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Abstract: The paper introduces the Estonian Adolescent Speech Corpus and 
explores the developmental changes in speech production based on acoustic char-
acteristics of fundamental frequency (F0), formant frequencies, and speech tempo 
as a function of age and gender. Age- and gender-related anatomic changes in 
adolescence have implications for speech acoustics: a sudden drop of F0 at puberty 
in boys, and an almost gradual decrease of the acoustic vowels space. In parallel 
with anatomic changes, the development of the speech motor system is manifested 
as the increase of speaking rate. The analysis of fundamental frequency (F0) 
shows that in both male and female speakers, the F0 decreases gradually at the 
age from 9 to 12 years, then in males F0 drops ca by 100 Hz at the age of 12–15 
due to puberty voice change, and becomes stable at the age of 15–18; in female 
speakers, a gradual decrease of F0 continues till the age 18. The formant frequen-
cies of vowels decrease gradually from 10 to 15 years in both genders and the 
quality of vowels stabilizes at the age of 15–18 years, gender-specific differences 
emerge at the age of 12–13. Speech rate increases from 4 syllables per second in 
9–10 years to 5.1 syllables per second in 14 years and becomes stable between 
the ages of 15 and 18, gender differences are not significant. The results of the 
current study can be considered as reference data that are typical for Estonian-
speaking individuals aged 9–18 years with normal language development.

Keywords: acoustic analysis, adolescent speech, formant frequencies, fundamen-
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INTRODUCTION

The acoustic characteristics of children’s speech differ considerably from those of 
adults’ speech, e.g., higher pitch and formant frequencies, longer segmental dura-
tions, and lower speech rate are repeatedly reported features of children’s speech 
(e.g. Lee et al. 1999; Jacewicz et al. 2010). Age- and gender-related anatomic 
changes of the vocal apparatus during childhood and adolescence are manifested 
in a sudden drop of fundamental frequency (F0) at puberty in boys, and in a grad-
ual decrease of the acoustic vowels space and formant frequencies in both genders. 
In parallel with anatomic changes, the development of speech-motor control as 
well as cognitive and linguistic processing takes place, which is revealed in the in-
crease of speech and articulation rates (Smith & Zelaznik 2004; Logan et al. 2011).

The length of the vocal folds in infants (younger than 1 year) is 4-5 mm, at the 
age of 20, the vocal folds have reached a length of approx. 11-15 mm in women 
and 17-25 mm in men (Hirano et al. 1981; Rogers et al. 2014). The vocal fold 
growth and the enlargement of the larynx have acoustic implications to F0, and 
consequently on the perceived voice pitch. According to Lee et al. (1999), the mean 
F0 for 7-year-old English-speaking boys is 266 Hz and for girls 275 Hz (the differ-
ence is not statistically significant), the gender difference becomes significant at 
the age of 12, where the mean F0 for boys is 226 Hz and for girls 231 Hz. A large 
change in F0 for boys occurs between the ages of 12 and 15, dropping to 127 Hz 
by age 15, with marginal changes thereafter. A study of German youth aged from 
13 to 19 found that boys’ mean F0 dropped by about 80 Hz (206.7 Hz – 126.6 Hz) 
between ages 13–15 and only 4 Hz between ages 15–19 while girls’ F0 fell stead-
ily from 230 Hz to 218 Hz between the ages of 13 and 19 (Draxler et al. 2008).

During speech production, the shape of the vocal tract varies depending on 
the position of the jaw, tongue, and lips, and as a result, forming different spec-
tral and temporal patterns for different speech segments. The acoustic quality 
of vowels is primarily determined by the first two formants (F1, F2), which form 
the acoustic vowel space (Fant 1960; Stevens 2000). The formant frequencies 
of vowels and the size of the vowel space are directly related to the anatomical 
size of the vocal tract – a longer vocal tract results in lower formant frequencies 
compared to a shorter vocal tract. As found in magnetic resonance imaging stud-
ies, the average length of the vocal tract (measured from the vocal folds to the 
lips) is 9.9 cm in 2–4-year-old children, and 13.9 cm in 13–14-year-old children. 
Differences in the length of the vocal tract of boys and girls have been recorded 
since the age of 15: 14.6 cm in 15–16-year-old boys and 13.7 cm in girls, 15.6 cm 
in 17–18-year-old boys and 14.4 cm in girls (Fitch & Giedd 1999). In a work ag-
gregating data from different studies (Vorperian & Kent 2007), it has been found 
that the formant frequencies of boys’ vowels are systematically lower than the 
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formant frequencies of girls from the age of 7–8, the gender difference becomes 
statistically significant at the age of 12 and develops further till the age of 15.

