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ABSTRACT:

Our study examines the role of oral motor control in the acquisition of acoustic targets for lingually complex
consonants in Estonian by speakers from four age groups. We focus on children’s production of secondarily
palatalised and non-palatalised consonants where anatomical development and acquisition of motor control skills
make differing predictions about the timing and nature of speech production. Our aim is to disentangle the contribu-
tion of, on the one hand, speech motor control development and, on the other hand, anatomical growth and articulator
change in proportion. We examined oral motor control using a single syllable alternating motion rate diadochokinetic
(DDK) task and studied the difference between the second formant (F2) and first formant (F1) using functional princi-
pal component analysis. Our results show that palatalised and non-palatalised productions differ significantly across
all age groups, indicating children can produce palatalisation contrasts from age 3 years, but consistency in production
increases with age. Results also show that children and adults with greater oral motor control skills are better able to
produce the palatalisation contrast. These results suggest that anatomical proportions pre-dispose children toward early
acquisition of the acoustic properties of palatalisation. However, adult-like production of the phonological contrast
also depends on the acquisition of oral motor control skills.
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I. INTRODUCTION

In this paper, we examine the role of oral motor control in
the acquisition of acoustic targets for lingually complex conso-
nants. Child speech acquisition involves learning the cognitive
categories for language but also the physical ability to produce
them (Kent, 1992). During this process, a child must learn the
skills necessary for precise movements of the speech articula-
tors and adapt these movements responsively as their anatomy
develops and changes in proportion. We focus on child produc-
tion of consonants /1, t, n, s/, which can also be phonemically
palatalised /¥, ¢, o, s/ in Estonian. Research on anatomical
development and acquisition of speech motor control skills
make differing predictions about the timing and nature of
speech production. Large cross-linguistic comparisons indicate
that consonants with multiple lingual articulations are typically
acquired later on in the developmental trajectory (McLeod and
Crowe, 2018). This is hypothesised to be because of the devel-
opment of speech motor control skills needed for precise
tongue placement. However, in secondary palatalisation, a
child’s anatomical proportions might predispose them to pro-
duce palatal-sounding speech (Ciusa et al., 2007; Vihman and
Vihman, 2011).

YThis paper is part of a special issue on Data and Models in Speech
Production: A Situated Perspective.
YEmail: anton.malmi@ut.ee

J. Acoust. Soc. Am. 160 (4), October 2026

Pages: 28592870

Our aim is to disentangle the contribution of, on the one
hand, motor control development and, on the other hand, ana-
tomical growth and articulator change in proportion. In doing
so, we test long-standing hypotheses about the order of acqui-
sition for complex consonants in child speech. Additionally,
we diversify child speech studies in two respects. First, we
provide a detailed account of the acoustic acquisition of sec-
ondary palatalisation. Second, we respond to calls in the litera-
ture for more child language data from non-Indo-European
languages (Kidd and Garcia, 2022) by analysing data from
Estonian, a Finno-Ugric language, and providing normative
data on oral motor control development.

In the remainder of this section, we discuss previous
phonetic research which has considered the trajectory of
consonant acquisition and the role of motor control skills
(Sec. T A). Second, we discuss anatomical development and
how this might predispose children to palatalise (Sec. IB).
Third, we discuss secondary palatalisation in Estonian (Sec.
1C), before outlining our research questions and hypotheses
(Sec.1D).

A. Acquisition of oral motor control and complex
consonants

It is generally observed that children acquire consonants
in a hierarchical fashion of increasing difficulty and com-
plexity (Shriberg, 1993). In addition to increasing
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complexity, the individual child’s abilities and the environ-
ment in which a child grows up also play a role (Davis and
Bedore, 2013). Our analysis focusses on the articulatory and
physical factors in child speech development. We assess the
role of individual differences in the acquisition of speech motor
control and how this relates to consonant production at differ-
ent ages. Cross-linguistic surveys have been instrumental in
recognising consonant acquisition trends across the world and
understanding the role of articulatory factors in general patterns
of child acquisition. McLeod and Crowe (2018) assess norma-
tive data from 27 languages to identify that consonants with
one primary articulation tend to be acquired earlier. For exam-
ple /p, m, t/ are acquired by 2;11 with up to 100% accuracy.
Consonants with multiple articulations or those requiring pre-
cise tongue placement and timing are usually acquired later,
for example, /K™, t'/ are typically acquired by 4;11 (Table I in
McLeod and Crowe, 2018). Previous detailed acoustic and
articulatory work also indicates that segments requiring multi-
ple lingual gestures are among the last sounds to be acquired,
for example, coda lateral /I/ (Lin and Demuth, 2015) and rhotic
/r/ (Klein et al., 2013).

When children learn to produce speech sounds, they
have to rely on somatosensory and auditory feedback to
map and correlate articulatory movements to specific speech
sounds considering the current context of the system
(Guenther, 2006). As children’s anatomy is constantly
changing, they must adjust, refine and correct their sensory
mappings based on the auditory (Ayala et al., 2023) and
articulatory feedback (Tremblay et al., 2003). This feedback
loop is important for the speech to be fluent (Guenther,
2006). With age, auditory feedback becomes less important,
and sensorimotor representations reliably predict the motor
commands needed to produce speech sounds (Bishai et al.,
2026). Our focus is on consonants requiring multiple lingual
articulations. To produce such sounds, children need to gain
control in particular of the superior longitudinal muscle
through auditory and somatosensory feedback for intelligi-
ble production (Abakarova et al., 2022).

