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ABSTRACT
Bilingual children are often exposed to non-native speech through their
parents. Yet, little is known about the relation between bilingual preschoo-
lers’ speech production and their speech input. The present study investi-
gated the production of voice onset time (VOT) by Dutch-German bilingual
preschoolers and their sequential bilingual mothers. The findings reveal an
association between maternal VOT and bilingual children’s VOT in the
heritage language German as well as in the majority language Dutch. By
contrast, no input-production association was observed in the VOT produc-
tion of monolingual German-speaking children and monolingual Dutch-
speaking children. The results of this study provide the first empirical
evidence that non-native and attrited maternal speech contributes to the
often-observed linguistic differences between bilingual children and their
monolingual peers.

Introduction

The considerable amount of language input that children receive from their parents is an important
factor in children’s language learning (Hart & Risley, 1995; see Snow, 2014 for an overview). In
particular, maternal input appears to be crucial in young children’s language development. For
example, the amount of maternal language input is positively correlated with monolingual children’s
lexical knowledge (Hoff, 2003; Hurtado, Marchman, & Fernald, 2008; Rowe, 2008, 2012; Rowe,
Raudenbush, & Goldin-Meadow, 2012). Despite evidence that the speech of children reflects socio-
phonetic details similar to their mothers’ speech (Foulkes, Docherty, & Watt, 1999), the direct
influence of maternal language input on children’s linguistic development beyond the lexicon has
received little attention.

While the mother may be one of the most important input providers for a monolingual child, she
may be the only input provider for a bilingual child in one language. Such contexts may arise, for
example, when a child is born to parents with different native languages, and acquires the mother’s
native language as a heritage language.

Crucially, children raised bilingually by parents with different native languages are commonly
exposed to non-native language input from their parents in both the majority language and the
heritage language: the parents are likely to speak each other’s native language (L1) as a second
language (L2), but with non-native phonetic characteristics (e.g., Flege, 1987, 1991; Flege & Eefting,
1987; Flege & Port, 1981; Simon & Leuschner, 2010). Depending on their L2 use and the length of
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residence outside of their L1 community, parents of bilingual children may also speak their L1
differently than monolingual parents (Bergmann, Nota, Sprenger, & Schmid, 2016; Chang, 2012; De
Leeuw, Mennen, & Scobbie, 2012; Flege, 1987; Flege & Hillenbrand, 1984; Major, 1992; Mayr, Price,
& Mennen, 2012; Mennen, 2004; Sancier & Fowler, 1997; Ulbrich & Ordin, 2014; Ventureyra, Pallier,
& Yoo, 2004). Changes to the L1 because, for example, the L2 widely replaces the use of the L1 after
emigration, are known as first language attrition (Freed, 1982; Schmid, 2004).

The present study focuses on a largely understudied aspect of bilingual first language acquisition
by testing whether differential phonetic aspects in the speech of sequential bilingual mothers are
associated with their children’s speech production. The term differential refers to divergences in
bilingual speech from the monolingual norm (Kupisch & Rothman, 2016). The focus of the present
study is on the production of voice onset time (VOT) of mothers and children speaking Dutch and
German in the Netherlands.

Bilingual children often produce VOT differently than their monolingual peers when they acquire
two languages with different phonetic implementations of the voicing contrast, such as Dutch and
German (Deuchar & Clark, 1996; Fabiano-Smith & Bunta, 2012; Johnson & Wilson, 2002; Kehoe,
Lleó, & Rakow, 2004; Khattab, 2000, 2003). VOT is a cue to plosive voicing and describes the time
between the release of a plosive’s closure and the onset of vocal fold vibration (Lisker & Abramson,
1964). Voiceless plosives (/p/, /t/, /k/) and voiced plosives (/b/, /d/, /ɡ/) primarily differ by means of
VOT. For example, shortening of the VOT of /p/ in the German word [ˈpakən] <packen> (to pack/
to grab) can cause it to be perceived as /b/, which also changes the word’s meaning to [ˈbakən]
<backen> (to bake). The phonetic realization of voiceless and voiced plosives differs between
languages. For example, German and English voiceless plosives have aspiration, which means that
they are produced with long VOT values. German and English voiced plosives are realized with short
positive VOT or short lag VOT. Occasionally, German and English voiced plosives are produced
with negative VOT or prevoicing, which means that the vocal folds start vibrating prior to the release
of the plosive. By contrast, voiceless plosives in, for example, Dutch, Arabic, Spanish, and Italian
have short lag VOT. Voiced plosives in these languages require prevoicing, but it is nevertheless
common that adult native speakers of a prevoicing language fail to produce prevoicing for a small
proportion of their voiced plosives (Khattab, 2003; Van Alphen & Smits, 2004).

