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Abstract

This study explores morphological and positional variation in the production of consonant clusters in early
development. An analysis of child speech transcriptions and their adultlike idealised variants is provided in English
and French to investigate cluster diversity. A measure of entropy is used to calculate how stable the production
of clusters is across word positions (initial, intervocalic, final) and morphological conditions (morphological vs.
non-morphological). Results reveal similar positional asymmetries between the child, or a constrained system,
and the adultlike, or articulatorily unconstrained variant. Furthermore, morphological complexity destabilises the
phonological system at the global scale, illustrated by higher entropy in the final morphological position in English
but not French. Finally, gradual convergence between the two systems seems to be prompted by an increase in
syntactic complexity of the child speech. Overall, the results are consistent with the statistical learning account of
language acquisition.
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AHHOTaNMSA

DTO Hccie[0BaHME TTOCBAICHO MOP(OITOrHYECKUM M MTO3UIHOHHBIM Pa3INYMIM CTCUCHHUH COINIACHBIX Ha PaH-
HHX JTamax pa3BUTHs peur. B HEM npoaHann3upoBaHa TPAHCKPHIILIKS AETCKOM peur 1 e€ HaeaIn3upOBaHHbIH KBa-
3UB3POCIIbBIH BapHAHT HA MaTepHalie aHIIMHACKOTO U (PaHIly3CKOTO S3bIKOB. UTOOBI OLEHHTh CTAOHILHOCTD (ho-
HOJIOTHYECKOW CHUCTEMBI HCIOJIB30BaJach Mepa SHTPOIHH, PACCUUTAHHAS MO MO3UIMAM KJacTepa BHYTPH CIIOBa
(HadanpHas, MeXrIacHast, puHaIbHAs) 1 MOP(OIOTHYECKUM YCIOBUAM (JieMMa U ciioBodopma). Pesymsrarsr 00-
Hapy>XHMBAIOT MO3ULHOHHYIO0 aCUMMETPHIO, KOTOpasi 0Ka3anach BEICTPOSHA HOYTH OJAMHAKOBO JUIS JIETCKOW M KBa-
3UB3pOCIOi cucteM. IIpu 5TOM BapHaTHBHOCTD B ACTCKOW pedn Oblia oxkuaaeMo Bbiiie. Taxoke, Mopdoiorus yBe-
JMYHMBaeT HeCTaOMIBHOCTH CUCTEMBI HA [T00aJIBHOM YPOBHE, YTO TOATBEP)KAACTCS MOBBILICHHOH SHTPOIHEH B KO-
HEYHOH HO3UIMH MOP(HOJIOTHYECKOTO YCIOBHUS B aHIIHICKOM s13bIKE, HO HE BO (paHiry3ckoM. HakoHer, cOnmmkeHe
MHGOPMALIOHHOMN CTPYKTYPHI IBYX CHCTEM MOXKET OBITh CBSI3aHO C YCIOKHEHUEM CHHTAKCHYECKOTO KOMITIOHEHTa
pedn.

KiioueBble c/10Ba: 1eTcKas pedb, CUCTEMHAs CTaOMIBHOCTD, MOP(OIIOTHS, NO3HIHUSA B CIOBE, CTEYCHHUS CO-
IJIACHBIX

1 Background

1.1 Variation in learner system

A complex motor skill emerges slowly by means of adaptation of the system to the constraints of the
environment. Initially, learners show greater variation in the process of minimising the probabilities



Chuprina A.

of the undesirable outcome (Bernstein, 1967). Following Nikolai Bernstein’s model of motor control,
initial greater diversity in performance is bound to take place because motor constraints are temporarily
relaxed. This gives additional degrees of freedom to the learner to perform the task while slowly learning
to manage a larger number of parameters (e.g. in free climbing task, (Cordier et al., 1994)).