To gain a window into the development of speech
motor control and how this leads eventually to adult-like
production, researchers have pursued two main strategies:
first, investigating the overlap of segments through coarticu-
lation, and second, by investigating tongue flexibility and
timing. Coarticulatory research has revealed differences
between adults and children, and suggests that child coarti-
culation patterns do not become adult-like until adolescence
(Zharkova, 2018). This supports earlier work using other
methods such as electromagnetic articulography (EMA),
which indicates that motor control over the speech articula-
tors does not stabilise until late adolescence (Cheng et al.,
2007b). In general, the research programme in child coarti-
culation finds that children coarticulate more than adults
(Abakarova et al., 2022; Noiray et al., 2018; Rubertus and
Noiray, 2024, 2018), although others find that children coar-
ticulate less than adults (Barbier et al., 2020; Zharkova,
2018). Child articulation is also more variable than adult
articulation (Barbier e al., 2020).
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This body of research in child speech articulation shows
clear differences in adult and child timing and consistency of
gestures. One of the reasons cited for these differences is mat-
uration of the fine motor control needed to differentiate and
coordinate segments in an adult-like fashion (Abakarova
et al., 2022; Barbier et al., 2020). Specifically, acquisition of
the ability to manipulate the different parts of the tongue is
referred to as “lingual differentiation” (Gibbon, 1999).
Lingual differentiation is essential for the production of conso-
nants with multiple lingual articulations. Articulatory work on
lingual differentiation indicates that differentiation increases
with age and that children with speech sound disorder might
have difficulties in acquiring differentiation (Cleland and
Scobbie, 2021; Dokovova et al., 2023; Kabakoff et al., 2021).
Crucially, acquisition of lingual differentiation must be
accompanied by acquisition of adult-like timing patterns for
differentiated gestures to be perceived as appropriately coarti-
culated adult-like speech (Cychosz, 2021; Howson and
Redford, 2021; Kpogo and Chang, 2025).

To measure the acquisition of oral motor control, we
used a diadochokinetic (DDK) speech task, a tool com-
monly used by speech and language therapists and
researchers to assess the extent of articulator agility, mobil-
ity, and oral motor coordination (Duffy, 2013; Kent ef al.,
2022). In those DDK tasks participants are asked to clearly
and rapidly repeat a variety of syllables, syllable combina-
tions or words in a given amount of time. Although
researchers have questioned the usefulness of studying
non-speech oral movements as it uses a different mecha-
nism from meaningful speech (Ziegler et al., 2019), the
method is still widely used in clinical assessment, multilin-
gualism, and child research (e.g., Chu et al., 2021a; Ha,
2023; Ong et al., 2024). In child research concentrating on
typically developing children, the findings indicate that
overall the repetition rate is increasing with age (Ha, 2023;
Murali et al., 2024).

Specifically in the production of monosyllables, chil-
dren are slower than adults and three-year-olds slower than
older children (Ha, 2023). Although the DDK rate increases
with age, the relationship is not linear. Children from three
to five have been shown to have similar rates but increase in
accuracy and consistency during that time (Stackhouse,
2000). The DDK rate in adults has been shown to slow
down with age, and older people are slower than middle-
aged with no apparent gender differences in that trend (Chu
et al., 2021b). Interestingly, because of phonetic and phono-
logical differences between languages, DDK rates also vary
cross-linguistically, and the rates are not always directly
comparable between languages (Chu et al., 2021a). Estonian
speech and language therapists have reported that they regu-
larly use DDK tasks in their work to help to diagnose issues
with oro-motor control (Lahtein-Kirsa et al., 2025).
However, despite the widespread use of this tool, there is
currently only one master’s thesis that presents normative
data on DDK scores at different ages in Estonian (Kanarbik,
2026). An additional contribution of our study is to provide
supplementary data to this study.
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We assess the role of oral motor control in the acquisi-
tion of acoustic targets for consonants requiring multiple lin-
gual articulations. We assume that lingual differentiation
and timing will be essential in this process, and we expect to
observe developmental differences. Our case study involves
the context of secondary palatalisation, which challenges
some of the previously held assumptions about motor con-
trol and speech acquisition, as we discuss in Sec. [ B.

B. Acquiring secondary palatalisation

We define “complex consonants” as those requiring
multiple independently controlled articulatory constrictions
(Shaw et al., 2021). Shaw et al.’s (2021) work indicates that
complex segments, e.g., /p'/, differ from segment sequences,
e.g., /pj/, in their coordination patterns and gestural land-
marks (Gafos, 2002). Within the grouping of complex con-
sonants, we focus on phonemic secondary palatalisation. For
these consonants in coda position (as in Estonian, Sec. IC),
it is argued that phonemic palatalisation is timed in-phase
with consonantal gestures, although timing varies with indi-
vidual and contextual perceptual maximisation (Bennett
et al., 2025).

In secondary palatalisation, a consonant has a primary
place of articulation (PoA), e.g., the alveolar ridge, and also
a secondary constriction at the hard palate (Bateman, 2011).
This additional palatalisation gesture can form the basis of
distinguishing minimal pairs, e.g., kann /kan:/ “jug” and
kann [kan’:/ “toy” in Estonian. The literature discussed
above would predict that secondary palatalisation should be
acquired later on in child development because of the multi-
ple lingual constrictions required. However, there are indi-
cations that secondarily palatalised consonants might be
acquired earlier than other complex segments. For example,
in Russian, a language with an extensive system of second-
ary palatalisation contrasts, children sometimes acquire
palatalised /¢/ before /t/ (Zharkova, 2004). Similarly, Timm
(1977)’s diary study of Russian acquisition by one child
notes that /g/ and /k!/ are produced with fewer errors than
/g/ and /k/. Russian child speech has long been noted as
characterised by an “overall softness” (palatalised quality),
which is attributed to the evolution of the vocal tract mor-
phology (Zharkova, 2004).