Differences between the speech of bilingual children and monolingual children have often been
interpreted as resulting from cross-linguistic influence (CLI), that is, the interplay between two
languages during language processing (Fabiano & Goldstein, 2005; Fabiano-Smith & Bunta, 2012;
Kehoe, 2002; Kehoe et al., 2004; Lleó & Kehoe, 2002; Müller & Hulk, 2001; Paradis & Genesee, 1996).
However, rather than emerging exclusively from CLI between bilingual children’s two languages,
deviances of bilinguals’ speech from the monolingual reference point may, also, be related to the
non-native and attrited language input bilingual children receive in each of their languages (Fish,
García-Sierra, Ramírez-Esparza, & Kuhl, 2017).

Similarities between the phonetic properties of bilingual children’s input and their own speech
production were previously reported in four case studies of bilingual and trilingual children whose
language input in one language was limited to a small number of speakers (Deuchar & Clark, 1996;
Khattab, 2003; Klinger, 1962; Mayr & Montanari, 2015). Klinger (1962) describes the influence of
atypical speech input on a three-year-old Spanish-English bilingual child’s global accent. The child’s
only source of English language input was his older cousin, whose speech was atypical due to a cleft
palate. The child adopted his cousin’s cleft palate speech symptoms when he spoke English, while his
speech was unaffected in Spanish. This report illustrates the link between children’s language input
and their speech production, and also highlights the impact of language input that comes from a
single source, rather than from a diverse set of speakers.

Similarities between maternal input and a bilingual child’s speech production based on acoustic
measures of VOT were first reported by Deuchar and Clark (1996). The English-Spanish bilingual
child they investigated had developed a voicing contrast between short lag VOT and aspiration in
English at age 2;3 (years;months), while a covert voicing contrast within the short lag range appeared
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to be developing in Spanish. The native English-speaking mother made a similar covert voicing
contrast in the short lag VOT range when she spoke Spanish, her L2. Given that target-like
prevoicing is generally acquired after 2;3 years in monolingual acquisition, the authors did not
draw strong conclusions about a possible link between maternal input and the child’s VOT
production.

Input effects of maternal VOT on bilingual children’s VOT production were directly addressed by
Khattab (2003). Two siblings aged seven and ten years acquired Arabic as a heritage language in the
United Kingdom from their parents, and both children resorted to differential phonetic realizations
of the voicing contrast in Arabic. The older child made a covert voicing contrast within the short lag
VOT range. The younger child avoided prevoicing by producing voiced plosives either prenasalized
or as implosives, for which the airstream flows into the mouth. A similar non-target-like production
pattern had been observed in the mother’s speech as well. Khattab’s study appears to be the first to
demonstrate a link between specific acoustic patterns in bilingual children’s speech and their
maternal language input. Moreover, the study suggests that input-production links may be limited
to young children.

A nuanced view on input characteristics comes from a study on two trilingual sisters’ VOT production
in all their three languages (Mayr &Montanari, 2015). The speech of the English-Italian-Spanish trilingual
sisters and their primary input providers had been recordedwhen the childrenwere 6;8 and 8;1 years of age.
The children lived in the United States where they attended an Italian immersion school, in which both
English and Italian were the languages of instruction. In addition, they were exposed to English from their
father and to Italian from their mother. Their only source of Spanish input came from their monolingual
Spanish-speaking nanny. In English and Spanish, the children produced target-like VOT, which was in line
with the VOT produced by their father (English) and their nanny (Spanish). Non-target like VOT
production was only observed in Italian, in which the children produced voiceless plosives with longer
than target-like VOT, which can be regarded as more English-like VOT. It is intriguing that CLI seems to
be present from English to Italian, while the children’s weakest language, Spanish, appeared to be
unaffected by CLI from the majority language, English. The authors suggested that the children’s differ-
ential Italian VOT production is related to their exposure to non-native Italian at their Italian immersion
school, which was predominantly attended by children for whom Italian was the L2. In Spanish, the sisters
were exclusively exposed to a single speaker, who reportedly provided monolingual-like input, and this
presumably stable phonetic input may have contributed to the children’s native-like acquisition of Spanish
VOT. The study ofMayr andMontanari suggests that exposure to non-native inputmay be associated with
children’s non-native-like speech production.

