizations of the clearly male- and female-sounding voices, but they were less consistent in categorizing the
other, more ambiguous sounding, voices. A similar finding was reported by Hazan and Barrett'” who found that
6- to 12-year-old children’s categorization of phonemes, based on a range of phonemic contrasts, was not as con-
sistent and clear as it was for adults. One could also consider that children’s representations of voice gender may
differ from adults because their representations are predominantly based on voice gender differences between
other children rather than adults®. As the voice gender of child voices cannot be recognized reliably based on dif-
ferences in their FO or VTL values until the age of 12°7%%, this may also explain why they show different weighting
of these cues than adults.

Furthermore, as mentioned by Hazan and Barrett'’, children’s limited attention span seems to play merely
a minor role in explaining their inconsistent responses, as most children categorized the clearly male- and
female-sounding voices consistently, apart from some children in the youngest age group. Children may not
have clear concepts of what a male or female voice sounds like yet for various reasons. For instance, they may
interact primarily with other young children for whom the differences in their perceived voice gender are still
very limited*”%. However, research of Cartei et al.>® shows that children adapt their FO and VTL values when
asked to imitate a speaker from the opposite sex, although these adaptations only led to relatively small acoustic
changes. These findings seem to indicate that children are already aware of the contributions of FO and VTL to
the perceived gender of adult voices. Also, participants’ JNDs and cue weights were only moderately and weakly
correlated for FO and VTL after correcting for a general effect of age, and only for 4- to 6-year-old children when
looking at individual age groups. However, it is difficult to interpret the causality of these results. Categorization
of voice cues may be driven by the ability to discriminate these voice cues, but both abilities also may develop
independently and improve merely as a function of age. As we only found a significant correlation among 4- to
6-year-old children, of which some showed general low performance on both tasks, children’s different weighting
of FO and VTL seems to be caused primarily by their less robust representations of voice gender categories or task
performance rather than their lower discrimination abilities.

General discussion
The goal of the present study was to investigate the development of children’s ability to discriminate voice gender
cues and their weighting of FO and VTL cues for voice gender categorization. Our results show that there are
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dissociations in the development of children’s discrimination of FO and VTL and weighting of FO and VTL for
voice gender categorization. In our first experiment, we found that children’s discrimination of VTL becomes
adult-like earlier than their discrimination of F0. In contrast, the results of our second experiment showed that
children’s weighting for voice gender categorization becomes adult-like earlier for FO than VTL. Hence, for both
discrimination and cue weighting for voice gender categorization, we found differences in the development of
F0 and VTL. However, the dissociation between the development of children’s discrimination of FO and VTL
cues did not correspond to the developmental pattern for FO and VTL that we found for children’s weighting for
voice gender categorization. Finally, we only found a moderate and a small overall significant correlation between
children’s FO and VTL JNDs, i.e., discrimination thresholds, and cue weights after correcting for a general effect
of age and merely a significant correlation for 4- to 6-year-old children when looking at individual age groups.

The discrepancy between the developmental patterns for discrimination and categorization of voice gender
cues demonstrates that these abilities may rely on different auditory processes. Evidence for the latter theory is
provided by Mirman et al.*°, who reported a similar trade-off effect between the discrimination versus categoriza-
tion based on the acoustic dynamics of voice cues. Dynamic acoustic cues may be more perceptually salient than
static cues, which makes listeners rely on them more for categorization. However, due to their rapidly-changing
and dynamic nature, differences in dynamic cues may be more difficult to perceive for listeners than static cues.
In addition, children’s discrimination of VTL may become adult-like earlier because it has a linguistically more
prominent role, as it is essential for the correct interpretation of vowels*® while F0 gives more subtle paralinguistic
information in non-tonal languages.

Another factor that may have played a role is that children’s representations of voice gender are based on voice
gender distinctions among children rather than adults. Fleming et al.®° found that adult listeners are better at
distinguishing speakers’ voices in their native language than in a different language because of a higher familiar-
ity with the phonology of their native language. This finding demonstrates that even adults show a bias in voice
perception and discrimination based on auditory experience. Voice gender in children is primarily determined
by differences in formant frequencies, possibly caused by differences in the resonator width and size®, as there are
no clear sex differences in children’s FO and VTL voice parameters before puberty*”*%. Hence, children may have
different categories of voice gender than adults. Future research should investigate whether adults show similar
weighting of FO and VTL as children for categorizing the voice gender of children’s voices instead of adults’ voices.