Zharkova provides an observational and acoustic analy-
sis of the acquisition of the palatalisation contrast in seven
Russian first language (L1) children aged 1;3 to 3;2. She
notes that production is quite variable, and children appear
to be testing different strategies until the age of three years.
The oldest child in the sample produces speech that percep-
tually approximates adult targets. In a diary study of acquisi-
tion of Estonian and American English bilingual child from
12-21 months, researchers found that she frequently pro-
duced forms with a “palatal template,” where her first words
were produced with high front vowels, or front rising diph-
thongs (Vihman and Vihman, 2011). This showed that the
child used palatal forms at a higher rate than the input
received from her parents (Vihman and Vihman, 2011).
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Existing studies of the acquisition of Russian and
Estonian suggest anatomical reasons behind the early acqui-
sition of secondary palatalisation and the overall palatal
quality of child speech (Vihman and Vihman, 2011;
Zharkova, 2004). When compared to three-year-old chil-
dren, six-year-olds have greater palatal height, greater pala-
tal slope, and an overall more domed palate shape (Ciusa
et al., 2007). Similarly, electropalatography (EPG) data
indicate greater palatal contact in children aged six years
compared to adolescents and adults (Cheng et al., 2007a),
and also more fronted tongue articulations in six-year-olds
compared to adolescents (Fletcher, 1989). In the develop-
ment of the vocal tract, many of the speech articulators
undergo a period of very rapid evolution around
13—14 months and begin to take on adult-like proportions,
for example, vocal tract length, tongue length, naso-oro-pha-
ryngeal length, and laryngeal height. The hard palate, how-
ever, continues to evolve very rapidly until approximately
25months (Vorperian et al., 2005). This means that
although the child is producing their first words and longer
utterances, the ratio of tongue size to hard palate length is
not in adult-like proportion. As such, they either need to
make articulatory adaptations to achieve adult-like acoustic
targets, or they will produce speech with a palatal quality.

To summarise, two contrasting factors might contribute
to the acquisition of palatalisation in child speech: (1) the
process of acquiring tongue motor control and timing pat-
terns (predicting difficulty in acquiring lingually complex
consonants) and (2) anatomical factors such as palate shape
and the relative length of the hard palate in younger children
(predicting earlier and increased palatalisation). Our study
investigates the relationship between the acquisition of
motor control and acoustic targets for phonemic secondary
palatalisation. If children who have greater motor control
skills have more adult-like production of the palatalisation
contrast, then production of these complex consonants is
related to the development of speech motor control. If there
is no or a weaker relationship between tongue control and
palatalisation, then production of the palatalisation contrast
is more closely related to anatomical development than
acquisition of tongue motor control.

C. Secondary palatalisation in Estonian

Estonian coronal consonants /I, t, n, s/ can be non-
palatalised or palatalised /v, tj, nj, s/ (Asu and Teras, 2009).
Palatalised consonants can only occur in syllable codas,
either at the end of monosyllabic words or after the
first stressed syllable in disyllabic words (Teras and
Pajusalu, 2014). Typologically, Estonian is unusual in
only having a palatalisation contrast in coda position.
Typically, languages that have phonemic secondary palatal-
isation have it in onsets and then variably in codas. For
example, contrastive palatalisation in codas has been neu-
tralised in Bulgarian (Iskarous and Kavitskaya, 2018) and in
Nenets (Kochetov, 2002).
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Estonian palatalisation results in minimal pairs, e.g.,
kott [kot:/ “worn out shoe” and kott /kot':/ “bag” and is not
shown in contemporary orthography. For Estonian palatal-
ised consonants, the primary PoA on the alveolar ridge is
accompanied by a near-simultaneous constriction with the
tongue body at the hard palate (Malmi and Lippus, 2019).
Estonian palatalised consonants are prepalatalised, meaning
that most of the perceptual and acoustic quality of palatal-
isation is carried by the preceding vowel. This leads to a
front-raising diphthongal quality to vowels preceding pala-
talised consonants and increased duration (Malmi et al.,
2023; Teras and Pajusalu, 2014). The importance of the pre-
ceding vowel was highlighted in a perception experiment:
Estonian listeners were not able to accurately identify pala-
talised consonants when the transition preceding a palatal-
ised consonant was removed (Liiv, 1965).

Dynamic acoustic analysis of palatalised and non-
palatalised vowels and consonants in adult speech is pre-
sented in Malmi et al. (2023). This study indicates that in
adult speech, second formant (F2) values during the vowel
preceding palatalisation reliably distinguish palatalised and
non-palatalised consonants at all places of articulation and
in all vowel contexts. In all cases, F2 is higher in palatalisa-
tion. The first formant (F1) tends to be lower in palatalisa-
tion, and third formant (F3) does not systematically vary
according to palatalisation. Articulatorily those changes in
the formant values reflect the higher and more fronted
tongue position with palatalisation (Malmi and Lippus,
2019). These findings confirm other descriptions of second-
ary palatalisation cross-linguistically, where most often
raised F2 and lowered F1 are reported in the vowels sur-
rounding palatalised consonants (Kochetov, 2017; Nance
and Kirkham, 2020). In Estonian, the timepoint where for-
mant trajectories in vowels preceding palatalised consonants
diverge from those preceding non-palatalised consonants is
at vowel onset or in the first 50% of vowel duration for the
majority of possible contexts and consonants (Malmi et al.,
2023). In contrast, acoustic cues for palatalisation in
Estonian consonants themselves are less consistent and typi-
cally affect only the first part of the consonant (Malmi et al.,
2023). Together, these findings suggest that adult-like pala-
talisation in Estonian can robustly be identified through
analysis of F1 and F2 in the vowels preceding palatalised
consonants.

D. Research questions and hypotheses

Our study investigates the acquisition of complex con-
sonants by children and adults focussing on secondary pala-
talisation. We examine the contrasting hypotheses that
palatalisation should be acquired later on because of the
slower acquisition of fine motor control skills and manipula-
tion of different tongue muscles and that palatalisation
should be acquired early because of anatomical biases in
child physiology. We include measures of oral motor control
ability to test for individual differences in this respect and
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provide a first set that we know of normative DDK data for
Estonian. We address the following research questions:

(1) Are there age-related differences in oral motor control
skills in Estonian?

