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ABSTRACT:

Humans exhibit vocal sexual dimorphism driven by hormonally mediated laryngeal changes during puberty, yet
longitudinal evidence for female speaking fundamental frequency (SFF) development remains limited. This
study draws on an unprecedented longitudinal corpus of 75 female choristers (aged 8-18years; mean:
12.70 £ 2.15) recorded at Wells Cathedral School (UK) at six-month intervals between 1999 and 2017, averaging
8.12 sessions per participant and yielding 609 acquisitions in total. Participants read a phonetically balanced pas-
sage at conversational intensity; SFF was estimated via Praat’s autocorrelation algorithm and modeled using a
linear mixed-effects framework. The model revealed significant effects of age, quadratic age, cubic age, and
starting age (age of choir entry), with all p values <0.019 and no significant interactions. SFF declined non-
linearly with age, plateauing around 17 years. Later choir entry was associated with higher SFF, suggesting that
earlier or more extensive vocal training modestly elevates SFF overall. The model explained 30.29% of total var-
iance, with significant random effects reflecting considerable inter-individual variability in timing and magnitude
of pubertal SFF change. These findings underscore the multifactorial nature of female voice development and
suggest that sparse temporal sampling may insufficiently capture the complexity of maturational trajectories.
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I. INTRODUCTION however anisotropic and distinctly different across different
VF layers (Zhang, 2009). Further noteworthy influence fac-
tors are subglottal pressure (Titze, 1989) and potential
effects arising from acoustic interactions with vocal tract
resonances in a strongly coupled source-filter system (see,
e.g., Wade et al., 2017; Migimatsu and Tokuda, 2019).
Longer VFs thus typically result in lower f,, and vice
versa. This relation, mathematically expressed as L o 1/f,,
is not only true in humans, but applies to mammals at large
(Garcia et al., 2017; Riede and Brown, 2013; Titze et al.,
2016). Furthermore, because VFL largely correlates with
body size in many species, respective f, ranges are often
related to body size (Bowling et al., 2017; Fletcher, 2005;
Gingras et al., 2013; Herbst et al., 2012), some noteworthy
exceptions notwithstanding (e.g., Dunn er al., 2015;

Voice is generated by cyclical variation of glottal air-
flow, created by transglottal air pressure and modulated by
the oscillating vocal folds (VFs). This sets up acoustic
pressure perturbations at the laryngeal level, producing
sound (Titze, 2000). The fundamental frequency (f,) of
that emerging sound corresponds to the inverse periods of
VF oscillation, and the control of f, is a complex phenome-
non. Notably, the speaking fundamental frequency (SFF)
changes through a human’s lifetime (Brown et al., 1991),
with considerable changes during puberty. SFF change
therefore warrants closer investigation, particularly in
young females where empirical data are less abundant than
in males.
ing) 1;}11: lp;r;;ﬁrzvf;go E;(f:;rrsfoefz.,(lz)og]; ?lfli?;:nzlgill;rz;td Charlton et al., 2013). Consequently, there is an age depen-

Lo . .. S dency of f,. within a mammalian species, younger, i.e.,
2) longitudinal t f the VFs (Miiller, 1839), which A . N
(2) longitudinal tension of the VEs (Mller ). which is smaller individuals often vocalize with higher f, than older

individuals (e.g., Campbell et al., 2014; Briefer et al.,
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In a very coarse approximation of this age-dependency
of f,, the oscillating VFs can be modeled as a vibrating
string, but more complex models have been established as
well (Lowell and Story, 2006; Titze et al., 1989). In a string
model, fundamental frequency can be computed as
fo=+/(a/p)/2L, where ¢ is longitudinal stress and
p=1040kg/m> defines VF tissue density. The VFL L, as a
function of age, can be estimated from the data shown in
Fig. 1(A). This results in the coarse predictions of f, as a
function of age and VF longitudinal tension, shown in Fig.
1(B) (see Appendix for a detailed description).