Vocal learners, as humans and songbirds, naturally start vocalising promptly after birth gradually show-
ing adaptation to their native or species-specific vocalisations (Saffran et al., 1996; Doupe and Kuhl,
1999; Lipkind et al., 2020). Crucially, variation is observed in several domains behind vocal produc-
tion —motor performance, signal acoustics and size of the repertoire. Variation in behaviour gradually,
through the initial exploration, starts to serve adaptative and efficient motor activity (Hadders-Algra,
2018). Along with variability in motor control, acoustics of the bird’s plastic song or of infant’s bab-
bling varies in noise and range to the degree greater than the crystallised song (Marler and Peters, 1982),
(Liu Wan-Chun and Fernando, 2009) or the consecutive stage of word production (Oller, 1973; Kuhl and
Meltzoff, 1996)). Given the favourable developmental conditions, the repertoire of the vocal elements
and their acoustic properties will naturally narrow down to the adultlike expected variation. However,
there seems to be another driver of the reduction specific to the communicative signal itself, namely a
sequence. Vowels produced in a sequence come to gradually occupy a more limited region of the vocal
tract, leading to smaller vowel space, than those produced singly in infants of 3 — 12 months of age,
illustrating the process of exploration (Goldfield, 2000). And in birds, early phase of overproduction
is followed by selective attrition of the vocal repertoire, limiting the original vocabulary 4-5 times the
original numbers in the plastic song (Peters and Nowicki, 2017).

Thus, we expect an overall higher uncertainty in the early production of consonant clusters, a particular
feature of phonological complexity present in many but not all languages of the world, than in its ideal,
or articulatorily unconstrained, variant. We will analyse clusters by their position within a word and their
morphological condition.

1.2 Positional effects

Positional differences in the phonetic realisations have been observed diachronically, synchronically, in
speech processing, and in language acquisition. For example, voicing, as in the transition of /ife from
Latin vita into Spanish vida or French vie, has been observed in the intervocalic position (Odden, 2005).
In synchrony, (Hutin et al., 2022)’s results show that voicing alternations by position vary even between
languages of a single family and edge positions differ from the intervocalic one. Experimentally, the res-
ults of artificial language learning, (Finley and Newport, 2010) and word recognition (McQueen, 1998))
show that adults use perceptual cues and knowledge about positional phonotactic constraints of their lan-
guage for word segmentation. The effect of position has also been observed in bilingual child speech
—(Grimm and Domabhs, 2025) show that 5 year-old bilingual speakers of German produced word-initial
clusters with high accuracy in contrast to word-final clusters, which were more susceptible to the influ-
ence from another language.

In addition to the overall variation exemplified above, clusters differ along an additional dimension
—morphology. Indeed, a cluster that occurs after inflecting a verb like [kt] in asked has different prob-
abilities from [kt] in fact, which might lead to different learning strategies for the two levels, lexical and
morphological (Dressler, 2006; Schwartz et al., 2024). In the following section some predictions will be
outlined according to the positional and morphological condition of cluster production.

1.3 Is position and its morphological condition a constraint for learning?

Based on the above, entropy will be used to account for the stability within the system of speech produc-
tion in early language development for English and French. Given articulatory limitations of a developing
speaker, we expect the phonetic structure to be less stable than in the adultlike system, resulting in higher
entropy.

Second, we can expect positional differences but we do not yet have a clear picture of their alignment
at the level of the system. Although we know that languages differ in their preferences for the cluster
location —e.g. in Italian they are mostly attributed to the word initial position or they can occupy all
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positions as in Polish but be restricted based on sonority, an articulatory component and morphological
complexity (Zydorowicz and Orzechowska, 2017)— we do not know about their distributions.

Finally, an empirical question is whether final position of a word will reflect competing pressures
between the morphological constraint, thus reducing the entropy, or an opposite effect in case of mor-
phology offering increased combinatorial opportunities.

2 Materials & Methods

2.1 Data sample

The data were sourced from CHILDES database (version 2021.1, (MacWhinney, 2019)), using R library
childesr (Braginsky et al., 2019). Only the corpora that contained IPA-formatted phonetic transcriptions
of both variants, child’s utterances (e.g. se’s green [his gwin]) and their model or adultlike variant ([hiz
gaim]) were included. We used data from children with two or more recording sessions (See Table 1). The
children were recorded at their homes while they engaged in normal play activities with their caretakers.
The corpora contain annotations for word token, its lemma and part of speech. Only nouns and verbs
were included into the study.