(2) Are there age-related differences in the acoustic realisa-
tion of secondary palatalisation?

(3) Is there a relationship between the development of
motor control skills and the acquisition of secondary
palatalisation acoustics?

We hypothesise that oral motor control skills increase
with age (Ha, 2023; Murali et al., 2024). This has been dem-
onstrated with DDK data in other languages, but we need to
establish this result first as a basis for research questions 2
and 3. As children get older, their ability to coordinate the
timing and movement of different articulators improves. We
predict there are developmental differences in the acoustics
of palatalisation. Specifically, younger children might not
differentiate minimal pairs to the extent that adults do
(Malmi and Nance, 2025). We predict that anatomical biases
might lead to greater palatalisation in younger children
(Ciusa et al., 2007; Zharkova, 2004). We hypothesise that
children with greater motor control skills will be able to bet-
ter manipulate the muscles of the tongue (Dokovova et al.,
2023; Gibbon, 1999) and thus differentiate minimal pairs
for palatalisation to a greater extent. Because of the
expected timing differences in adult and child speech
(Howson and Redford, 2021; Noiray et al., 2018), our analy-
sis is designed to incorporate dynamic information about
formant trajectories across the vowels preceding palatalised
consonants.

Il. MATERIALS AND METHODS
A. Participants

The data were collected in three Estonian preschools
and schools in the autumn of 2025 and early winter 2026.
We worked closely with speech language therapists to find
and record typically developing monolingual Estonian chil-
dren from three age groups: 3;2—4;6 [8 female (F), 10 male
M)], 5:6-7;1 (5F, 13M), and 10;0-11;0 (12F, 12M).
Additionally, we recorded a comparison group consisting of
20 adults who are first-language Estonian speakers (18—
35 years old, 10 M, 10 F). In total, we analysed data from 80
speakers in this study.

B. Recordings and materials

The children were recorded in a quiet, separate room at
their preschools and schools during their school day. Adults
were recorded in the phonetics lab at the University of
Tartu. With the most cooperative participants, the experi-
ment took around 30min to complete. Once we had
obtained the consent forms from the parents or adults, the
participants were asked to complete four different tasks: (1)
syllable production (DDK), (2) picture description, (3) per-
ception of palatalisation, and (4) production of individual
words. For this study, we focus on tasks 1 and 4. In the first
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three tasks only audio were recorded using Gorilla (Anwyl-
Irvine et al., 2021). In the fourth task both the ultrasound
and audio signals were recorded using ARTICULATE ASSISTANT
ADVANCED (AAA) version 221.5.11 (Wrench, 2024). All
throughout the experiment, the children and adults wore a
DPA 4080 Cardioid Lavalier Microphone (DPA
Microphones A/S, Kokkedal, Denmark). The acoustic data
recorded in aaa were recorded at a sampling rate of
22,050 Hz (16 bit). To record the ultrasound data, the partic-
ipants wore a lightweight headset (Spreafico et al., 2018)
that securely held the ultrasound probe under the speaker’s
chin. The current study is part of a larger project that exam-
ines the articulatory properties of Estonian children’s pro-
ductions. Here, we are looking only at the acoustic
properties of their speech.

In our version of the DDK task, we asked each partici-
pant to rapidly and accurately repeat the syllable /pa/ as
many times as possible within a 5 s time window. This was
then followed with a trial with /ta/, and then /ka/. The time
window was kept to 5s to be comfortably within the maxi-
mum expected phonation time for younger -children
(Mendes Tavares et al., 2012) and greatly exceeded their
maximum capacity that they could produce in one breath.
For practice, the participants were first asked to produce dif-
ferent syllables slowly to get the acquainted with the task.
We then recorded them producing their best-effort attempt.
A full DDK protocol can include many syllable combina-
tions as well as non-speech movements such as lip opening
and closing (Kent et al., 2022). We reduced the DDK task to
be mindful of the time spent with the children and avoid
overburdening them.

The production experiment in AAA consisted of 28
words in isolation including eight minimal pairs for the
palatalisation contrast (16 words total) and 4 one-syllable
consonant-overlong vowel-consonant (CV::C) containing
the vowels /a, e, u, i/ respectively for the purpose of vowel
normalisation. We chose common and high frequency
words, which were tested in our pilot study (Malmi and
Nance, 2025). Also, most of the targets were disyllabic and
in nominative case (excluding three) which made them
structurally simple. As palatalisation is not represented in
contemporary Estonian orthography, and some of the chil-
dren were not fully literate, we elicited each word by asking
participants to listen and repeat an audio recording while
looking at a picture representing the target item similar to
Lin and Demuth (2015) (see Malmi and Nance, 2026, for
our pictures and recordings). It would not be possible to rep-
resent all words with pictures alone and without other cues.
The audio recordings were made by an L1 Estonian-
speaking 37-year old male speaker at the phonetics lab in
the University of Tartu using an AKG C414 microphone
(AKG Acoustics GmbH, Vienna, Austria) and Presonus
StudioLive 16R soundcard (PreSonus Audio Electronics,
Inc., Baton Rouge, LA). For adults each test word was
repeated five times, for the 10;0—11;0 age group four times,
and for the 3;2-4;6 and 5;6-7;1 age groups three times.
Here, we analyse the eight minimal pairs for palatalisation,
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TABLE I. Word list used in the experiment.