Investigating the relationship between different tasks and their underlying cognitive processes is also emi-
nent for research on other perceptual learning mechanisms, as similar differences in developmental patterns and
parameters may apply. For instance, Leibold et al.®! found that children showed a similar or larger benefit from
voice gender differences between speakers for speech perception in competing speech than adults, while Flaherty
et al."® showed children did not benefit from differences in only speakers’ FO. A potential explanation for this
discrepancy given by the authors was that children may rely more on combined differences in FO and VTL cues
to segregate speakers based on voice gender. However, our results from Experiment 2 suggest that children use
and rely on differences in both F0O and VTL for categorizing speakers’ voice gender when the differences are suf-
ficiently large. Understanding these developmental patterns is also particularly relevant for research with clinical
populations, such as children with hearing impairments*>2, as their difficulties in perceiving and recognizing
voices may originate from different sources, such as perceptual limitations or difficulty of allocating attention.

In conclusion, we found that children’s discrimination and weighting for voice gender categorization develop
differently for FO and VTL. Furthermore, both abilities show different developmental patterns for FO and VTL,
implying that these abilities inherently rely on different auditory processes and differ based on the nature of the
acoustic cue. Generally, we also found that children’s abilities to discriminate and weigh voice cues for categoriza-
tion take a long time to mature, which corresponds with the earlier reported findings on the discrimination and
categorization of phonemes!”'®. In addition, our findings emphasize that voice perception research should take
into account how the development of various perceptual abilities, for instance, voice discrimination, categoriza-
tion, and identification, are related and on which parameters they rely.

Data availability
The datasets generated and analyzed during the current study are available in the Dataverse NL repository, https://
hdl.handle.net/10411/2MSHYR.

Received: 1 April 2019; Accepted: 27 February 2020;
Published online: 19 March 2020

References
1. DeCasper, A. J. & Fifer, W. P. Of human bonding: Newborns prefer their mothers’ voices. Science 208, 1174-1176 (1980).
2. Johnson, E. K., Westrek, E., Nazzi, T. & Cutler, A. Infant ability to tell voices apart rests on language experience. Dev. Sci. 14,
1002-1011 (2011).
3. Olsho, L. W,, Koch, E. G., Carter, E. A., Halpin, C. E & Spetner, N. B. Pure-tone sensitivity of human infants. J. Acoust. Soc. Am. 84,
1316-1324 (1988).
4. Spence, M. J. & Freeman, M. S. Newborn infants prefer the maternal low-pass filtered voice, but not the maternal whispered voice.
Infant Behav. Dev. 19, 199-212 (1996).
5. Vestergaard, M. D. et al. Auditory size-deviant detection in adults and newborn infants. Biol. Psychol. 82, 169-175 (2009).
6. Fernald, A. & Kuhl, P. Acoustic determinants of infant preference for motherese speech. Infant Behav. Dev. 10, 279-293 (1987).
7. Mann, V. A, Diamond, R. & Carey, S. Development of voice recognition: Parallels with face recognition. J. Exp. Child Psychol. 27,
153-165 (1979).
8. Creel, S. C. & Jimenez, S. R. Differences in talker recognition by preschoolers and adults. J. Exp. Child Psychol. 113, 487-509 (2012).
9. Fecher, N., Paquette-Smith, M. & Johnson, E. K. Resolving the (apparent) talker recognition paradox in developmental speech
perception. Infancy 24, 570-588 (2019).
10. Jensen, J. K. & Neff, D. L. Development of basic auditory discrimination in preschool children. Psychol. Sci. 4, 104-107 (1993).

SCIENTIFIC REPORTS |

(2020) 10:5074 | https://doi.org/10.1038/s41598-020-61732-6


https://doi.org/10.1038/s41598-020-61732-6
https://hdl.handle.net/10411/2MSHYR
https://hdl.handle.net/10411/2MSHYR

www.nature.com/scientificreports/

11.
12.