Taken together, the four studies observed striking similarities between the language input and a
bilingual child’s speech production. Given the small sample sizes, these studies were descriptive and
did not allow for statistical analyses of association between the input and the children’s speech at an
individual level. Such analyses necessarily require a larger sample of children and are essential to
provide evidence for the claim that phonetic characteristics of the speech input are indeed associated
with a child’s speech production.

In summary, non-native language input appears to be a crucial –but largely unexplored– factor
that should be acknowledged when comparing the linguistic skills of bilingual and monolingual
children. The present study is the first to address whether bilingual preschoolers’ speech production
is associated with non-native and attrited maternal speech input .

The current study

The current study investigates whether individual variation in VOT production of Dutch-German
simultaneous bilingual children reflects variation in the VOT production of their sequential bilingual
mothers who speak German as L1 and Dutch as L2. All participants lived in the Netherlands and the
children were immersed in a Dutch language environment. They were only exposed to German
through their family members, and primarily through their German mothers.
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Bilingual children often produce VOT differently from monolingual children in at least one of their
languages (Deuchar & Clark, 1996; Fabiano-Smith & Bunta, 2012; Johnson &Wilson, 2002; Kehoe et al.,
2004; Khattab, 2000, 2003).Most of the bilingual children examined in the above-mentioned studies were
raised in a one-parent-one-language family, and in order to communicate with each other, at least one of
their parents spoke the other parent’s native language as L2. Adult L2 VOT typically diverges from
monolinguals’ VOT (Flege, 1987, 1991; Flege & Eefting, 1987; Flege & Port, 1981), and non-native VOT
production has recently been observed in the speech directed toward bilingual infants (Fish et al., 2017).
Furthermore, the parents’ L1-VOTmay diverge frommonolingual native speakers’VOTdue to language
attrition, presumably resulting from reduced language contact with other native speakers (Flege, 1987;
Major, 1992; Mayr et al., 2012; Sancier & Fowler, 1997). Consequently, bilingual children are likely
exposed to non-native and attrited VOT from their parents.

The present study builds on two recent studies that investigated VOT production of bilingual children
(Stoehr, Benders, van Hell, & Fikkert, 2018) and their bilingual parents (Stoehr, Benders, van Hell, &
Fikkert, 2017). These two studies, which are summarized below, revealed conspicuous similarities at the
group-level between the VOT production of bilingual children and the non-native and attrited VOT
production of their mothers.

In a large-scale study, speech analyses of Dutch-German simultaneous bilingual preschoolers aged 3;6
to 6;0 revealed VOT differences between the bilinguals and their age-matched monolingual Dutch-
speaking and German-speaking peers (Stoehr et al., 2018). In the heritage language, German, the
bilingual children produced VOT for voiced plosives and voiceless plosives differently from their
monolingual German-speaking peers: they produced more voiced plosives with prevoicing, and they
produced voiceless plosives with shorter VOT. In the majority language, Dutch, the differences between
bilinguals and monolinguals were less pronounced. The bilinguals produced voiced plosives with
prevoicing less consistently thanmonolingual Dutch-speaking children. However, even the monolingual
Dutch-speaking children did not yet reach adult-like consistency in prevoicing for voiced plosives, which
is in line with previous research reporting late mastery of prevoicing in monolingual acquisition
(Khattab, 2000; MacLeod, 2016). The bilingual children produced Dutch voiceless plosives only with
slightly longer VOT than monolingual children, and these productions still fell within monolingual-like
ranges. In sum, the observed differences inVOT production between bilingual andmonolingual children
in both German and Dutch can be interpreted as resulting from CLI that operates from Dutch to
German, and to a lesser extent also from German to Dutch.

A factor contributing to the bilingual children’s differential VOT production may be their
exposure to non-native and attrited speech. The bilingual children’s mothers who spoke German
as L1 and Dutch as L2 exhibited a VOT production pattern that was strikingly similar to the
children’s VOT production at the group-level (Stoehr et al., 2017).1 The mothers had been living
in the Netherlands for several years at the time of testing, and it appeared that they were affected by
phonetic attrition of L1-VOT: they produced German voiceless plosives with shorter, and therefore
more Dutch-like VOT than monolingual speakers of German. Voiced plosives, on the other hand,
were produced with variable VOT including prevoicing (about one third of all productions) and
short lag VOT by the bilingual mothers and monolingual German-speaking women alike.