Word IPA English Part of speech Category

kas /kas:/ whether INT.PRON" Minimal pair
kass /kasj :/ cat SG.NOM"” Minimal pair
kus /kus:/ where INT.PRON Minimal pair
kuss /kus':/ shush 25G.1MP° Minimal pair
pats /pats/ pat SG.NOM Minimal pair
pats /pat’z/ braid SG.NOM Minimal pair
nutt /nut:/ cry SG.NOM Minimal pair
nutt /nutj: / smarts SG.NOM Minimal pair
kann /kan:/ jug SG.NOM Minimal pair
kann [kan’:/ toy SG.NOM Minimal pair
tunde [tun:te/ feeling SG.PART? Minimal pair
tunde Jtun':te/ hours PL.PART® Minimal pair
tall ftal:/ lamb SG.NOM Minimal pair
tall Jtab’:/ barn SG.NOM Minimal pair
mul /mul:/ me 1sG.Gen' Minimal pair
mull /mulj:/ bubble SG.NOM Minimal pair
kaal /ka::l/ weight SG.NOM Normalisation
keel /ke::l/ tongue SG.NOM Normalisation
kuul [ku::l/ moon SG.ADD® Normalisation
kiil /kiz:l/ dragonfly SG.NOM Normalisation

“Interrogative pronoun.

"Singular nominative case.

“2nd person singular imperative case.
dSingular partitive case.

“Plural partitive case.

"First person singular genitive case.
€Singular adessive case.

and we used the four CV::C words for the purposes of
acoustic normalisation. This word list is shown in Table I.

The youngest children sometimes produced audible
palatalisation in words in which the consonant was not
phonologically palatalised. As this could be considered a
high-stress situation for them, the experimenter asked the
children to repeat the word to ensure children had heard it
correctly and knew which target word they were aiming for.
In most cases, they did not change their pronunciation, and
we accepted their second attempt as their production of that
word. As the software used for the recording ultrasound data
does not start recording before a beep that occurs approxi-
mately a second before pressing record button, the youngest
children very regularly imitated the heard stimuli immedi-
ately after hearing it, so it was very common to ask them to
repeat it again in the same recording.

C. Data processing

We first extracted the syllable repetition recordings
from Gorilla and the word list recordings from aaa. The
recordings from Gorilla were in WEBM format, which we
converted to MP3 using FFmpeg to be readable in PRAAT
(Boersma and Weenik, 2025). The word list recordings were
force-aligned using the method in Alumae et al. (2018). We
then manually checked the force-aligned boundaries in
PRAAT. Eleven time-normalised F1 and F2 measurement
points of the vowel that preceded each consonant were
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extracted using a script that finds a unique formant ceiling
for each of the vowels (see Malmi and Nance, 2026, for
script). As discussed in Sec. I C, the acoustics of the vowel
preceding each consonant is a robust measure of palatalisa-
tion in Estonian (Malmi et al., 2023). For adult male speak-
ers, the maximum ceiling was set at 5000 Hz and for female
speakers, 5500 Hz. As we did not expect any sex differences
for Estonian children under the age of 12years (Meister and
Meister, 2021), following the PRAATmManual, the maximum ceiling
for both boys and girls was set at 8000 Hz. Further data analysis
was carried out using R and rstubio (r Core Team, 2025).
To compare the F values of adults and children of differing
ages, the data were normalised using the Lobanov method.

D. Oral motor control analysis

To analyse the DDK data, we manually counted the syl-
lables in PRAAT. We chose this approach over an automated
method to provide a qualitative judgment on what counted
as a repeated syllable and what did not. We looked for clear
breaks in the pitch and intensity traces of the speaker and
excluded repetitions in which the separate productions were
coarticulated with each other (see “Supplementary figures”
in Malmi and Nance, 2026). We then removed the silences
from the recording that was strictly limited to 5s and calcu-
lated how many syllables per second were produced by
dividing the repetition rates from the time they spent pro-
ducing syllables (Gadesmann and Miller, 2008).

For the statistical analysis of DDK rates, we used the
Ime4 package to fit a linear mixed model where the dependent
variable was syllables per second. The independent variables
were age group, PoA (/pa/, /ta/, /ka/), and the interaction
between them. Age group and PoA were sum coded. Speaker
was included as a random intercept. Following the scoping
review in (Kent et al., 2022), typically sex does not affect
DDK rates or are not reported in most of the literature. As
such, we have pooled data from male and female speakers in
this analysis. In addition, this strategy makes the best use of
our statistical power for modelling. For significance testing,
we compared the full model with a nested model not contain-
ing the predictor of interest via likelihood ratio testing in anal-
ysis of variance (ANOVA) (Winter, 2020).

E. Acoustics of palatalisation analysis

To capture the time-varying dynamics of the F move-
ments preceding phonological palatalisation, we first calcu-
lated the difference between F2 and F1 (Kochetov, 2017,
Nance and Kirkham, 2020). Then, using F2-F1, we fitted a
functional principal component analysis to those values at
the 11 timepoints from the start of the vowel to the start of
the consonant. Principal component analysis (PCA) allows
dimensionality reduction of complex data into a smaller
number of uncorrelated variables (linear functions), which
can then be used to generate scores for each token and sub-
ject to further analysis (e.g., Jolliffe and Cadima, 2016).
Functional principal component analysis (FPCA) allows
inclusion of time-series data into a PCA by taking into
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account that subsequent timepoints are related to one
another (Coretta and Sakr, 2026). As the FPCA output is a
list of numbers representing Fs over time, this can be sub-
mitted to analysis by linear mixed effects models allowing
us to fit a relatively complex structure that would be less
feasible and less interpretable than with other methods of
functional data analysis (FDA) such as generalised additive
mixed models. This method has been most extensively
applied to fundamental frequency (fO) contours (Gubian
et al.,2015), but we now apply it to the trajectory of F2-F1.
Following Coretta and Sakr (2026), we fitted an FPCA to
the distance between F2-F1 trajectories using the fda,
funData, multivariate functional principal component analysis
(MFPCA), and landmarkregUtils packages (Gubian, 2025;
Happ and Greven, 2018; Ramsay, 2003). In our data, func-
tional principal component (FPC)1 captures 74% of the varia-
tion in the data, FPC2 captures only 16%, and the subsequent
components capture less and less. Because of the very high
proportion of variation captured by FPC1 and big drop-off in
variation explained between FPC1 and FPC2, we focus on
analysis of the scores for FPC1 only (see Turton, 2017, for a
similar strategy with “standard” PCA). After that, we looked
at the interquartile range and removed 90 outlier FPC1 values
that exceeded *3 standard deviation (SD) from the mean. We
were left with 4460 tokens for the analysis. To check that
FPC1 captures the variation in F2-F1 trajectory as intended,
Fig. 1 shows the mean of the measured values and also the
mean measured values plus or minus fractions of the SD of
FPCI1. The figure indicates a rising F trajectory, which is
expected for vowels preceding a combination of palatalised
and non-palatalised consonants. When we initially plotted fig-
ures of the FPC scores, we observed that FPC1 correlates with
lowness of F2-F1, i.e., higher FPC1 scores meant lower
F2-F1. For ease of interpretation, we multiplied the FPCl
scores by —1 such that higher FPC1 scores can be interpreted as
greater distance between F2 and F1 (i.e., more palatalisation).
The FPCI scores for the difference between F2 and F1
trajectories were modelled as the dependent variable in a
linear mixed model. All the discrete variables were sum
coded (age group, vowel, palatalisation), and DDK was
standardised. As DDK varied by PoA for all ages (Table II),
we used the mean from three different productions as a