13.

28.
29.
30.
31.

32.
33.

34,
. Traunmiiller, H. & Eriksson, A. The frequency range of the voice fundamental in the speech of male and female adults. Unpublished

36.
37.

38.
39.
40.
. Renfrew, C. E. Word Finding Vocabulary Test. (Speechmark Publishing, 1995).
42.
43.

44,

53.
54.
55.
. Fuller, C. D. et al. Gender categorization is abnormal in cochlear implant users. JARO 15, 1037-1048 (2014).
57.
58.
. Cartei, V. et al. Children can control the expression of masculinity and femininity through the voice. R. Soc. open sci. 6 (2019).
60.
61.

62.

Maxon, A. B. & Hochberg, I. Development of psychoacoustic behavior: Sensitivity and discrimination. Ear and Hearing 3, 301-308
(1982).

Flaherty, M. M., Buss, E. & Leibold, L. J. Developmental effects in children’s ability to benefit from FO differences between target and
masker speech. Ear and Hearing 40, 927-937 (2018).

Buss, E., Flaherty, M. M. & Leibold, L. J. Development of frequency discrimination at 250 Hz is similar for tone and /ba/ stimuli. J.
Acoust. Soc. Am. 142, EL150-EL154 (2017).

. Wightman, E, Allen, P, Dolan, T., Kistler, D. & Jamieson, D. Temporal resolution in children. Child Dev. 60, 611-624 (1989).
. Irwin, R. ], Ball, A. K. R, Kay, N, Stillman, J. A. & Rosser, ]. The development of auditory temporal acuity in children. Child Dev. 56,

614-620 (1985).

. Deroche, M. L. D,, Zion, D. J., Schurman, J. R. & Chatterjee, M. Sensitivity of school-aged children to pitch-related cues. J. Acoust.

Soc. Am. 131, 2938-2947 (2012).

. Hazan, V. & Barrett, S. The development of phonemic categorization in children aged 6-12. J. Phon. 28, 377-396 (2000).
. Nittrouer, S. & Miller, M. E. Predicting developmental shifts in perceptual weighting schemes. J. Acoust. Soc. Am. 101, 2253-2266

(1997).

. Gibson, E. J. Principles of Perceptual Learning and Development. (Appleton-Century-Crofts, 1969).
. Pisoni, D. B. Auditory and phonetic memory codes in the discrimination of consonants and vowels. Perception & Psychophysics 13,

253-260 (1973).

. Moore, J. K. & Linthicum, F. Jr. The human auditory system: A timeline of development. Int. J. Audiol. 46, 460-478 (2007).

. Litovsky, R. Development of the auditory system. in Handbook of Clinical Neurology vol. 129 55-72 (Elsevier, 2015).

. Werner, L. A. Issues in human auditory development. J. Commun. Disord. 40, 275-283 (2007).

. Belin, P, Fecteau, S. & Bédard, C. Thinking the voice: neural correlates of voice perception. Trends Cogn. Sci. 8, 129-135 (2004).

. Kreitewolf, J., Gaudrain, E. & von Kriegstein, K. A neural mechanism for recognizing speech spoken by different speakers.

Neuroimage 91, 375-385 (2014).

. Titze, I. R. Physiologic and acoustic differences between male and female voices. J. Acoust. Soc. Am. 85, 1699-1707 (1989).
. Skuk, V. G. & Schweinberger, S. R. Influences of fundamental frequency, formant frequencies, aperiodicity, and spectrum level on

the perception of voice gender. J. Speech Lang. Hear. Res. 57, 285-296 (2014).

Fitch, W. T. & Giedd, J. Morphology and development of the human vocal tract: A study using magnetic resonance imaging. J.
Acoust. Soc. Am. 106, 1511-1522 (1999).

Klatt, D. H. & Klatt, L. C. Analysis, synthesis, and perception of voice quality variations among female and male talkers. . Acoust.
Soc. Am. 87, 820-857 (1990).