Articulatory movements involve temporal and spatial control, which requires 
the coordinated interaction of the motor and the language systems (Smith 
2006). Research on speech-motor development (e.g. Sharkey & Folkins 1985; 
Smith & Goffman 1998; Goffman & Smith 1999; Green et al. 2000; Schötz et al. 
2013; Barbier et al. 2020) has shown that children’s articulatory movements 
are slower and more variable than those of adults. For example, a study by 
Smith & Zelaznik (2004) investigated native English-speaking children and 
adults (in total 180 subjects) aged 4–22 years by recording upper lip, lower lip, 
and jaw movements while reading different sentences. The results showed that 
with increasing age, the variability of articulatory movements decreases and 
the time taken to form a sentence shortens, and the processes of speech-motor 
control in both boys and girls become similar to adults only after the age of 14. 
The authors conclude that the age-related increase in speaking rate is due to 
improvements in cognitive and linguistic processing and speech-motor control.

The most common measures of speaking rate – speech rate and articula-
tion rate – are calculated as the number of speech units (words, syllables, or 
segments) produced in a unit of time (a minute or second) (Tsao et al. 2006). 
Speech rate includes pauses in the utterance (e.g. hesitations, pauses between 
words), while calculating the articulation rate, pauses longer than 250 ms are 
excluded (e.g. Ingham & Riley 1998; Crystal & House 1990). According to various 
studies, the articulation rate in the spontaneous speech of 3–6-year-old native 
English-speaking children varies from 2.9 to 4.3, and the speech rate ranges 
from 2.3 to 2.6 syllables per second, for 7–12-year-olds, 4.5 to 5.6 and 2.4 to 2.9 
syllables per second, respectively (Logan et al. 2011: Table 1). As a rule, the 
speaking rate increases equally with age in boys and girls, and the differences 
within age groups are not statistically significant (mostly, the speaking rate of 
male speakers is slightly faster) (e.g. Robb et al. 2004; Verhoeven et al. 2004; 
Jacewicz et al. 2009, 2010; Lee & Doherty 2017). In adults, speaking rates of 
220–280 syllables per minute (3.7–4.7 syllables per second) and articulation 
rates of 200–346 syllables per minute (3.3–5.8 syllables per second) have been 
documented (Lee & Doherty 2017: Table 1).

While reading aloud written texts, the speaking rate is affected by the text 
length as confirmed in several studies (e.g. Lehiste 1974; Sadagopan & Smith 
2008; Amir & Grinfeld 2011; Bishop & Kim 2018; Darling-White & Banks 
2021). This is known as anticipatory shortening, according to which in the 
speech planning process the speaker adjusts his average syllable duration to 
the expected length of the phrase (see, e.g., Bishop & Kim 2018 and references 
therein). Sadagopan and Smith (2008) investigated the relationship between 
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text length and speaking rate in a comparison of children (aged 5–16) and adults 
(aged 20–23). Their study revealed that the duration of the test phrase read 
in isolation is longer than when read in a frame sentence both in adults and 
in 9–16-year-olds, but not in 5–7-year-old children. The authors hypothesize 
that children and adults use different motor planning strategies when reading 
more complex sentences: younger children plan their speech in smaller speech 
units (words or syllables) while older children and adults in longer speech units 
(phrases). The results also suggest that the transition to an adult-like speech-
motor planning strategy begins around age 9.

The present study aims to document the acoustic characteristics of Estonian 
adolescent speech and gain a better understanding of the variations related 
to the speaker’s age and gender. In particular, we will explore (1) the acoustic 
variations of F0, (2) vowel formants and duration, and (3) changes in speech 
tempo using the measures of speaking rate.

MATERIALS AND METHODS

Speech corpus

The Estonian Adolescent Speech Corpus (Meister & Meister 2014) consists of 
speech samples from 309 subjects (175 girls and 134 boys) in the age range from 
9 to 18 years (Table 1). The corpus represents cross-sectional speech data of 
different age groups. The subjects were recruited in ten schools across Estonia 
(four schools in the capital area, two in the North-East, two in the South-East, 
and two on the island Saaremaa in Western Estonia). The school teachers 
selected the volunteers according to the given criteria – native Estonian, no 
hearing and speaking disorders, and fluency in the reading of unfamiliar texts. 
All subjects signed a consent form and filled out a questionnaire in which they 
provided information about their age, gender, place of residence, class, school, 
mother tongue, and foreign language learning. Written consent was also ob-
tained from the parents and the schools.

Table 1. The distribution of subjects by age and gender.

Age Male Female Total
9 2 2 4
10 12 12 24
11 18 22 40
12 12 23 35
13 18 32 50
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14 17 28 45
15 21 15 36
16 16 20 36
17 8 11 19
18 10 10 20

Total 134 175 309

For the recordings, a text corpus was compiled that contained linguistically 
diverse material: phonetically rich sentences, sentences containing names of 
places, persons, and organizations, time expressions, phone numbers, random 
number sequences, IT terms, and short stories. To elicit spontaneous speech, 
the subjects were asked to describe pictures and talk about themselves, their 
family, school, friends, and hobbies or tell a story on a freely chosen topic. 
From each speaker, 60 read and 10 spontaneous items were recorded in a quiet 
room using a laptop with BAS SpeechRecorder software (Draxler & Jänsch 
2004), two microphones (desktop and close-talking microphone), and an external 
monitor to show the prompts. The signals were stored directly on the hard disc 
in wav format (sampling at 44.1 kHz, resolution 16 bits). In total, the corpus 
contains approximately 70 hours of speech, about 15 minutes from each subject. 