In the broader context of mammalian bioacoustics,
mammalian species (e.g., Nyby et al., 1977; Reby and
McComb, 2003; Grilliot et al., 2009; Baotic and Stoeger,
2017), including anthropoid primates (Aung et al., 2023;
Puts et al., 2016), our closest phylogenetic relatives, pro-
duce sexually dimorphic vocalizations, often with distinct
fo- This intra-species difference of f, between females and
males can have anatomical causes, particularly pertaining to
variation of VF dimensions across the sexes (Frey et al.,
2021; Lenell and Johnson, 2017).

Relevant to the investigation at hand, sexual dimor-
phism is also found in human phonation (Harries et al.,
1997; Puts et al., 2016). As a function of age, SFF variation
in humans has been studied extensively. At birth, children’s
non-cry fundamental frequencies range from 400-500 Hz or
higher, and by the age of 3, SFF typically descends to about
400 Hz. From age 3 to the onset of puberty, SFF gradually
lowers with increasing age to about 260 Hz at 12 years for
girls and about 190 Hz at 14 years for boys (Wilson, 1978).
VFL does not differ in prepubescent male and female laryn-
ges (Hirano and Kurita, 1980); however, sex-related differ-
ences in laryngeal cartilages (including thyroid angle) have
been reported in children as early as 3 years of age (Crelin,
1973). Prepubertal sexual dimorphism in SFF is not com-
monly reported in the literature, though there are exceptions
(Glaze et al., 1988; Hasek et al., 1980). The male/female
difference reported by Hasek ez al. (1980) was attributed to
a decline in SFF for male children beginning around age 7.
No systematic age-related change for female children was
found, suggesting that the decrease in SFF between childhood
and adulthood occurs largely after the age of 10 for females.
SFF lowering occurs at each developmental stage, and peri-
ods of precipitous SFF lowering are associated with “voice
change” or “mutation” (Cooksey, 1977; Duffy, 1970), a phe-
nomenon that is more pronounced and more commonly stud-
ied in male voices.

Our literature review suggests an average drop of SFF by
about 4.31Hz in females and 8.95Hz in males per year
between the ages of 3 and 17 years [see Figs. 1(C) and 1(D)].
This is consistent with VF growth (Hirano and Kurita, 1980)
and coarse prediction with a simple string model [see Figs.
1(A) and 1(B); and Appendix). Measurements of membranous
VFL as a function of age (Hirano et al., 1983) [see Fig. 1(A)]
support the notion that the sexual dimorphism in humans
emerges during or even before adolescence (Fouquet et al.,
2016). Owing to the relation L o 1/f,, these VFL changes
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affect the entire achievable voice range but are most relevant
for SFF. Sexual differences in SFF appear to be most promi-
nent during and following puberty (Bennett, 1983; Cornut
et al., 1971; Fairbanks, 1950; Kent, 1976), and this sexual
dimorphism likely has a hormonal basis (Markova et al., 2016;
Pedersen et al., 1990, 2020; Zamponi et al., 2021), with a sug-
gested correlation between testosterone levels and f, also in
post-pubertal men (Evans et al., 2008; Weirich et al., 2024).

Unfortunately, studies examining SFF development in
children are largely cross-sectional in nature rather than lon-
gitudinal. Physiological changes associated with puberty are
highly individual (Tanner, 1969), and variability associated
with childhood vocalization may obscure age-related
changes in cross-sectional studies. In Bennett’s review, most
cross-sectional studies failed to show any change in average
SFF over any given 2-year period, and none revealed consis-
tent decrease in SFF from one year to the next (Bennett,
1983). Bennett (1983) reported standard deviations between
subjects consistently much higher (typically between 20 and
40 Hz) than the average reductions identified in his own lim-
ited longitudinal analysis of childhood SFF development,
Vuorenkoski et al. (1978) suggested that groups should be
separated by at least 2—3 years for cross-sectional observa-
tions of the central tendency of fundamental frequency.