Fraction
of FPC1
Standard
Deviation

0.54

0.0

-0.54

F2-F1 (normalised Hz)

0% 25% 50% 75% 100%
Normalised time

FIG. 1. Interpretation of FPC1 scores. The thick black line shows the mean
measured F2. Red and blue lines are the mean F2 * the SD of FPCI.
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TABLE II. DDK modelling.

TABLE III. DDK pairwise comparisons for age groups.

Full model . .

intercept p SE(f) t p(1)
-1 0.19 =5.04 <0.001

Fixed effects df 7 (%)

Age group 9 43.86 <0.001

PoA 8 24.78 0.002

Age group; PoA 6 6.37 0.38

representative value of their overall performance. Speaker
and word were included as random intercepts. The FPC1
model included two-way interactions for palatalisation and
vowel, and palatalisation and age group. We also included a
three-way interaction for age group, DDK, and palatalisa-
tion to test for differing relationships between oral motor
control and age in the realisation of the palatalisation
contrast.

Where two-way interactions between predictors were
significant, we carried out post hoc testing using the
emmeans package using the Tukey method and effects plots
using the effects and broom.mixed packages. The significant
three-way interaction is interpreted via an effects plot. Our
FPC1 analysis does not include sex because the data are nor-
malised with the aim of making adult and child data compa-
rable and also normalising for physical differences between
participants. In adult Estonian, there are almost no differ-
ences according to social performance of gender in the reali-
sation of palatalisation contrasts (Malmi et al., 2023), so
there is little reason to expect a gender difference among
children. Additionally, we wished to avoid excessive model
complexity where possible.

lll. RESULTS
A. Oral motor control

The raw DDK values of syllables per second by age
group and PoA are plotted in Fig. 2, the DDK modelling is
presented in Table II, pairwise comparison between PoAs is
presented in Table IV, and comparison between age groups
is in Table III.

" 0@” .

T T T
/pa/ /ta/ /ka/

El 3-4 years old III 6-7 years old . 10-11 years old . Adults

FIG. 2. DDK by PoA and age group.

o

Syllables per second
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Age group B SE(B) t p

3—4 years to 67 years —0.61 0.24 —-2.54 0.062
3—4 years to 10-11 years —1.1 0.23 —4.72 <0.001
3—4 years to adults -1.52 0.24 —6.45 <0.001
67 years to 10—11 years —0.45 0.26 -2.01 0.195
6—7 years to adults —-0.90 0.24 —3.84 0.001
10-11 years to adults —0.45 0.22 -2.10 0.176

Our analysis showed that age group is a significant pre-
dictor of the rate at which the participants could produce
repetitions. The PoA was significant as a main effect but not
in the interaction with age group indicating differences for
PoA at all ages.

The youngest speakers (3—4years) produced similar
number of syllables per second (3.6-5.2, mean 4.2, SD 0.5)
to 6- to 7-year-olds (3.8-5.6, mean 4.8, SD 0.5) but signifi-
cantly fewer than 10- to 11-year-olds (3.5-6.7, mean 5.4,
SD 0.8). The youngest speakers and 6- to 7-year-olds both
produced significantly fewer syllables per second than adults
(3.6-7.7, mean 6, SD 1.2) (Table III). Overall the repetition
rates were slower with /ka/ than /pa/ or /ta/ (Table IV).

B. Acoustics of palatalisation

The FPCI modelling is presented in Table V, pairwise
comparisons for palatalisation and age group are in Table
VI, and the pairwise comparisons of palatalisation, age
group, and DDK are in Table VII. Figure 3 shows the effect
of vowel on FPC1 values, Fig. 4 shows the model estimated
values of FPC1 by age and palatalisation, and Fig. 5 shows
the three-way interaction among age, palatalisation, and
DDK.

The FPC1 model indicates there are significant main
effects for age group, palatalisation, vowel and DDK. Also,
age group, palatalisation, and DDK are significant in inter-
actions with each other. Vowel is significant as a main effect
but not in the interaction with palatalisation. The significant
differences for vowel, but lack of significant interaction
between vowel and palatalisation indicate that FPC1 values
are different for /a/ and /u/ vowels and are consistently dif-
ferent preceding palatalised and non-palatalised consonants
(Fig. 3). Figure 3 shows that FPC1 is higher in /a/ context,
which corresponds to higher F2 and a more fronter PoA /a/
compared to /u/ in Estonian (see Fig. 1, lower panel, in
Asu and Teras, 2009).

We conducted pairwise comparisons for the interaction
of palatalisation and age group (Table VI), which indicates
that all the age groups make a contrast between palatalised

TABLE IV. DDK pairwise comparisons for PoA.