Moreover, the bilingual mothers also produced non-native VOT in Dutch, their L2.2 They
produced longer VOT in voiceless plosives and produced fewer voiced plosives with prevoicing in
comparison to monolingual Dutch-speaking women.

1The participants investigated in Stoehr et al. (2017), furthermore, included six fathers who spoke German as L1 and Dutch as L2.
For the purpose of the present study, we verified that the same pattern of results holds after exclusion of those additional six
participants.

2In Stoehr et al. (2017), the parents’ L2-Dutch VOT was compared to the VOT of Dutch native-speakers who spoke German as L2 to
address their acquisition outcomes. Given that the present study is concerned with differences in the input of bilingual and
monolingual children, the data of Stoehr et al. (2017) has been reanalyzed using monolingual native speakers as a reference
group. These findings are reported here.
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Given these deviations from monolingual-like VOT production in both the bilingual children and
their mothers, the present study investigates whether bilingual children’s differential VOT produc-
tion is associated with their own mothers’ non-native (L2) or attrited (L1) VOT production. To
assess whether such an association is limited to a bilingual acquisition context or arises during
language acquisition in general, we also test whether an association between VOT production and
language input can be observed in monolingual child–mother dyads who speak either Dutch or
German.

Regarding the outcome of this study, we hypothesize that a positive association exists between
maternal VOT and the VOT production of both bilingual and monolingual children. This hypothesis
is based on previous research, which reported maternal input effects in monolingual children’s
lexical growth (Hoff, 2003; Hurtado et al., 2008; Rowe, 2008, 2012; Rowe et al., 2012) and observa-
tions of similarities between phonetic aspects of the input and the speech of monolingual children
(Foulkes et al., 1999) and bilingual children (Deuchar & Clark, 1996; Khattab, 2003; Klinger, 1962;
Mayr & Montanari, 2015). Given that the bilingual children’s regular exposure to German is
restricted to their mothers, we hypothesize that the association is stronger in German than in Dutch.

Method

Participants

Seventy-four children aged between 3;6 and 6;0 participated in this study: 23 Dutch-German
simultaneous bilinguals (12 female, Mage = 4;8, SDage = 9 months), 26 Dutch-speaking monolinguals
(13 female, Mage = 4;10, SDage = 10 months), and 25 German-speaking monolinguals (16 female,
Mage = 4;7, SDage = 10 months). In addition, each child’s mother participated.

Based on parental report, all children were typically developing and had no speech impairments
or delays, and no neurological, auditory, or cognitive impairments. All bilingual children lived in the
Netherlands from birth. The mothers of all bilingual children were native speakers of German and
spoke Dutch as L2. Twenty bilingual children had a Dutch father, and the remaining three bilingual
children had a German father. Out of the three bilingual children whose parents were both native
speakers of German, two were exposed to Dutch from native speakers from birth. The third child’s
exposure to Dutch commenced at 0;6 years when she started attending daycare. On average, the
bilingual children were exposed to German for 45% of the day (range 11–69%, SD = 15%) at the time
of testing, as determined by the Bilingual Language Experience Calculator (BiLEC; Unsworth, 2013).

An additional 23 children (10 bilinguals and 13 monolinguals) had been tested, but they were excluded
from the analysis. The bilinguals were excluded either due to exposure to a third language (N = 3) or onset
of bilingualism after the first year of life (N = 1). In addition, bilingual children born to a Dutch-speaking
mother were also excluded (N = 6) to obtain a more homogeneous data set for this study. The 13
monolingual children were excluded either due to inability to complete the task (N = 1), experimenter
error (N = 1), exposure to non-native speakers at home (N = 4), or missing speech data of the
mother (N = 7).

The mothers of the bilingual children learned Dutch at an average age of 23 years (range 8–33 years,
SD = 6 years) when they moved to the Netherlands. Twenty-one mothers reported frequent use of
German and Dutch. One mother reported occasional use of Dutch and one mother did not provide
information on her usage of Dutch. The mothers rated themselves as very proficient in speaking Dutch
(on a scale from 0 [virtually no fluency] to 5 [native fluency]:M = 4.0, SD = 0.64, range 3–5), and almost
native-like in understanding Dutch (on a scale from 0 [almost no understanding] to 5 [native under-
standing]:M = 4.4, SD = 0.51, range 4–5). The bilingual families lived within a radius of 100 kilometers
from Nijmegen in the Central Eastern Netherlands and were tested at their homes.