In the current study, the acoustic analyses were performed on a subcorpus of 
read speech samples consisting of 21 phonetically rich sentences per subject, in 
total 6489 read utterances. The duration of utterances ranged from 4.95 to 13.67 
seconds, with an average of 7.8 seconds. All utterances were segmented manu-
ally on the word and phone levels using Praat (Boersma & Weenink 2022). Sylla-
ble boundaries and types were added using a custom Praat script (Lippus 2015).

Acoustic analysis

In the study, the following acoustic features were investigated: (1) fundamental 
frequency (F0), (2) vowel formants F1 and F2, and vowel duration, and (3) speech 
and articulation rates.

F0

For the F0 analysis, a custom Praat script was compiled using the two-step 
procedure recommended by Hirst (2007). First, the F0 values of each utterance 
were found in the frequency range 75–600 Hz, then the range was narrowed 
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according to the speaker’s F0 variation as follows: F0 max = 1.5 x 3rd quartile 
value, F0min = 0.75 x 1st quartile value. This approach takes into account the 
subject’s individual F0 range and thus provides more reliable results. However, 
about 20% of the utterances required manual F0 validation in cases where the 
automatically found F0 values seemed unlikely, e.g. when boys had maximum 
F0 values above 400 Hz or girls had minimum F0 values below 150 Hz. There 
were also more errors in the speech of boys with a voice mutation period, where 
F0 variations were larger and sometimes reached the falsetto register.

Vowel-related features

The Estonian vowel system includes nine vowels /i ü u e ö õ o ä a/ characterized 
by the articulatory features as shown in Table 2.

Table 2. Articulatory features of Estonian vowels.

   Front Back
   Unrounded Rounded Unrounded Rounded

High /i/ [i] /ü/ [y] /u/ [u]
Mid /e/ [e] /ö/ [ø] /õ/ [ɤ] /o/ [o]
Low /ä/ [æ] /a/ [ɑ]

All vowels occur in a primary stressed syllable and only five vowels [ɑ e i o u] can 
occur in non-initial syllables. The duration of vowels is mainly defined by the three-
way quantity system of Estonian (Lehiste 1960; see Asu et al. 2016 for further ref-
erences). The three-way length contrast in vowels occurs in the primary stressed 
first syllables of a foot, and there is no length contrast in the unstressed syllables.

The formant frequencies F1–F2 and the duration of vowels were measured 
using a custom Praat script that implements the Burg method with adapted 
parameters for different gender and age groups. For all girls and boys aged 
10–13 the formant ceiling value of 5500 Hz was applied, and of 5000 Hz for 
boys aged 14–18; the max number of formants was 5, window length 0.025 s, 
pre-emphasis 50 Hz. The formant frequencies of 65720 vowels were measured 
around the vowel midpoint. The formant values were obtained first in the Hz 
scale and then converted to the psychoacoustic Bark scale. Mean values and 
standard deviations of F1 and F2 were calculated for each age and gender group 
and the values that deviated by more than ±1.5 standard deviations from the 
group mean (as obvious outliers) were excluded from further analysis. The 
final data set consisted of 60 216 vowels grouped according to their position in 
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a word – first (stressed) syllable vowels (in total 24500, hereinafter referred to as 
V1) and the vowels in second (unstressed) syllables (in total 23 343, hereinafter 
referred to as V2) (Table 3). The vowels in further syllables (V3–V5) were not 
included in the analysis. Formant data of 9-year-old subjects were excluded as 
this group included 2 boys and 2 girls only.

Table 3. The number of analyzed stressed (V1) and unstressed (V2) vowels.

[ɑ] [e] [i] [o] [u] [ɤ] [æ] [ø] [y]
V1 7515 3081 2590 4010 2792 1096 1536 604 1276
V2 7437 4930 7426 262 3288 - - - -

In order to explore the change of vowel quality over the age range from 10 to 
18, the means of F1 and F2 of all vowel categories for each age and gender 
group were calculated and presented as a developmental trajectory in the F1 
by F2 acoustic plane. The developmental vowel trajectory consists of eight sec-
tions corresponding to each consecutive age group (10–11, 11–12, 12–13, 13–14, 
14–15, 15–16, 16–17, and 17–18 years), whereas the vowel section length (VSL) 
is given by the formula (Fox & Jacewicz 2009):

The developmental vowel trajectory length (DVTL) is the sum of the eight sections:

Speech tempo

Two measures of speech tempo were used, the speech rate and the articulation 
rate. To derive each measure, the number of syllables in each utterance was 
counted, and utterance duration was measured. Pauses shorter than 250 ms 
were included in the calculation of speech rate and were excluded when calcu-
lating articulation rate. Utterances with up to 20 syllables were used for fur-
ther analysis (in total 7125, the average number of syllables in utterance 11.8, 
median 11). Two speaking rate measures for each utterance were calculated: 

• the speech rate = the number of syllables in an utterance / the duration 
of an utterance including pauses,

• the articulation rate = the number of syllables in an utterance / the 
duration of an utterance without pauses.
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Statistical analysis

The R environment (R Core Team 2018) within the RStudio program (RStudio 
Team 2020) was used for statistical data processing. Generalized Additive 
Mixed Models (GAMM) with the mgcv package (Wood 2017) were used for 
modeling, itsadug package (van Rij et al. 2022) was used for model validation 
and visualization of the results; for formant plots, we used the R package phonR 
(McCloy 2016).

RESULTS

F0

The histograms (Figure 1) show the distribution of mean F0 in boys and girls. 
In the case of boys, the F0 distribution is binomial with clearly distinguished 
peaks at 110 Hz and 215 Hz. The first peak represents the most frequent mean 
F0 value of boys who have undergone a pubertal voice change period (boys 
aged 15–18), and the second peak corresponds to the most frequent mean F0 
value of younger boys (aged 9–12) before voice change. As expected, there is 
only one peak in the histogram for girls, representing the median F0 value for 
all girls (226 Hz).

Figure 1. Histograms of F0 mean values, boys on the left, girls on the right. 
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Figures 2 and 3 represent the boxplots of the measured F0 means for each 
age group in boys and girls, respectively. In boys, the general developmental 
pattern of F0-mean values shows a gradual decrease between the ages 9 and 
12 by ca 17 Hz, a more prominent decline (by ca 28 Hz) occurs between the 
ages 12–13 followed by the largest drop (by 51 Hz) between the ages 13–14, 
a further decrease (by 21 Hz) continues till age 15. During the ages of 15–18, 
the F0 mean stabilizes around 110 Hz (in pairwise comparison, the differences 
between the age groups are still statistically significant). However, individual 
F0 developmental paths can be different from a general pattern, as the outliers 
in Figure 2 manifest. E.g., there are two 13-years old (F0 means 101 and 113 
Hz), three 14-years old (F0 means 228, 194, and 164 Hz), two 15-years old (F0 
means 149 and 141 Hz), and one 16-years old (F0 mean 201 Hz) boys whose 
F0 mean values deviate significantly (p<0.001) from the other speakers in the 
respective age group (F0 means 199, 114, 105, and 111 Hz, respectively). We 
suggest that these deviating F0 mean values reveal an early (in the case of 
13-year-olds) and late (in the case of 14–16-year-olds) beginning of the pubertal 
voice change period.

In girls, F0 development shows an almost linear decline pattern between 
the ages 9 and 18, with F0 mean decrease from ca 245 Hz to 212 Hz (Figure 3). 
The outliers occurring in several age groups can be attributed to the individual 
peculiarities of the subject’s larynx.

Figure 2. Male speakers’ boxplots of F0 means by age with significance levels 
of pairwise t-test (NS. p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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The measured F0 mean values for each read utterance were used to fit the 
GAMMs for both gender groups with the smooth term age and subject as the 
random effect. The model-predicted mean F0 values and the standard errors 
for each age group by gender are presented in Table 4 and in Figure 4.

Table 4. The GAMM-predicted mean F0 values and the standard errors 
(SE) for each age group by gender (in Hz).

9 10 11 12 13 14 15 16 17 18
Female F0 250 244 238 233 228 224 221 218 215 212

SE 4.4 2.7 1.6 1.2 1.1 1.1 1.3 1.6 2.2 3.4
Male F0 230 225 224 216 184 134 111 112 110 108

SE 15.6 6.2 4.9 5.5 4.8 4.8 4.4 5.1 6.7 7.8

According to the GAMM’s prediction, in girls between the ages of 9 and 18 years, 
the F0 mean gradually decreases from 250 Hz to 212 Hz. In boys between the 
ages 9–12, the F0 mean decreases from 230 Hz to 216 Hz, followed by a rapid 
drop of F0 (by 105 Hz) between the ages 12–15, with the most significant decline 
(by 51 Hz) occurring between 13 and 14 years; the minor differences of F0 at 
the ages of 15–18 show the natural subject-specific variations.

Figure 3. Female speakers’ boxplots of F0 means by age with significance levels 
of pairwise t-test (NS. p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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Formant frequencies of vowels

GAMMs were fitted for the vowel formants F1 and F2 with the smooth terms 
age depending on the factors gender, vowel, quantity, and vowel position, and 
subject as the random effect. The models for F1 and F2 showed significant main 
effects of all predictors in both stressed and unstressed vowels. The plots of 
partial effects of the explanatory features on F1 and F2 are shown in Figure 5, 
GAMMs’ numeric summaries are given in Table 5.