PoA B SE(B) t p

/ka/ - /pa/ —-0.26 0.08 -3.10 <0.001
/ka/ - /ta/ -0.33 0.08 —4.11 <0.001
fpa/ - Jta/ —0.11 0.08 -0.92 0.630
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TABLE V. FPCI modelling.

TABLE VII. FPC1 pairwise comparisons for palatalisation, age group, and
DDK.

Full model . . ~ —

intercept p SE(f) t p(1) Age group p SE(f) z p(2)
-0.3 0.1 -3.79 <0.001 3—4 years —-0.65 0.21 -2.72 0.001

Fixed effects o 2 () 6T vears 0.42 0.24 1.74 0.082

10-11 years 0.03 0.09 0.28 0.777

Age group 12 191.06 <0.001 Adults —0.31 0.07 —4.62 <0.001

Palatalisation 9 346.08 <0.001

Vowel 2 28.11 <0.001

DDK 8 3862  <0.001 DDK speech task, which is widely used by speech and lan-

DDK; age group 7 3754 <0.001  guage therapists and researchers alongside other metrics to

Palatalisation; vowel 1 1.33 0248 assess the speech motor coordination of typically and atypi-

Palatalisation; age group 3 13272 <0.001 cally developing children and adults (Chu et al., 2021a; Ong

Palatalisation; age group; DDK 4 31.81 <0.001

and non-palatalised consonants. The relevant model esti-
mates are shown in Fig. 4. The model also shows that the
magnitude and consistency of the contrast made increase
with age. From the figure we see that for the youngest
(three—four years), the FPC1 values for palatalised and non-
palatalised productions show a higher difference than for the
six- to seven-year-old group, but with less consistency.
After this, the magnitude of the contrast starts gradually get-
ting bigger.

To interpret the role of DDK in the contrast for palatal-
isation by age group, we plotted the model estimates from
three-way interaction in Fig. 5. The figure indicates there is
a relationship between DDK scores and palatalisation for
the youngest children and adults in which age groups with
higher DDK rates also made a bigger difference between the
phonological contrast (Table VII). To contextualise the
DDK data in this figure, we overlaid the mean DDK sylla-
bles per second values onto these model estimates. This
highlights that the 3- to 4-year-olds and 6- to 7-year-olds
have low DDK scores, but DDK scores from the 10- to 11-
year-olds and adults occupy a greater range.

IV. DISCUSSION

We first discuss the acquisition of oral motor control in
Estonian by age (Sec. IV A), then the acquisition of the
acoustic targets for palatalisation (Sec. IV B), and finally the
interaction of anatomical factors and oral motor control
skills in the acquisition of complex consonants (Sec. IV C).

A. Oral motor control in Estonian

To answer the first research question whether there are
age-related differences in the oral motor control, we used a

TABLE VI. FPC1 pairwise comparisons for palatalisation and age group.

Age group B SE(B) z p(2)

3—4 years —-01.55 0.27 -5.85 <0.001
6-7 years —-0.93 0.17 —-5.50 <0.001
10-11 years -1.25 0.13 -9.82 <0.001
Adults -2.37 0.13 —17.95 <0.001
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et al., 2024). We hypothesised, based on Ha (2023) and
Murali et al. (2024), that child oral motor control skills
would increase with age. This hypothesis was confirmed.
We found that the number of repetitions (measured in sylla-
bles per second) of different syllables produced by children
and adults in our experiment was directly linked to their
age. Overall, the youngest speakers produced the fewest
number of repetitions, and the oldest speakers produced the
highest. This is in line with the results of the scoping review
in Kent et al. (2022), which analysed many studies across
different ages and language backgrounds. In line with
research by Devadiga and Bhat (2012), we also found that
there was a reduction in the repetition rates when the PoA
was more posterior. There were significantly fewer repeti-
tions with /ka/ than /pa/ or /ta/. This can be explained by
the need to move a larger mass in velar consonants com-
pared to bilabials or apicals.

B. Acquisition of secondary palatalisation

For the second research question, we asked whether
there are any age-related differences in the acoustic realisa-
tion of secondary palatalisation. We hypothesised that con-
sonants requiring multiple articulations or very precise
articulator placement are among the last sounds to be
acquired (McLeod and Crowe, 2018). Cross-linguistic sur-
veys largely support earlier work predicting a hierarchical
acquisition trajectory based on articulatory complexity
(Shriberg, 1993). Later acquisition of complex consonants is
thought to be because of the time taken to acquire auditory
and somatosensory mappings on which the motor and mus-
cle control gesture execution relies (Ayala et al., 2023;
Cheng et al., 2007b; Klein et al., 2013; Lin and Demuth,
2015). Specifically, through gradual increasing effectiveness
of auditory and somatosensory feedback and anatomical
development, children acquire better control of the superior
longitudinal muscle (Abakarova et al., 2022) and thus lin-
gual differentiation (Cleland and Scobbie, 2021; Dokovova
et al., 2023; Gibbon, 1999) and sophisticated timing patterns
(Kpogo and Chang, 2025; Noiray et al., 2018). However,
because of a generally flatter palate shape in younger chil-
dren (Ciusa et al., 2007), and a delayed change in proportion
of the hard palate compared to the tongue (Vorperian et al.,
2005), a child’s anatomy might naturally predispose them to
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/u/

FPC1

FIG. 3. FPC1 values for the different
vowels.

yes no yes
Palatalisation

palatalise. Previous research has indicated an overall pala-
talised quality to child speech in Estonian and Russian
(Vihman and Vihman, 2011; Zharkova, 2004), but no
detailed acoustic analysis of children’s palatalisation acqui-
sition at different ages had yet been carried out (see initial
analysis in Zharkova, 2004).