Four of the monolingual German-speaking mothers knew some Dutch, but none of them
reported regular use of a language different from German. The monolingual German-speaking
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child-mother dyads were tested in Central Western Germany (N = 23) and Northern
Germany (N = 2).

Two monolingual Dutch-speaking mothers reported speaking some German, and three reported
speaking English sporadically. All monolingual Dutch-speaking child-mother dyads were tested in
Nijmegen or its periphery. Although most mothers in both groups did not report speaking additional
languages, schooling in Germany and the Netherlands requires English language classes in high
school, suggesting that all mothers knew at least some English.

Materials and procedure

The investigated plosives were voiceless /p/, /t/ and /k/ and voiced /b/ and /d/. The voiced dorsal
plosive /ɡ/ does not exist in Dutch and was therefore not included in either language in the analyses.
For each of the five plosives, six target words per language were selected from developmental
vocabulary lists (for German: Grimm & Doil, 2000; Szagun, Stumper, & Schramm, 2009; for
Dutch: Zink & Lejaegere, 2002). The 30 target words per language were nouns recognizable on
pictures, which started with a singleton onset plosive followed by a vowel, such as the Dutch word
“kast” (cupboard). Lists of the target words can be found in Appendix 1A (Dutch) and Appendix 1B
(German).

To keep the children engaged, the pictures representing the target words were presented in two
different picture-naming tasks. In the story task, the experimenter read a custom-made story to the
child, which was set up in Microsoft Powerpoint and presented on a laptop computer. Within the
story, the target words were replaced with pictures representing the words. Each picture occurred on
a separate slide and the children were prompted to name each picture.

The picture naming game was designed as a lotto matching game. The child and the
experimenter each had one lotto board in DIN A3 format. Half of the pictures were printed
on the child’s lotto board and the other half were printed on the lotto board of the experimenter.
The same pictures were printed on individual 6 × 6 cm cards, which had to be matched to a
lotto board. The player who first collected all matching cards on her lotto board won the game.
The child and the experimenter took turns in turning around one card at a time. During the
game, the experimenter instructed the child to name the pictures for a hand puppet. A koala
hand puppet that was introduced as being unfamiliar with the words was used in the Dutch
session, and an allegedly blind mole hand puppet was used in the German session. The order of
the cards was randomized with two exceptions: to let the child win the game, the last card on the
stack always belonged to the experimenter’s lotto board. In addition, the second last card always
belonged to the child’s lotto board, which ensured that the game did not end prematurely.

The pictures in both tasks were color photographs and color drawings.3 Each production of the
child entered the analysis. If a child did not say the target word, the experimenter gave hints without
saying the word or the initial plosive. If the child did not know the word after three elicitation
attempts, the experimenter named the picture and continued to the next trial.

Testing took place in a quiet room at the children’s homes. At the beginning of the session,
the parents gave informed consent. A German native speaker administered the German session
and a Dutch native speaker administered the Dutch session. The bilinguals’ two sessions were
scheduled approximately two weeks apart. The order in which the Dutch and German sessions
were administered was counter-balanced across children. During these testing sessions, the
mothers completed a picture-naming task. Their speech was elicited in an adult-directed register
using the same 6 × 6 cm picture cards used in children’s picture naming game. Moreover, the
mothers completed a language background questionnaire. The questionnaire for bilingual chil-
dren was based on the BiLEC (Unsworth, 2013). The questionnaire for monolingual children was

3Six out of 30 pictures in the Dutch task and 4 out of 30 pictures in the German task were color drawings because they
represented the words better than photographs.
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custom-made and screened for potential exposure to additional languages and foreign accents.
Throughout the session, the children were rewarded with stickers. At the end of each testing
session, families were compensated with their choice between €10 or a book.

Recordings and VOT measurements

Recordings were made with an Olympus Linear PCM Recorder LS-10 with uncompressed 24bit/
96 kHz recording capability. The first author measured VOT of all participants in Praat (Boersma &
Weenink, 2015) taking into account waveforms and spectrograms viewed at 0–5,000 Hz. VOT was
defined as the time interval between the onset of the plosive’s burst release and the onset of vocal
fold vibration measured at the nearest zero-crossing.