In both F1 and F2, the largest changes in formant frequencies occur be-
tween the ages of 10 and 15, with significant differences between boys and 
girls (p<0.001). In ages 15–18, the changes in formant values are small, and 
the vowels acquire a stable quality. For all vowels, the formant frequencies of 
girls are higher than the corresponding values of boys in the same age group, 
and gender differences become significant at 12–13 years of age (p<0.05). There 
is a significant effect of quantity (p<0.001) and vowel position (p<0.001) on both 
vowel formants revealing that overlong and long vowels are more peripheral 
than short ones, and the quality of vowels in unstressed syllables tend to be re-
duced compared to the counterparts in the stressed syllables. Thus, in adolescent 
speech, the factors quantity and vowel position have similar effects on vowel 
quality as reported for adult speech (Eek & Meister 1998; Lippus et al. 2013).

Figure 4. The age-dependent change of F0 mean with 95% confidence bands for 
girls (red) and boys (blue) as predicted by the GAMMs.
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Table 5. Estimated parametric coefficients for the factor variables and approximate significance 
of the smooth terms from GAMMs for F1 and F2. The reference levels for the factors are: Gender – 
Male, Vowel – /a/, Quantity – short, Vowel position – V1.

Formant Parametric coefficients

F1 Factor Estimate Std. Error t-value p-value
(Intercept)  5.97 0.0256 232.71 <0.001
Vowel /e/ -0.64 0.0089   -71.72 <0.001
Vowel /i/ -2.19 0.0073 -299.55 <0.001
Vowel /o/ -0.96 0.0105   -91.61 <0.001
Vowel /u/ -1.84 0.0083 -221.77 <0.001
Vowel /õ/ -1.30 0.0171   -76.27 <0.001
Vowel /ä/  0.417 0.0193    21.68 <0.001
Vowel /ö/ -1.20 0.0232   -51.99 <0.001
Vowel /ü/ -2.14 0.0137 -155.96 <0.001
Quantity long -0.12 0.0122   -10.12 <0.001
Quantity overlong -0.207 0.0106   -19.45 <0.001
Gender Female  0.542 0.0333    16.28 <0.001
Vowel V2  0.169 0.0060    28.07 <0.001
Approximate significance of smooth terms:

edf Ref.df F p-value
s(Age) 3.804 3.826 54.27 <0.001
s(Subject) 291.944 302 39.76 <0.001

Formant Parametric coefficients
F2 Factor Estimate Std. Error t-value p-value

(Intercept) 10.39 0.0268 388.19 <0.001
Vowel /e/   1.94 0.0143 135.79 <0.001
Vowel /i/   3.26 0.0144 227.36 <0.001
Vowel /o/  -1.30 0.0148 -87.89 <0.001
Vowel /u/  -1.55 0.0125 -123.20 <0.001
Vowel /õ/   0.32 0.0295 10.78 <0.001
Vowel /ä/   1.52 0.0278 54.73 <0.001
Vowel /ö/   2.14 0.0452 47.46 <0.001
Vowel /ü/   2.12 0.0316 67.18 <0.001
Quantity long  -0.41 0.0198 -20.58 <0.001
Quantity overlong  -0.62 0.0181 -34.23 <0.001
Gender Female   0.69 0.0340 20.15 <0.001
Vowel V2   0.17 0.0103 16.60 <0.001
Approximate significance of smooth terms:

edf Ref.df F p-value
s(Age)  3.667 3.727 69.18 <0.001
s(Subject 278.958 302 13.67 <0.001
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Figure 5. The term plots of the GAMMs for F1 (left column) and F2 (right column) of adoles-
cent vowels. The upper row represents the fitted F1 and F2 values depending on Age (shaded 
area corresponds to ±1 standard error), further rows represent F1 and F2 variations depend-
ing on the factors Vowel (the reference level is /a/), Quantity (the reference level is short), 
Gender (the reference level is Male), and Vowel_nr (the reference level is V1), respectively.
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Vowel trajectories

The numeric values of developmental vowel trajectory lengths (DVTL) of 
stressed vowels are presented in Table 6. Both boys and girls have the largest 
DVTL values for vowels /i/ and /e/ and the smallest for /o/ and /u/. Except for 
/u/, boys have higher DVTL values than the respective values in girls. Vowel 
trajectories in Figure 6 illustrate the developmental changes in the quality of 
stressed vowels depending on age and gender.

Table 6. DVTL values (in Hz and Bark) of stressed (V1) vowels for male and female speakers.