Our results show that all children in our sample produce
the acoustic differences between palatalised and non-
palatalised consonants (Figs. 4 and 5, Table VI). Figure 4
indicates that the contrast develops across childhood as the
distance between non-palatalised and palatalised FPC1 val-
ues is greater, but more variable, for three- to four-year-
olds, narrower for six- to seven-year-olds and then greater
again for older children. This curve is reflective of a learning
pattern, where because of the constant adjustments to the
feedback systems, the performance temporarily drops and
then levels out again. Table VI shows there is a develop-
mental increase in consistency for producing the contrast
and in the magnitude of the differences between palatalised
and non-palatalised. The z scores and standard errors from
these comparisons show a clear developmental trajectory of

no

increasing acoustic distance and consistency for the contrast.
Figure 4 also shows an increasing magnitude of contrast
with chronological age based on the model output.

Figure 4 shows estimated values for FPC1 and demon-
strates there are developmental differences for non-palatal-
ised consonants as well as palatalised i.e., FPC1 values are
higher for children than those of adults. These results sup-
port previous impressions that child speech has a palatal
quality (Vihman and Vihman, 2011; Zharkova, 2004) and
that palatalisation is acquired early. We suggest that because
of anatomical reasons and a tendency toward greater palatal
contact in child speech (Cheng et al., 2007a; Ciusa et al.,
2007), children also have to learn to not palatalise in their
acquisition of phonological contrast. We return to the role of
anatomy in combination with motor control in Sec. IV C.

C. Interaction of motor control and anatomical
development in complex consonants

The third research question about the relationship
between motor control skills and palatalisation was designed

N
L

[y
L

FPC1 (model estimated values)
N o

'
N
L

FIG. 4. Model estimates of the interac-
tion between age group and palatalisation.
Error bars show the 95% confidence
intervals of the estimated values.
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to test an apparent contradiction in the literature on child
acquisition of consonants: on the one hand, complex articu-
lations are typically acquired late because of developing lin-
gual motor control, but on the other hand, palatalisation is
reportedly acquired earlier because of anatomy. Figure 5
allows us to explore the relationship between the acquisition
of the palatalisation contrast and oral motor control at differ-
ent ages.

By interpreting the interaction between DDK, group,
and palatalisation, we found there is a relationship for the
youngest speakers and adults between the acquisition of oral
motor control and the extent to which palatalisation is pho-
nologically contrasted (Fig. 5, Table VII). This means that
children with higher oral motor control needed for lingual
differentiation in complex consonants realise the contrast to
a greater degree. The result for adult speakers could be
explained by their attempt in performing well in the tasks
that were designed to be as easy for children as possible.
This, in many cases, resulted in hyperarticulation of the pal-
atalisation contrast. The results thus reflect how the adults,
as our control group, behaved when tasked with an easy
experiment with some participants being more diligent than
others.

Our findings advance understanding of the acquisition
of complex consonants and the roles of anatomy and motor
control in cross-linguistic consonant acquisition. The results
show that although an acoustic impression of palatalisation
is acquired early (Kochetov and Alderete, 2011; Zharkova,
2004), the realisation of the phonological contrast between
palatalised and non-palatalised takes time to acquire in
adult-like fashion and proceeds in tandem with acquisition
of oral motor control in young children.

D. Limitations and future work

Our study considers only the acoustic targets for pala-
talisation. We anticipate that the acoustic values for child

2868  J. Acoust. Soc. Am. 160 (4), October 2026

palatalised consonants are articulated differently from adult
realisations and that children adapt their articulatory strategy
as based on anatomy (Brunner et al., 2009). Our future work
will analyse ultrasound tongue imaging data from the same
speakers to assess lingual differentiation and consistency of
articulation directly. In addition, previous work on coarticu-
lation indicates substantial timing differences between child
and adult articulations (Noiray et al., 2018; Rubertus and
Noiray, 2024). Our future work will also explore the acqui-
sition of timing of the palatalisation gesture. One limitation
of our study is that we use chronological age as a proxy for
predicted anatomical differences based on large-scale imag-
ing studies such as Vorperian et al. (2005) or palatal studies
(Ciusa et al., 2007). Future work could also measure hard
palate length as a more direct measurement of anatomical
development. Another limitation was using a DDK task with
monosyllables only. A task with trisyllabic utterances would
have given us a more complete understanding of the devel-
opment of the oral motor system. As we did not want to
overburden children with too many tasks, we opted for using
a simpler DDK protocol. In the production experiment with
ultrasound we used audio recordings to elicit words from
children. A more naturalistic approach might have yielded
different results, but given our lengthy experiment protocol,
elicitation by imitation was the most straightforward way to
elicit reliable data.

V. CONCLUSION

Our analysis contributes to a long-standing discussion in
child acquisition of phonology about the order of acquisition
for different phonemes (Shriberg, 1993) and the role of physi-
ological factors in speech production acquisition (Kent, 1992).
Our aim was to disentangle the contribution of, on the one
hand, motor control development and, on the other hand, ana-
tomical growth and articulator change in proportion. We
found that oral motor control, measured through a DDK task,
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increases with age, and there is a relationship between greater
oral motor control and realisation of the phonemic contrast for
palatalisation for the youngest children. We suggest that
explaining the developmental trajectory for palatalisation
acquisition is possible through an interaction of motor control
and physiological development: younger children are able to
produce a phonetic impression of palatalisation from the age
of three years. It is likely that the ratio of tongue to hard palate
length predisposes them to produce acoustically palatal-
sounding speech. However, at the same time, those who are
most skilled in oral motor control are best able to differentiate
palatalised and non-palatalised realisations. In this way, we
argue that although anatomical development leads straightfor-
wardly to the production of palatalised consonants, a high
degree of motor control skills is also needed for adult-like
realisation of the phonological contrast. In addition, we pro-
vide initial normative data for DDK in Estonian L1-speaking
children and contribute a detailed acoustic account of child
acquisition of a lesser-studied consonant contrast in a lesser-
studied language family.
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