Three additional phonetically trained coders measured a total of 25% of the data. Inter-coder
reliability indicated 99% agreement. Measurements for voiceless plosives were considered in agree-
ment when they differed in less than 10 ms (Fabiano-Smith & Bunta, 2012). For voiced plosives,
measurements were considered in agreement when both coders agreed on the presence or absence of
prevoicing.

In total, 11% of the child data were excluded from the analysis because VOT could not be
unambiguously measured, for example due to background noise or coarticulation when target words
were not produced in isolation.4 In addition, 8% of the child data could not be included in the
analysis because the corresponding maternal production data could not be measured unambigu-
ously, for example because of background noise.

Results

Table 1 presents the mean VOT durations and standard deviations for the bilingual and
monolingual children and their mothers, separated by language, voicing, and consonantal place
of articulation. Because the production of voiced plosives was bimodally distributed in all groups
and both languages, Table 1 displays mean VOT duration (standard deviations in parentheses)
for prevoiced and devoiced voiced plosives separately, followed by the proportion of prevoiced
voiced plosives. A more detailed overview of the mean VOT durations (voiceless plosives) and
the proportion of prevoiced productions (voiced plosives) for each individual child-mother dyad
are presented in Appendices 2A (bilinguals), 2B (Dutch monolinguals), and 2C (German
monolinguals).

Statistical models

Mixed effects linear and logistic regression models using an alpha-level of .05 were performed in R
(R Core Team, 2013). Separate models were run for bilingual and monolingual children. Per group,
three analyses were conducted. The main model combined data of voiceless and voiced plosives.
Because VOT of voiced plosives was bimodally distributed, violating the assumption of normality in
linear regression, data were also analyzed separately for voiceless and voiced plosives. The sub-model
on voiceless plosives was designed as a mixed effects linear regression model in line with the main
model. The sub-model on voiced plosives was designed as a mixed effects logistic regression model.
These models are described in detail below.

4The tasks were designed to elicit isolated nouns: the gaps in the story task were bare nouns, and during the picture naming
game, the experimenter named the determiner right away when a card was turned over. Because of these strategies, the
majority of the data was not affected by coarticulation.
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Main models
In the main mixed effects linear regression models, the dependent variable was the children’s VOT
for each target word they produced in the study. As fixed effects, the bilingual model used Maternal
VOT (continuous, in ms), Voicing (voiced = –1, voiceless = 1), Language (Dutch = –1, German = 1),
Exposure to German (continuous, in percent; centered around zero; inversely related to Exposure to
Dutch), Place of Articulation (labial = 1 vs. coronal = 0; and coronal = 0 vs. dorsal = 1), and Word
Length (monosyllabic = –1, disyllabic = 1).

Based on the results of Stoehr et al. (2017, 2018), the following interaction terms including lower-
level interactions were entered: a four-way interaction term between Maternal VOT * Voicing *
Language * Exposure to German to test the hypothesis that Exposure to German is associated with
bilingual children’s VOT production only in German voiceless plosives. This interaction term also
allows for testing the hypothesis that the magnitude of the input-production association in bilinguals is
stronger in German than in Dutch. In addition, a three-way interaction between Language * Voicing *
Place of Articulation (labial vs. coronal) was included to test the hypothesis that bilingual and mono-
lingual children and adults produce more voiced labial plosives than voiced coronal plosives with
prevoicing, with a larger magnitude of this effect in German than in Dutch. A two-way interaction
between Language * Place of Articulation (coronal vs. dorsal) was added to test whether bilingual adults
produce longer VOT in dorsal than in coronal plosives in German. Finally, a three-way interaction
between Language * Voicing * Word Length was included to examine whether bilingual children’s and
adults’ VOT production is associated with Word Length in German voiceless plosives.

As random effects, the model included intercepts for Child and Target Word, as well as by-Child
random slopes for Language and Voicing. The model for monolingual children was the same with
the exceptions that it excluded Exposure to German as fixed effect and as interaction component,
and it moreover excluded the random slopes for Language.

Sub-models voiceless plosives
The sub-models on voiceless plosives were based on the main model, but excluded the fixed effect
Voicing and the by-Child random slopes for Voicing. Moreover, Voicing was removed from the
interaction terms that were included in the main model.