Language | N of children | Age range | Mean (sd) loquacity in tokens
English 6 1248 4305 (2836)
French 5 12-52 3219 (1979)

Table 1: Description of the sample.

Two languages of the dataset (French: Lyon corpus (Demuth and Tremblay, 2008) and Yamaguchi cor-
pus (Yamaguchi, 2012); English: Providence corpus (Demuth, 2004) have comparable phonological and
morphological profiles in terms of consonant inventories, consonant-to-vowel ratios, a complex syllabic
structure, concatenative formatives of grammatical markers (Dryer and Haspelmath, 2013). However,
they differ in how phonology interacts with morphological structure. While French has phonological
alternations that in rare cases result in a consonant cluster, like vouloir-voudrais [vudse] or regarder-
regarde [Bogasd], English concatenation of grammartical morphemes regularly results in a cluster as in
paint-paints [pemts), grill-grilled [gaild, drive-drives [diarvz], do-don t [dount].

2.2 Preprocessing

Before searching for clusters, a custom-made algorithm in Python programming language cleared the
transcriptions off of the diacritics in order to account for the phonemic inventory instead of gradient
vocal production. Then it recorded consonantal combinations in word-onset, intervocalic, and word-
final positions. The clusters that were combinations with glides (e.g. mj or kw) or most likely denoted
co-articulated consonants (e.g. tp) were excluded as well as clusters produced in isolation. The full list
of IPA characters of cluster constituents can be found in Appendix A.

The dataset was limited to the words of up to four-syllable length, based on the number of the vocalic
elements in a word, which comprised > 95% of child productions and > 97% in adultlike system, with
1-syllable words accounting for > 50% of the sample. Medial position was assigned to all intervocalic
clusters with no regards to the word token length. The majority of clusters consisted of two consonants
(> 90% of all clusters) in both systems, child and adultlike phonologies.

We quantified the degree of formal divergence between surface forms and their lemmas by computing
the Levenshtein distance (Levenshtein, 1966), a measure of the minimum number of single-character
insertions, deletions, or substitutions required to transform one string into another. The stringdist function
in R (method ="1v"’) was used. Based on these values, we then categorised clusters into two groups: Non-
morphological condition where tokens have a Levenshtein distance of 0 (e.g.bird-bird), indicating that
the gloss and stem were identical, and Morphological condition that included tokens with a Levenshtein
distance greater than O (e.g. bird-birds).

Table 2 provides the overall token and type numbers of consonant clusters across languages and mor-
phological conditions. The entropy values are known to be sensitive to the size and distribution of these
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Language| Morphology | Child N | Child adultlike N | adultlike
Clusters Unique Clusters Unique
Clusters Clusters
English NM 21904 626 33828 175
M 10211 519 13572 152
French NM 4437 222 7632 86
M 1907 156 3870 68

Table 2: Number of cluster tokens and unique cluster types produced by children and adultlike speakers
across languages and morphological conditions, NM is non-morphological condition.

parameters. To obtain size-unbiased entropy estimations, the clusters were binned into equally-sized bins
to allow the two systems, child and adultlike, to differ on their complexities only and thus to ensure com-
parability of information content across developmental stages. The bin size varied between 10 clusters
per bin to the entirety of cluster production. Binning ensured that each child had series of equally-sized
bins of clusters. The size of 50 clusters per bin is chosen to be reported here because of two reasons.
First, the results of modelling were the same with the binning of greater and smaller sizes. Second reason
is pragmatic as in both child and adultlike datasets, the rate of cluster production per position per child
in a given month was observed with median of 16-31 and a mean of 33-64 clusters. Thus, a bin size
of 50 captures enough data to compute reliable entropy, which aligns well with the actual production of
clusters across positions and children. Binning was performed for each position. The resultant age range
per position was nearly identical: Initial 14—58, Medial 12—55, Final 14—54 months of age.

We also calculated proxy measures for vocabulary and syntax. Vocabulary was estimated based on the
number of unique lemmas produced in a session and then averaged per bin. Similarly was calculated the
mean length of utterance (in tokens).