/a/ /e/ /i/ /o/ /u/ /õ/ /ä/ /ö/ /ü/
Male, Hz 378 592 744 182 94 245 504 418 470
Female, Hz 155 347 366 73 146 169 220 297 273
Male, Bark 1.96 2.21 2.33 1.16 0.77 1.28 2.42 1.72 1.82
Female, Bark 0.88 1.10 0.96 0.51 0.97 0.84 0.98 1.13 1.05

Figure 6. Vowel trajectories representing the age-related changes of the stressed vowels in 
boys (blue) and girls (red) in F1&F2 acoustic space. The filled circles represent the positions 
of the vowels at the age of 10 and 18 years, the empty circles represent the intermediate 
ages; the vowel characters are placed close to the points corresponding to the vowels of the 
10-year-olds.
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For visual comparison, Figure 7 illustrates the acoustic vowel space as the area 
between the corner vowels of V1 (top) and V2 (bottom) vowels for 10-years-old 
(left column) and 18-years-old (right column) speakers.

Figure 7. The acoustic vowel space of V1 (top) and V2 (bottom) as the area between the corner 
vowels in boys (solid blue line) and girls (dashed read line) for 10-years-old (left column) 
and 18-years-old (right column) speakers.

Vowel duration

The measured duration of V1 and V2 vowels were allocated to GAMM-modeling 
with the smooth terms age, the explanatory factors gender, vowel, quantity and 
vowel position; subject was added as a random variable. Figure 10 shows the 
plots of the partial effects of the explanatory features on vowel durations, the 
numeric summary of the GAMM is given in table 7.
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Table 7. Estimated parametric coefficients for the factor variables and approximate significance 
of the smooth terms from the GAMM for vowel duration. The reference levels for the factors are: 
Vowel – /a/, Quantity – short, Gender – Male, Vowel_nr– V1.

Parametric coefficients
Factor Estimate Std. Error t-value p-value
(Intercept)  83.91 0.939   89.35 <0.001
Vowel /e/  -5.20 0.378 -13.76 <0.001
Vowel /i/  -8.88 0.345 -25.75 <0.001
Vowel /o/  -0.96 0.507   -1.89   0.058
Vowel /u/  -7.23 0.401 -18.05 <0.001
Vowel /õ/  -5.75 0.825   -6.97 <0.001
Vowel /ä/  -4.28 0.716   -5.98 <0.001
Vowel /ö/    2.64 2.001    1.32   0.187
Vowel /ü/ -10.24 0.737 -13.90 <0.001
Quantity long  65.91 0.994  66.30 <0.001
Quantity overlong  87.07 1.027  84.82 <0.001
Gender Female  -0.06 1.209   -0.05   0.962
Vowel V2   3.54 0.280  12.62 <0.001
Approximate significance of smooth terms:

edf Ref.df F p-value
s(Age)   3.41   3.45  39.47 <0.001
s(Subject) 286.06 302  19.07 <0.001

The results show that age has a significant effect on vowel duration (p<0.001) 
and there are no differences between male and female speakers (p=0.962). The 
duration of vowels decreases from age 9 to age 14, and the variations in further 
ages are marginal. As expected, the factor quantity (with levels of short, long, 
and overlong) has a significant effect (p<0.001) on V1 vowel duration. Although 
the duration of vowels decreases with age, the long/short and overlong/short 
duration ratios of V1 vowels (1.8–1.9 and 2.0–2.2, respectively) stay rather 
stable among all age groups and are close to those reported in several studies 
on Estonian adult speech (1.9 and 2.5, respectively) (cf. Meister 2011: 29, Table 
4). However, the adolescent overlong/short duration ratio (2.0–2.2) tends to be 
smaller than that of adult speech (2.5).

The duration of V2 is longer than the duration of V1 short vowels (p<0.001) 
and has a developmental pattern analogous to that of V1 (shortening till age 
14, marginal variations thereafter). GAMM output shows significant duration 
differences between the reference vowel /a/ and most other vowels (p<0.001), 
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except the vowels /o/ (p=0.058) and /ö/ (p=0.962). Duration differences reveal 
the intrinsic microprosodic variations – low vowels tend to be longer than 
high vowels (Meister & Werner 2006, 2009). In current data, this tendency is 
only partly evident (see the vowel panel in Figure 8), as in read speech higher 
prosodic levels (word, utterance) might override the microprosodic features.

Figure 8. The response plots of the GAMMs for vowel duration. The top row represents the 
model-predicted V1 duration depending on age (shaded area corresponds to ±1 standard 
error) and the effect of the factor Quantity (reference level short), the bottom row represents 
the effects of the factors Vowel_nr (reference level /V1/) and Vowel (reference level /a/).



196                     www.folklore.ee/folklore

Einar Meister, Lya Meister

Speaking rate characteristics

GAMMs were fitted for the articulation and speech rates with the smooth terms 
age and text length, and the explanatory factor gender; subject was added to the 
models as an independent random variable. The numeric output of the GAMMs 
is given in Table 8 and the partial effects of age and text length are shown in 
Figure 9. The results reveal that both articulation rate and speech rate depend 
on subject’s age (p<0.001) and text length (p<0.001), and there is no gender 
difference in both rates (p=0.587 for articulation rate and p=0.767 for speech 
rate). The difference between articulation rate and speech rate is rather small 
as pauses and hesitations are rare in read speech. The predicted values of the 
articulation and speech rates are given in Table 9.