Though methodologically difficult, longitudinal studies
are clearly the most valid method for quantifying develop-
mental changes in SFF. The need for a robust longitudinal
dataset tracking individual voice development before, dur-
ing, and after puberty is apparent. It is thus the purpose of
this study to investigate the development of SFF in female
children and adolescents longitudinally in a larger dataset,
with data acquisition twice a year for participants aged
8—18 years. A secondary goal is to quantify the degree of
individual variation in SFF development.

Il. METHODS
A. Participants

Participants for this study were recruited from female
choristers of Wells Cathedral in the UK. These choristers
performed regularly at multiple weekly church services.
Initially, choristers were drawn from regular students in
year 4 (age 8) at the junior school or year 7 (age 12) at
the senior school. The girls stayed in the choir until age
14-16.

Data acquisition sessions were conducted by a subset
of the authors [D. M. H., G. W, E. H.] and occurred twice
a year over a period of 19years, from 1999 to 2017. A
total of 101 female choristers aged 8.00 to 18.75 years at
the time of data acquisition participated in the study.
Voices of individual choristers were recorded up to 15
times each, totaling 668 data acquisitions, and averaging
6.61 recordings per chorister. Owing to the longitudinal
nature of this study, only the data of those participants
who were recorded in at least three different sessions
were considered.
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FIG. 1. (A) Membranous VFL data as a function of age. Data from Hirano et al. (1983). (B) Fundamental frequency as a function of age and VF tension,
predicted for female children with a simple string model (see Appendix for details). (C), (D) Empirical SFF data as a function of age, as reported in the liter-
ature for males and females, respectively. Data taken from the following: (Bennett, 1983; Berger et al., 2019; Curry, 1940; Dufty, 1970; Fairbanks, 1942;
Fairbanks et al., 1949; Glaze et al., 1988; Harries ef al., 1997; Hasek et al., 1980; Hollien et al., 1965; Hollien and Malcik, 1967; Hollien and Paul, 1969;
Hollien and Shipp, 1972; Lee et al., 1999; Lee, 2020; McGlone, 1966; Michel et al., 1966; Morris, 1997; Pedersen et al., 1982; Prescott, 1975; Ringel and
Kluppel, 1964; Wheat and Hudson, 1988; Whiteside er al., 2002; Willis and Kenny, 2011). Note that the large-scale study by Berger ez al. (2019, N =2626)
is not included here because SFF was reported by age groups spanning about 5 years; The dark red dashed graph in (D) is a prediction from a simple string
model approximation of VF vibration [see (B)], computed with a longitudinal tension of ¢ = 10 kPa.

For each participant, the following demographic infor-
mation was collected:

(a) Date of birth: For 75 participants, the exact date of
birth was available. The date of birth information for
all others was extrapolated from the session date (indi-
cated by year and month) and the known age at each
session. This resulted in an error of =0.5 years for the
respective datasets.

(b) Age at which participants started to accumulate sing-
ing experience (subsequently termed ‘“starting age”),
indicated in years. For eight participants, this informa-
tion was not available, and these (with a total of 15
recording sessions) were thus not included in the sta-
tistical data analysis.

A total of 609 sessions of a total of 75 participants were
thus included in the data analysis, with an average of 8.12
recordings per participant.

The research adhered to ethical guidelines established
by the British Educational Research Association and com-
plied with the Wells cathedral school’s safeguarding proto-
cols for students. Informed consent was provided prior to
the participants being recorded. The Shenandoah University
Institutional Review Board was made aware of the study
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and concluded it did not require Institutional Review Board
approval.