Irino, T. & Patterson, R. D. Segregating information about the size and shape of the vocal tract using a time-domain auditory model:
The stabilised wavelet-Mellin transform. Speech Communication 36, 181-203 (2002).

Darwin, C. J., Brungart, D. S. & Simpson, B. D. Effects of fundamental frequency and vocal-tract length changes on attention to one
of two simultaneous talkers. J. Acoust. Soc. Am. 114, 2913-2922 (2003).

Bagkent, D. & Gaudrain, E. Musician advantage for speech-on-speech perception. J. Acoust. Soc. Am. 139, EL51-EL56 (2016).

Lass, N. J., Hughes, K. R., Bowyer, M. D., Waters, L. T. & Bourne, V. T. Speaker sex identification from voiced, whispered, and filtered
isolated vowels. J. Acoust. Soc. Am. 59, 675-678 (1976).

Pernet, C. R. & Belin, P. The role of pitch and timbre in voice gender categorization. Front. Psychol. 3, 1-11 (2012).

manuscript (1995).

Roser, M., Appel, C. & Ritchie, H. Human Height. Our World in Data, https://ourworldindata.org/human-height (2020).

Perry, T. L., Ohde, R. N. & Ashmead, D. H. The acoustic bases for gender identification from children’s voices. J. Acoust. Soc. Am.
109, 2988-2998 (2001).

Vorperian, H. K. & Kent, R. D. Vowel acoustic space development in children: A synthesis of acoustic and anatomic data. J. Speech
Lang. Hear. Res. 50, 1510-1545 (2007).

Anastasi, J. S. & Rhodes, M. G. An own-age bias in face recognition for children and older adults. Psychonomic Bulletin & Review 12,
1043-1047 (2005).

Allen, P, Wightman, E, Kistler, D. & Dolan, T. Frequency resolution in children. J. Speech Lang. Hear. Res. 32, 317-322 (1989).

Bosman, A. J. & Smoorenburg, G. E. Intelligibility of Dutch CVC syllables and sentences for listeners with normal hearing and with
three types of hearing impairment. Audiology 34, 260-284 (1995).

Kawahara, H. & Irino, T. Underlying principles of a high-quality speech manipulation system STRAIGHT and its application to
speech segregation. in Speech Separation by Humans and Machines 167-180 (Springer, 2005).

Gaudrain, E. & Bagkent, D. Discrimination of voice pitch and vocal-tract length in cochlear implant users. Ear and Hearing 39,
226-237 (2018).

. Deroche, M. L. D. et al. A tonal-language benefit for pitch in normally-hearing and cochlear-implanted children. Sci Rep 9, 1-12 (2019).
. Levitt, H. Transformed up-down methods in psychoacoustics. J. Acoust. Soc. Am. 49, 467-477 (1971).

. Bates, D., Machler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-51 (2015).

. R Core Team. R: A language and environment for statistical computing. (R Foundation for Statistical Computing, 2020).

. Signorell, A. et al. DescTools: Tools for descriptive statistics. (2018).

. Mirman, D., Holt, L. L. & McClelland, J. L. Categorization and discrimination of nonspeech sounds: Differences between steady-

state and rapidly-changing acoustic cues. J. Acoust. Soc. Am. 116, 1198-1207 (2004).

. Goldstone, R. L. Influences of categorization on perceptual discrimination. J. Exp. Psychol. Gen. 123, 178-200 (1994).
. Kuhl, P. K. Human adults and human infants show a “perceptual magnet effect” for the prototypes of speech categories, monkeys do

not. Perception & Psychophysics 50, 93-107 (1991).

Smith, D. R. R. & Patterson, R. D. The interaction of glottal-pulse rate and vocal-tract length in judgements of speaker size, sex, and
age. J. Acoust. Soc. Am. 118, 3177-3186 (2005).

Smith, D. R. R., Walters, T. C. & Patterson, R. D. Discrimination of speaker sex and size when glottal-pulse rate and vocal-tract
length are controlled. J. Acoust. Soc. Am. 122, 3628-3639 (2007).

Peterson, G. E. & Barney, H. L. Control methods used in a study of the vowels. . Acoust. Soc. Am. 24, 175-184 (1952).