2.3 Diversity estimation

Entropy was estimated via R package entropy (Hausser and Strimmer, 2008). The literature mentions
a variety of methods (Chao et al., 2013), (Arora et al., 2022). We used four bias-corrected estimat-
ors: Dirichlet-Jeffreys (Krichevsky and Trofimov, 1981), Dirichlet—Schiirmann—Grassberger (Schiir-
mann and Grassberger, 1996), Miller—Madow (Miller and Miller, 1955), and Chao—Shen (Chao and Shen,
2003). All measures were highly correlated (Pearson r > .92), indicating that relative differences across
systems were robust to estimator choice. We report results based on the Schiirmann—Grassberger Dirichlet
estimator, which has previously been applied to phoneme and phonological distributions in child speech
(Sainburg et al., 2022). It provides alphabet-size—dependent smoothing appropriate for moderately sparse
categorical data. By contrast, the Chao—Shen estimator, deemed as the most reliable one (Moscoso Del
Prado Martin, 2017), is more commonly used for word-level distributions with a large number of unseen
categories. We modelled the entropy using both, the Dirichlet—Schiirmann—Grassberger and Chao-Shen
estimators. The pattern of results was consistent across both of them.

2.4 Analyses

All analyses were conducted in R (R Core Team, 2024). The response variable, entropy, represents the
amount of information in bits in cluster distribution for each position. We fitted linear mixed-effects
models (R package /me4, (Bates et al., 2015) in two steps: First, we measured cluster diversity as a
function of language, morphological condition, word position, syntax and vocabulary, separately in child
and in adultlike data; then, we evaluated diversity in the adultlike data, and, finally, modelled whether
the difference between child and adultlike diversities (D = Hgquit — Henilq) responds to the change in
vocabulary and/or syntax.

A linear mixed-effects model was fitted with a by-child random intercept to account for repeated ob-
servations and a by-child random slope for age to capture individual developmental trajectories. Session-
level measures of mean length of utterance (MLU, in tokens), loquacity in a session (in tokens), and
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Figure 1: Estimated entropy (in bits) by cluster position across two languages and their morphology, sep-
arately for the child and the adultlike production system. Points show the estimated marginal means from
linear mixed-effects models, with lines connecting positions and error bars representing 95% confidence
intervals.

vocabulary (unique token count in a session) were aggregated by child and age bin using the median, and
merged with the entropy dataset to provide aligned covariates for modeling. Together with age, these
predictors were standardized (mean = 0, SD = 1) prior to analysis. While entropy was calculated on
fixed-size bins, the mean age of each bin was used as the predictor in the model. Tukey post hoc tests via
R package emmeans (Lenth and Piaskowski, 2017) were used in case of significance of the main effects
in the model.

The structure of random effects in the final model was chosen on the basis of likelihood-ratio tests
(x?) and AIC comparisons (Akaike, 1998). Residual diagnostics was performed to assess linearity and
homoscedasticity, and to check for model misspecification. R package ggplot2 (Wickham, 2016) was
used to generate figures.

3 Results

Here we describe morphological patterns in positional variation in child system (3.1), in developmentally
unconstrained system (3.2). We then evaluate whether vocabulary gains and/or syntactic complexity
affect the convergence between the systems (3.3).

3.1 Stability in child system

Entropy showed neither clear developmental trend as we did not observe a stable effect of age, nor an
effect of syntactic complexity. However, vocabulary was positively associated with entropy (E'st. =
0.06,SE = 0.03,p = 0.01). We did not observe an independent effect of morphology. Position had
significant main effect and in interaction with morphology and language. As can be seen in Figure 1,
both languages display a greatest variability in intervocalic position. As for the interaction between
morphology and position, the pattern of variability was different for French and English and only for the
final position. In French, in morphological condition entropy was lower than in the non-morphological
(Est. = —0.99,SE = 0.24,p < 0.001). In English, on the opposite, entropy was higher in the final
morphological position (E'st. = 0.24, SE = 0.07,p < 0.001).