B. Data acquisition

All recordings were made in a quiet space with “living
room acoustics” (Schutte and Seidner, 2009), familiar to the
participants. Until the year 2004, acoustic signals were
recorded with a AKG CK77 omni-directional condenser
microphone (Harman Deutschland GmbH). From 2004
onwards, an Earthworks Audio M50 precision engineered
50kHz omnidirectional measurement microphone (Earthworks
Inc., Milford, NH) was used. The mouth-to-microphone dis-
tance was set to 30 cm. Sessions were recorded onto a Fostex
D5 Digital Audio Tape recorder (Foster Electric Company,
Ltd., Tokyo, Japan) at a sampling rate of 48kHz and later
transferred onto PCM digital audio wave files and resampled
to 44.1 kHz (CD quality audio). Starting with 2004, the micro-
phone signal was amplified and recorded using the built-in
microphone pre-amplifiers of a Sound Devices 702 solid state
audio recorder (Sound Devices LLC, Reedsburg, WI) and a
Mackie 1402 VLZ-PRO mixer (Mackie, Bothell, WA). All
individual recordings were calibrated for sound pressure level
using a separate, stand-alone, professional grade class 1 SPL
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meter (A weighted) in order to be able to mitigate changes
in the preamplification settings between visits and subjects
(Svec and Grangvist, 2018). For later corroboration of f,
computed from the acoustic signals at the post-processing
stage, electroglottographic signals (Herbst, 2020) were
simultaneously acquired with a Laryngograph Limited box
(Laryngograph Ltd., London, UK) connected to a bespoke
neck-band with electrodes fitted onto the choristers’ necks,
at VF level.

C. Data material

Following a short segment of unanalyzed spontaneous
conversation, the choristers read a phonetically balanced
passage (“‘Arthur the Rat”; see the supplementary material)
at normal conversational speech intensity. This text has
been selected because it is regularly used in phonetic and
clinical voice research (see, e.g., Hall, 2013).

All recordings were anonymized (i.e., using a running
ID per participant) and stored as 16-bit WAV files on a
state-of-the-art laptop computer. Within each recording, the
start and end offsets of the respective “Arthur the Rat” pas-
sage were manually annotated using the Praat voice analysis
framework (Boersma and Weenink, 2020). Based on these,
the analyzed speech segments were extracted and stored as
separate 16-bit WAV files for further analysis.

D. Fundamental frequency analysis

Fundamental frequency (f,, data were computed using
Praat’s autocorrelation function (Boersma, 1993). Standard
settings were used, with the exception of: f, = 150-600 Hz;
voicing threshold = 0.6; and octave cost =0.1. f, data were
computed at regularly spaced intervals of 50ms. This
resulted in 20 data points per second of running speech. As
per Praat’s autocorrelation algorithm, this time window was
three periods of the lowest possible f,, i.e., 20ms. Data
points with a correlation index below the chosen voicing
threshold (0.6) were considered as unvoiced. Those received
a NaN (not a number) value and were thus excluded from
further analysis.

This process resulted in a total of 306 286 f,, data points
across all participants and all sessions. Given that the chosen
analysis time step of 50 ms produced 20 data points per sec-
ond, this amounts to a total net worth of about 4.2 h of ana-
lyzed speech data.

E. Statistical tests

SFF was modeled using linear mixed-effects models
(LMMs), a powerful class of statistical models that allow
for the modeling of both fixed effects (usually, predictors of
interest selected by the researchers to include all levels of
the independent variables relevant to the study) and random
effects (usually, classification parameters used to group
together data points that are somehow related, such as
recordings from the same participant, and are randomly
sampled from a larger population). Furthermore, LMMs
account for both between- and within-subject effects
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(Baayen et al., 2008) and are broadly generalizable (Judd
et al., 2012), and are thus particularly suited for analyzing
longitudinal data.