Hilkhuysen, G., Gaubitch, N., Brookes, M. & Huckvale, M. Effects of noise suppression on intelligibility: Dependency on signal-to-
noise ratios. J. Acoust. Soc. Am. 131, 531-539 (2012).
Green, D. M. & Swets, . A. Signal Detection Theory and Psychophysics. (Wiley & Sons, Inc., 1966).

Fleming, D., Giordano, B. L., Caldara, R. & Belin, P. A language-familiarity effect for speaker discrimination without comprehension.
PNAS 111, 13795-13798 (2014).

Leibold, L. J., Buss, E. & Calandruccio, L. Developmental effects in masking release for speech-in-speech perception due to a target/
masker sex mismatch. Ear and Hearing 39, 935-945 (2018).

Cleary, M., Pisoni, D. B. & Kirk, K. I. Influence of voice similarity on talker discrimination in children with normal hearing and
children with cochlear implants. J. Speech Lang. Hear. Res. 48, 204-223 (2005).

SCIENTIFIC REPORTS |

(2020) 10:5074 | https://doi.org/10.1038/s41598-020-61732-6


https://doi.org/10.1038/s41598-020-61732-6
https://ourworldindata.org/human-height

www.nature.com/scientificreports/

Acknowledgements

We are grateful to all children, parents, and students that participated. We would also like to thank Paolo
Toffanin, Iris van Bommel, Evelien Birza, Jacqueline Libert, Jemima Phillpot, Marta Matos Lopes, and Jop
Luberti (illustrations) for their contribution to the development of the game interfaces and Basisschool de Brink
in Ottersum, and Basisschool de Petteflet and BSO Huis de B in Groningen for their help with the recruitment
of child participants. This work was funded by the Center for Language Cognition Groningen (CLCG), a VICI
Grant from the Netherlands Organization for Scientific Research (NWO) and the Netherlands Organization for
Health Research and Development (ZonMw) (Grant No. 918-17-603), the Medical Research Council (Senior
Fellowship Grant S002537/1), and the Heinsius Houbolt Foundation. This work was conducted in the framework
of the LabEx CeLyA (“Centre Lyonnais dAcoustique”, ANR-10-LABX-0060/ANR-11-IDEX-0007) operated by the
French National Research Agency, and is also part of the research program of the UMCG Otorhinolaryngology
Department: Healthy Aging and Communication.

Author contributions

The research rationale and experiments were developed by L.N., E.G., and D.B. Data was collected by L.N. and
D.V. and analyzed by L.N. and E.G. The manuscript was written by L.N. and reviewed by E.G., D.V,, PH., and
D.B., and approved by all co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

av License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:5074 | https://doi.org/10.1038/s41598-020-61732-6


https://doi.org/10.1038/s41598-020-61732-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Development of voice perception is dissociated across gender cues in school-age children

	Experiment 1 - Discrimination of F0 and VTL cues

	Methods. 
	Participants. 
	Stimuli and apparatus. 
	Procedure. 
	Data analysis. 


	Results

	Do children’s discrimination abilities develop similarly for F0 and VTL as a function of age? 
	At what age do children show adult-like discrimination of F0 and VTL?. 

	Discussion

	Experiment 2: F0 and VTL weighting for voice gender categorization

	Methods. 
	Participants. 
	Stimuli and apparatus. 
	Procedure. 
	Data analysis. 


	Results

	Does children’s cue weighting for voice gender categorization develop similarly for F0 and VTL as a function of age? 
	When does children’s weighting of F0 and VTL cues for voice gender categorization become adult-like? 
	Is children’s discrimination of F0 and VTL related to their cue weighting of F0 and VTL for voice gender categorization? 

	Discussion

	General discussion

	Acknowledgements

	Figure 1 Differences in JNDs for F0 and VTL, the experimental interface of Experiment 1, and the adaptive tracks of one adults and one child participant.
	Figure 2 Cue weights for F0 and VTL on the voice gender categorization task, the correlations between participants’ JNDs and cue weights, and the experimental interface of Experiment 2.
	Table 1 Demographic characteristics of participant age groups.