Table 8. Estimated parametric coefficients for the factor variables and approximate significance 
of the smooth terms from the GAMM for speaking rate characteristics. The reference level for the 
factor gender is Male.

Articulation 
rate

Parametric coefficients
Factor Estimate Std. Error t-value p-value
(Intercept) 5.01 0.041 122.44 <0.001

Gender Female -0.03 0.054 -0.543   0.587
Approximate significance of smooth terms:

edf Ref.df F p-value
s(Age)   3.47 3.52 40.03 <0.001
s(Syl_count)   4.68 4.94 273.37 <0.001
s(Subject) 283.05 306 14.10 <0.001

Speech 
rate

Parametric coefficients
Factor Estimate Std. Error t-value p-value
(Intercept)  4.90 0.042 115.4 <0.001

Gender Female -0.02 0.057   -0.3   0.767
Approximate significance of smooth terms:

edf Ref.df F p-value
s(Age)   3.59 3.65   41.35 <0.001
s(Syl_count)   4.70 4.95 188.28 <0.001
s(Subject) 286.06 302   19.07 <0.001
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Table 9. The GAMM-predicted articulation and speech rates and the standard errors for each 
age group (in syllables per second).

9 10 11 12 13 14 15 16 17 18
Art. rate 4.0 4.3 4.6 4.9 5.0 5.2 5.3 5.3 5.2   5.2

SE 0.13 0.06 0.04 0.04 0.04 0.04 0.04 0.05 0.06 0.09
Speech rate 3.8 4.2 4.5 4.8 5.0 5.1 5.2 5.2 5.2  5.1

SE 0.14 0.07 0.05 0.04 0.04 0.04 0.04 0.05 0.06  0.09

Figure 9. The partial effects of Age and Text length fitted with GAMM models for articulation 
rate (top) and speech rate (bottom), shaded gray areas represent the 95% confidence interval 
of the mean.
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The data in Table 9 and Figure 9, left show similar age-related development pat-
terns of both speaking rate characteristics: at ages 9–15 both rates increase sig-
nificantly (pairwise comparison of age groups is statistically significant, p<0.001) 
and reach a maximum at 15 years of age, in ages 17–18 both rates slightly decrease 
(p<0.05). The effect of text length on the speaking rates has similar patterns (Fig-
ure 9, right): in sentences with 8–12 syllables the speaking rates increase with 
the text length (differences are significant at least at the p<0.05 level), in sen-
tences with 12–18 syllables the speaking rates are stable, followed by a decreas-
ing trend (differences are insignificant) in longer sentences (19–20 syllables).

DISCUSSION

In this study, we explored the acoustic characteristics of F0, vowel formants 
and duration, and speaking rate in Estonian adolescent speech. Due to the 
cross-sectional nature of the corpus, the findings reveal general patterns of the 
age- and gender-related changes along each acoustic dimension characterizing 
speech development.

In boys, the largest drop of F0 (by 105 Hz) occurs between age 12 (F0 = 216 
Hz) and age 15 (F0 = 111 Hz). This finding is in line with Lee et al. (1999) which 
suggests that pubertal voice change in male speakers starts between ages 12 
and 13, and ends around age 15. Similar to previous studies (Hollien et al. 
1994; Whiteside et al. 2002), individual differences in 13–16-year-old males 
have been found in our corpus, as well, with mean F0 values that significantly 
differ from those of age-matched peers, suggesting that the onset of puberty 
varies among speakers. More detailed information on individual F0 develop-
ment is provided by longitudinal studies in which participants are recorded at 
regular time intervals over several years (e.g. Whiteside et al. 2002; Bennet 
1983; Hollien et al. 1994).

We have worked with speech material that was read in a neutral speech 
style with a relatively monotonous F0, therefore, the results do not represent 
the entire vocal range of the speakers. In different speech styles, e.g. in a spon-
taneous or emotional speech, higher F0 values would be expected for joy and 
lower for anger, the F0 range would be larger for anger and smaller for sadness 
as it has been found in adult speech (Tamuri 2015). 

Although there are several minor differences in F0 characteristics in compari-
son of Estonian subjects with English- (Lee et al. 1999) and German-speaking 
(Draxler et al. 2008) subjects, Estonian adolescents follow similar development 
patterns. Studies exploring F0 differences between languages (see Patterson 
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2000 for a review) have found that the differences can be due to organic (e.g. 
differences in the vocal tract influenced by height and racial origin), linguistic 
(e.g. the role of F0 in the language’s prosodic system), and socio-cultural factors. 
These factors should be considered when exploring the F0 differences between 
Estonian adolescents and their German- and English-speaking peers.