Here, an LMM modeling SFF was built using the Imer
function in R package lme4 (Bates et al., 2015) in R 4.4.1
(R Core Team, 2024). Fixed effects included the participants
age at the time of recording, the age at which they started to
sing in a choir (“starting age”), and the date of the first
recording for each participant. Because the effect of age
may not be purely linear over time, we also considered qua-
dratic and cubic effects of age, modeled as orthogonal poly-
nomials. Participants were treated as random effects. All
numerical variables were scaled and centered prior to
modeling. Starting with a full model comprising all main
effects and interactions of interest (see above), the model
was simplified by employing the step function of the
ImerTest package, which performs backward elimination of
non-significant predictors. Significance tests were computed
using the anova function from the stats package. p values
were computed using likelihood ratio tests. The rand func-
tion was used to determine p values for the random effects.
The rml2m package (Shaw et al., 2023) was used to estimate
the variance explained by fixed and random effects.
Regression diagnostics were performed visually by inspect-
ing the plots of residuals for normality and homogeneity.
Figures were generated with the R effect package (Fox
and Weisberg, 2019) (https://cran.r-project.org/package=
effects) and the sjPlot package (Lidecke, 2025) (https://
CRAN.R-project.org/package=sjPlot).

lll. RESULTS
A. Demographic data

An overview of the data corpus is provided in Fig. 2.
Figure 2(A) shows the distribution of the participants’ age at
the time of the respective recording sessions. The number of
recording sessions per participant is indicated in Fig. 2(B)
(recall that only participants were included in the data analy-
sis for whom data could be recorded in at least three ses-
sions). Finally, Fig. 2(C) provides a detailed age map for all
participants’ recording sessions. The data points of those
participants who were excluded from the data analysis (on
the grounds of having too few recording sessions) are indi-
cated by “Xx” signs.

B. Data visualization and descriptive statistics

Overall, the development of SFF as a function of age
was highly non-uniform across participants. Illustrating this,
exemplary detail graphs for all data acquisition sessions of
two selected participants with highly contrasting analysis
data are displayed in Fig. 3. Two prototypical developments
of (median) SFF values per session emerge: The data in
Figs. 3(A) and 3(B) show a nearly monotonous develop-
ment, i.e., SFF progressively dropped as the participant
aged. In contrast, Figs. 3(C) and 3(D) document an irregular
development of SFF as a function of age, with subsequent
increases and decreases of measured median SFF as the
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FIG. 2. Data demographics and recording session overview. (A) Histographic overview: age at the time of recording. (B) Histographic overview: number of
sessions per participant. The first two histogram bars are grayed out to indicate that these data were excluded from the data analysis. (C) Age information
per session for all 101 participants. Circles represent data points for participants with more than three recording sessions (included in the subsequent data

analysis). X indicates excluded data point.

participant aged. Notably, the ranges of median SFF values
were distinctly different across the two participants. While
in one participant there was a variation of median SFF of
about 65 Hz (from about 196 Hz to 261 Hz), the other partic-
ipant’s median SFF varied only by about 29 Hz (from about
215 Hz to 244 Hz). Overall, the non-uniform nature of SFF
across individual participants is illustrated in the supplemen-
tary material, which shows the normalized (i.e., relative)
SFF as a function of age.

A summary overview of all data is provided in Fig. 4.
Figure 4(A) shows the median SFF data for all analyzed
recording sessions of all participants. A linear regression fit
suggests an average drop of SFF by 3.62 Hz per year of age.
However, the low coefficient of determination of R? = 0.11
corroborates the visual impression of the data, revealing
large individual variation across participants.

The rate of change of median SFF is illustrated in Fig.
4(B). The y axis values were computed within the data
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FIG. 3. Detail graphs for two selected participants, illustrating two prototypical forms of SFF development as a function of age. (A), (C) Violin plots of SFF
data per recording session. (B), (D) Medians from data in (A) and (C), respectively. Blue dots represent individual data points (averaged SFF per recording).
Dashed red lines are derived from first-order linear regression fits.
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series of each participant as ASFF = SFF[k + 1] — SFF[k].
The corresponding x axis values were derived
x = 0.5 x (agelk] + agelk + 1). Because the lowest age val-
ues were found at 8 years of age and the respective subse-
quent recording sessions occurred one year later, no
derivative data are available between 8 and 8.5 years of age.
The 50th percentile line (representing the median change of
SFF per year) is largely below zero, mirroring the trends in
the data shown in Fig. 4(A). However, this line is not
straight and at times even assumes positive values (repre-
senting an overall increase in SFF, e.g., at about 10.5 years
of age), which suggests that overall SFF development was
not constant within the investigated population, at least
when analyzed with a running window size of 0.5 years.
However, different window sizes resulted in different per-
centile and median developments as a function of age, a
notion that is further explored and documented in the
supplementary material.