3.2 Stability in adultlike system

Entropy of adult-system shows a clear developmental trend: with age overall entropy increases (E'st. =
0.12,SE = 0.02,p < 0.001) and there is a positive association with vocabulary (E'st. = 0.07, SE =
0.03,p = 0.02). However, MLU did not have an influence.

As in the child system, we did not observe an independent effect of morphology. All the other key
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Figure 2: Predicted population-level trajectories of the entropy difference between adultlike and child
systems (D). Predictions were generated from the linear mixed-effects model with random effects set to
zero (population-level effects).

effects revealed the same pattern as the child data. Position had significant main effect and in interaction
with morphology and language: In the final position the effect of morphology was more pronounced.
In French, morphological condition for the final position was lower than in the non-morphological
(Est. = —1.5,SE = 0.14,p < 0.001). In English final morphological position was higher in the
non-morphological (E'st. = 0.74, SE = 0.06,p < 0.001).

3.3 Difference between systems

To examine developmental convergence, we modeled the difference between adult and child entropy val-
ues (D = Hgygquit — Hepirg) using a mixed-effects model with random intercepts and age slopes by child.
A negative intercept (E'st. = —0.55,SE = 0.09,p < 0.001) indicated that children produced signi-
ficantly higher entropy values than adultlike system. Neither age nor vocabulary predicted the entropy.
However, MLU had a positive effect on difference between the systems, suggesting that convergence
towards the stable state was dependent on the syntactic development of a learner (E'st. = 0.17,SE =
0.08, p = 0.03). Finally, final morphological position of English showed a greater proximity to the adult-
like system than the non-morphological condition (E'st. = 0.5, SE = 0.09, p < 0.001) as illustrated by
Figure 2.

4 Discussion

In this study we accounted for the stability of the phonological system in early language development.
For this, we used entropy of consonant clusters produced in three positions within a word and tested a
possibility of the morphological effect on positional distributions. We observed a greater uncertainty in
consonant cluster production among children than in the corresponding idealised system, supporting the
relaxation of the articulatory constraint in early development. The findings support the idea that a greater
entropy in learner behaviour is an adaptive property of developing systems, proposed by Nikolai Bern-
stein (Bernstein, 1967) and later work on vocal development. Greater uncertainty of early phonological
organisation may reflect a necessary exploratory phase in which learners test and reorganise articulatory,
perceptual, and linguistic constraints before stabilising towards adultlike patterns. In future studies we
could therefore investigate whether entropy functions as a general developmental marker.

Importantly, the child system structurally mirrored the adultlike system, showing a similar positional
asymmetry, albeit less predictable. Both systems revealed morphological effect on the cluster distribution
within the final position in the word. In English, morphological change was accompanied by higher
instability while in French, the opposite —by greater predictability. For English final position, the observed
pattern is in line with our prediction that morphological change may destabilise phonological distribution.
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For French, the pattern diverges. The difference might be attributed to the nature of the morphological
change. In French, the cluster occurs as a result of a change within the word ending as e.g. [id] in the
pair regarder-il regarde where the cluster moves between intervocalic and final positions or as e.g. [d¥]
in attendre-il attend where the cluster disappears; in English, the cluster is always the result of a collated
ending as [ks] in e.g.look-he looks. A theoretical question can therefore be raised of how language-
specific structure shapes developmental stability. Thus far, the results suggest that morphology may
either stabilise or diversify phonological production depending on how morphophonological alternations
are organised in a given language. Extending the analysis to diverse languages would help determine
whether the observed English—French contrast reflects typological differences across and within language
families.

Finally, the findings suggest that linguistic growth reshapes stability, rather than chronological matur-
ation alone. This is in line with the studies of the interconnectedness among the levels of the language
system and their possible inseparability in early development (Moscoso del Prado, 2014; ?). In the future,
these results should be validated on the acoustic measures of speech production and through a combin-
ation of entropy with articulatory or neural measures of development to better understand how stability
emerges across interacting systems during learning.

Data availability

The data presented in this study are available on the Open Science Framework (OSF) at ht-
tps://osf.io/a6jb2/overview.
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