The variations of formant frequencies of the vowels reported in the study 
reflect the age- and gender-specific changes in the vocal tract of children – as age 
increases, the length of the vocal tract increases and, as a result, the formant 
frequencies of all vowels and the area of the acoustic vocal space decrease. The 
age-related development patterns of formant frequencies are similar in both 
genders, i.e. the main changes in formant frequencies occur between ages 10 
and 15 and further changes are minor. Since the length of the vocal tract in 
boys is bigger than that of girls, the formant frequency values for boys are 
always lower than those of girls. Similar results have been reported in several 
studies on the vowel acoustics of English-speaking subjects (e.g. Flipsen & Lee 
2012; Lee et al. 1999). A comparison of the lengths of the developmental vowel 
trajectories (Table 6) shows that the front vowels /i/ and /e/ undergo the largest 
quality change, while the smallest changes are in the quality of the back vow-
els /u/ and /o/. The reasons for these differences may lie partly in the different 
growth rates of different vocal tract regions, i.e. oral and pharyngeal cavities 
(Vorperian et al. 2009, 2011), and in the different roles of these regions in the 
articulation of front and back vowels. The relationships between the anatomical 
development of the vocal tract and its acoustic properties are more complex and 
non-linear, however, the changes in vowel quality cannot be fully explained by 
the developmental changes of the vocal tract only. In addition, e.g. the spoken 
language, the dialectal background of the subject (Fox & Jacewicz 2009; Ja-
cewicz et al. 2011), and sociolinguistic factors (Pettinato et al. 2016) influence 
the development of vowel quality.

Unlike the variations in F0 and the spectral characteristics of vowels, changes 
in speech tempo are primarily related to the development of speech-motor skills. 
The effect of age on articulation and speech rates is apparent: both increase 
between the ages of 10 and 15 and become stable at further ages. According to 
previous studies, the temporal characteristics of children’s speech are acousti-
cally more variable up to the age of 12 years (Lee et al. 1999) and articulatorily 
up to the age of 14 years (Smith & Zelaznik 2004). These results have been 
interpreted as evidence of the achievement of adult-like speech-motor skills at 
12–14 years of age (e.g., Redford & Oh 2017). On the other hand, it has been 
argued that the development of motor patterns continues into late adolescence 
(Smith 2006). In line with the latter, it has been reported that the speech rate 
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of 13–14-year-old British children has not yet reached adult levels (Hazan 
& Pettinato 2014) and the speech rate of 13–17-year-old Hebrew-speaking chil-
dren continues to increase (Amir & Grinfeld 2011). The average speech rate of 
14–18-year-old Estonian speakers (5.1 syllables per second) compared well to 
the read speech rate of Estonian young adults of 4.9–5.3 syllables per second 
(Meister & Meister 2022). Thus, we suggest that the speech-motor control of 
Estonian adolescents achieves adult-like levels between the ages of 14 and 15 
with further improvement of proficiency in ages 15–18.

When reading aloud written texts, speakers make significantly fewer pauses 
compared to spontaneous speech, therefore the differences in speech and articu-
lation rates in the analyzed speech material are small. The difference between 
articulation and speech rate becomes larger when reading longer sentences 
as readers group the text into smaller fragments, depending on the structure 
of the sentence or the need to breathe, and therefore the number and length 
of pauses increase. The dependence of speech tempo on text length has been 
confirmed in many studies and is known as anticipatory shortening, according 
to which the speaker adjusts his average syllable duration when planning his 
speech according to the expected phrase length (see Bishop & Kim 2018 and 
references therein). In this study, the effect of text length was found to be sig-
nificant for speaking rates in sentences up to 12 syllables long; when reading 
texts longer than these, the speech rate shows a slightly declining trend, while 
the articulation rate stays stable (or has a slightly increasing trend) and drops 
again when the sentence is longer than 18 syllables. Such patterns of speaking 
rate variations may be related to motor planning in text reading.

SUMMARY

The study explored the changes in F0, vowel formants and duration, and speech 
tempo in Estonian adolescent speech as a function of age and gender. The dis-
covered developmental patterns are as follows: (1) a decline in F0 with a sharp 
drop of about 100 Hz in boys aged 12–15 years due to puberty voice change and 
a gradual decline in girls during ages 9–18, (2) formant frequencies of vowels 
decrease gradually from 10 to 15 years in both genders and the quality of vow-
els stabilizes at the age of 15–18 years, gender-specific differences emerge at 
the age of 12–13, (3) vowel duration decreases and speech tempo increases up 
to 15 years of age and becomes stable in further ages, gender differences are 
not significant. The results are in line with the findings reported for several 
other languages.



Folklore 90         201

Developmental Changes in Acoustic Characteristics of Speech of Estonian Adolescents

The results of the study will further the knowledge about the age- and gender-
related variability of the acoustic properties of adolescent speech, and can be 
considered as reference data that are typical for Estonian-speaking individuals 
aged 9–18 years with normal language development.
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