C. Statistical tests

The final LMM for SFF showed significant effects of
age (b=-7590.584, SE=721.159, p<0.001), quadratic
age (b=481.560, S=76.146, p<0.001), cubic age
(b=749.757, SE=60.148, p<0.001), and starting age
(b=4.003, SE =1.704, p=10.019), with no significant inter-
actions and no significant effect associated with date of first
recording. Overall, the participants’ speaking frequency
decreased with age until it reached a plateau around 17 years
of age, but the later a participant started to get lessons/sing
in a choir, the higher their speaking frequency. The final
model also included a random intercept (corresponding to
the fact that individual singers had a higher/lower SFF) and
a random slope associated with the effect of age for each
individual participant (y(2) =4728.7, p <0.001), meaning
that the strength of the effect of age on SFF varied signifi-
cantly between participants. Overall, the model was able to
explain 30.29% of the variance in SFF, with 6.53% of the
variance explained by fixed effects (age and starting age),
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4.54% by the random slope associated with the effect of age
for each singer, and 19.23% by the random intercept.

IV. DISCUSSION

This study aimed to examine how SFF develops over
time in female children before and during adolescence using
a large longitudinal dataset, with measurements taken twice
annually from participants between the ages of 8 and
18 years. An additional objective was to measure the extent
of individual variability in SFF development.

Two approaches were used for data analysis: a simple
linear regression test (LRT) [recall Fig. 4(A)] and a more
complex test involving an LMM. The LRT approach was
used here as a point of comparison with previously pub-
lished data. It revealed an average decrease in SFF by
—3.62Hz per year (i.e., about a quarter of a semi-tone),
which is almost identical to the values found in previous
investigations [recall Fig. 1(D)]. Our slightly lower values
can be explained by the fact that we analyzed a population
aged 8 to 18 years, having essentially no average SFF devel-
opment from 16 to 18 years of age [see Fig. 5(A)]. Also, the
simple linear regression’s intercept of about 280 Hz [recall
Fig. 4] is comparable with previous literature [~283 Hz; see
Fig. 1(D)]. These results clearly support previous studies.

Our dataset’s longitudinal nature is a key feature, pro-
viding a valuable opportunity for additional analysis and
deeper insights. To leverage the unique longitudinal nature
of our data, we employed an LMM for a more fine-grained
statistical analysis. In contrast to LRT results reported in the
previous paragraph, statistical LMM tests suggested a drop
of 6.48 Hz for each additional year of age (see Fig. 5). The
emergence of this increased SFF variation (i.e., an SFF drop
of about half a semi-tone per year) is caused by the additional
effect of starting age included in the model. Because starting
age is essentially an indicator of years of voice training
received at the moment of data acquisition, this hints at the
presence of a pronounced effect of voice training. Indeed,
voice training affects many aspects of voice production in
the investigated population (Barlow and Howard, 2002;

Herbst etal. 767


https://doi.org/10.1121/10.0044370

280 280
A) B) start @ 8 years
------ start @ 9.5 years
260 - 260 | === start @ 11 years
) )
= 240 1 = 240 4
[ [
w > w
220 A 220
200 y T y y f 200 ¥ ¥ y = 200 T T T T T
8 10 12 14 16 18 8 10 12 14 8 10 12 14 16 18

Age [years]

Starting Age [years]

Age [years]

FIG. 5. Statistical results. (A) Estimated effect of singer’s age on SFF. (B) Estimated effect of singer’s starting age on SFF. (C) Marginal effect of age on
SFF for three different starting ages. Error bands represent 95% pointwise confidence intervals around the estimated effects. (A), (B) Each of the black ticks
above the lower x axis corresponds to one single measurement point, representing mean SFF data from one single recording.

Berger et al., 2019; Fuchs et al., 2006, 2008). Foremost, our
findings corroborate data reported by Willis and Kenny
(2011), which demonstrated that girls who received voice
training had higher SFF (approximately 10Hz higher in
singers) compared to girls of the same age without such
training.

A particularly noteworthy finding is the substantial indi-
vidual variation in SFF development. Indeed, the strength of
the effect of age on SFF varied significantly between partici-
pants as shown by LMM random slope effects, meaning that
in some participants SFF declined much more quickly with
increasing age than in others. Despite clear age-related
trends, age and voice training together explained only
approximately 30% of the variance in SFF. This consider-
able unexplained variance underscores the highly individu-
alized nature of voice development before and during
adolescence. Our findings align with previous studies docu-
menting comparable variability in fundamental frequency
among girls (Pedersen et al., 1990; Willis and Kenny,
2011), as well as in other voice attributes (Gackle, 2014)
and pubertal voice development overall (Bottenhorn et al.,
2023; Cheng et al., 2021; Elhakeem et al., 2024). This high
degree of individual variability suggests that factors beyond
age and voice training—including genetic predisposition,
hormonal influences, anatomical differences, and environ-
mental factors—play important roles in shaping SFF trajec-
tories during this developmental period.

Importantly, SFF development was not linear but rather
exhibited distinct critical phases [see local peaks at age 8.7,
10.5, and 12.6 in Fig. 4(A), and the non-linear slope in Figs.
5(A) and 5(C)]. This non-linearity was also observed by
Willis and Kenny (2011), who reported rising SFF values
over the year in seven of their 20 girls, suggesting periods of
advancement interspersed with plateaus or temporary
regressions. Such patterns may reflect the inherently non-
linear nature of overall pubertal development (compare
Howard, 2021; Gardstedt-Berghog et al., 2024; Chun et al.,
2024), which has been documented to include distinct trends
for temporal and seasonal variation (Bellastella et al., 1983;
Boldsen, 1992) and even phases of developmental regres-
sion (Biro et al., 2013). These fluctuations suggest that mul-
tiple confounding factors—potentially including hormonal
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oscillations, seasonal environmental influences, and indi-
vidual developmental trajectories—interact to shape the
complex pattern of SFF development during female adoles-
cence. Understanding these critical phases and their under-
lying mechanisms remains an important avenue for future
research.

Our findings clearly corroborate vocal sexual dimor-
phism in human development and provide valuable in-
depth, longitudinal data on female vocal maturation. Placing
these results in a mammalian context reveals considerable
diversity in developmental trajectories. In goitered gazelles,
sex-related differences in fundamental frequency emerge as
early as the second week of life (Efremova et al., 2011),
while in infant rhesus macaques, call types are hormone-
driven and show developmental changes from infancy
through menarche (Schwartz et al., 2022; Tomaszycki et al.,
2001). In contrast, African elephants show no vocal sexual
dimorphism from birth through 18 months (Stoeger-
Horwath et al., 2007), highlighting that human pubertal-
onset vocal dimorphism represents one evolutionary solu-
tion among diverse mammalian developmental patterns.
Clearly, further empirical data and research are needed to
obtain an integrated picture for mammals at large.

Several methodological limitations should be acknowl-
edged. First, it would have been beneficial to relate the
individual and overall variations of SFF to individual
time-varying hormonal data. Unfortunately, no hormonal
measurements were taken, as this was beyond the ethical
and logistical scope of the study. Second, recordings were
conducted in “living room acoustics” [as recommended by
the Union of European Phoniatricians for clinical voice
measurements (Schutte and Seidner, 2009)] rather than
acoustically isolated conditions, and recording equipment
evolved over the study period as digital recording technol-
ogy advanced. Methodological conditions may thus not
have been strictly identical across different recordings.
Notably, though, our data align well with previous literature
[recall Fig. 1(D)], suggesting that these factors did not sub-
stantially compromise data quality. Third, SFF was mea-
sured during reading rather than conversational speech,
which may yield different results. While recent research
suggests that different tasks may have a slight, albeit
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limited, effect on measured SFF (Pisanski er al., 2021), it
cannot be ruled out that this choice had an influence on the
data reported here. Finally, we acknowledge that SFF analy-
sis in units of Hertz may not be the optimal approach, partic-
ularly if data are evaluated in the context of human auditory
perception where conversion to units of semi-tones or musi-
cal cents may have been more appropriate. However, after
careful consideration, we decided to base our analysis on
SFF data reported in units of Hertz because (1) preliminary
descriptive statistical analysis did not reveal noteworthy dif-
ferences between the choice of different units; and (2) to be
consistent with previous literature where SFF data are also
reported in units of Hertz.

V. CONCLUSION

This longitudinal study corroborates previous findings
on average SFF development during female puberty while
providing novel insights into individual variability. More
importantly, though, our unique longitudinal dataset with
twice-yearly measurements enabled quantification of devel-
opmental patterns that reveal substantial inter-individual dif-
ferences exceeding what age and voice training can explain.
Our findings suggest non-linear developmental trajectories
with considerable variation in both timing and magnitude of
SFF changes across individuals, rather than a consistent or
uniform decline in SFF. This high degree of unexplained
variance highlights the multifactorial nature of voice devel-
opment, implicating genetic, hormonal, anatomical, envi-
ronmental, and speech training influences that warrant
further investigation. The pronounced individual variability
observed suggests that single cross-sectional measurements
may inadequately capture the complexity of pubertal voice
development. This variability highlights the importance of
using longitudinal studies to accurately characterize matura-
tional processes.

SUPPLEMENTARY MATERIAL

See the supplementary material for two additional fig-
ures and a rendition of the “Arthur the Rat” passage used as
the phonatory task.
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APPENDIX: COMPUTATIONAL MODEL [USED IN
FIG. 1(B)]

As a very rough approximation, the VFs can be mod-
eled as vibrating string. The oscillatory frequency, f,, of
such a simple vibrating system can be approximated by
Mersenne’s law as:

1 |F

L Al
2\ (AD)

Jo

where F is force and u is mass per length. The force F can
be derived as tensile stress divided by area, F = g/A, where
the cross-sectional area A may be defined as VF width x VF
height. The mass per unit length u is defined as material
density divided by cross-sectional area, pu=p/A.
Substituting into Eq. (A1), A cancels out, resulting in:

1 1 Jo
fr=5 | A =501/
2L 2L\ p

Because p is a constant, set to p = 1040 kg/m3, only L and
o are variables. Based on data from Hirano et al. (1983), L in
female children can be estimated as a function of age as:

(A2)

>m|:>\q

L=ax+bx*+cx+d, (A3)

where x is age in years, and coefficients a, b, c,
d are a=2.06490702 x 10 ~3; b =-1.02306041 x 10 ~";
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¢ =1.83689207 x 10; and d=-3.67507126 x 10. Eq.
(A2) can then be rewritten as:

1 o
C 2% (@ + b2 +cex+d) \ 1040’

Jo (A4)

= Ve . (AS)
64.5(ax? + bx* + cx + d)

This results in a crude estimate of f, based on age and
VF tension (stress). In the scenario used for Fig. 1(D), VF
tension at conversational speech is arbitrarily assumed to be
at ¢=10kPa. Despite the apparent (over)simplification
inherent to the model, the predicted f, values are remarkably
close to what has been measured empirically for female
children [recall Fig. 1(D)].
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