Table 1. Mean VOT durations over participants by language, group and consonantal place of articulation (SD in parentheses).
Information for voiced plosives are displayed separately for prevoiced and devoiced productions followed by the proportion of
prevoiced voiced plosives.

Dutch German

Bilinguals Monolinguals Bilinguals Monolinguals
Children Mothers Children Mothers Children Mothers Children Mothers

voiceless
plosives

/p/ 20 (10) 22 (12) 16 (10) 8 (3) 32 (19) 38 (12) 52 (13) 45 (12)
/t/ 29 (13) 34 (11) 23 (12) 22 (7) 58 (23) 60 (13) 77 (16) 68 (10)
/k/ 38 (13) 45 (12) 32 (11) 29 (6) 59 (27) 59 (10) 75 (13) 71 (11)
M 29 (12) 34 (12) 24 (11) 20 (5) 50 (23) 52 (12) 68 (14) 61 (11)

voiced
plosives

prevoiced
/b/ -135 (128) -96 (32) -108 (74) -100 (47) -158 (90) -101 (32) -52 (58) -87 (52)
/d/ -108 (64) -81 (30) -103 (71) -88 (42) -123 (68) -121 (62) -52 (43) -48 (29)
M -124 (106) -89 (32) -106 (73) -95 (45) -148 (85) -106 (42) -52 (53) -79 (50)

devoiced
/b/ 12 (9) 8 (4) 9 (10) 6 (2) 10 (8) 8 (4) 11 (11) 7 (4)
/d/ 19 (11) 13 (5) 20 (14) 13 (7) 17 (12) 12 (5) 13 (9) 11 (4)
M 15 (11) 11 (5) 16 (14) 10 (7) 14 (11) 10 (5) 12 (10) 9 (4)

proportion
prevoiced

/b/ 0.37 (0.28) 0.60 (0.37) 0.55 (0.29) 0.87 (0.23) 0.33 (0.30) 0.29 (0.32) 0.11 (0.12) 0.28 (0.35)
/d/ 0.31 (0.31) 0.61 (0.35) 0.42 (0.26) 0.80 (0.25) 0.23 (0.29) 0.20 (0.30) 0.04 (0.12) 0.22 (0.27)
M 0.34 (0.30) 0.61 (0.36) 0.49 (0.28) 0.84 (0.24) 0.28 (0.30) 0.25 (0.31) 0.08 (0.12) 0.25 (0.31)
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Sub-models voiced plosives
The sub-models on voiced plosives were mixed effects logistic regressions accounting for the
bimodal distribution of VOT in voiced plosives. In these analyses, the dependent variable was the
absence (coded as 0) or presence (coded as 1) of prevoicing for each token. Tokens were coded as
prevoiced when vocal fold vibration was present prior to burst release. As fixed effects, the bilingual
model included Maternal VOT (prevoiced = 1, devoiced = 0), Language (Dutch = –1, German = 1),
Exposure to German (in percent, centered around zero), and Place of Articulation (labial = 1,
coronal = 0).

A three-way interaction term between Maternal VOT * Language * Exposure to German was
included to test whether the effect of Maternal VOT on bilingual children’s VOT is stronger in the
heritage language German, and whether this association is dependent on Exposure to German. Based
on the results of Stoehr et al. (2017, 2018) a two-way interaction term between Language * Place of
Articulation was entered to test their finding that prevoicing occurs more frequently at the labial
than the coronal place of articulation, with a larger effect in German than in Dutch.

As random effects, the model included intercepts for Child and Target Word and by-Child
random slopes for Language. The model for monolingual children was the same with the exception
that it excluded the fixed effect Exposure to German and also the random slopes for Language.
Moreover, Exposure to German was removed from the interaction terms that were included in
bilingual model.

In the following, the results regarding the effect of Maternal VOT and interactions involving
Maternal VOT are reported. Other significant effects and interactions regarding the other indepen-
dent variables included in the analyses are presented in Appendix 3.

Bilinguals

Main model
A mixed effects linear regression model based on 2974 observations was conducted to test if
maternal VOT production is associated with bilingual children’s VOT production in voiceless and
voiced plosives. The results revealed the predicted positive association between maternal VOT and
the bilingual child’s own VOT production (β = 0.124, SE = 0.045, t = 2.513, p = .012). There was no
significant interaction between Maternal VOT and Language, suggesting that the association is
present in both Dutch and German (β = 0.042, SE = 0.042, t = 1.000, p > .250).

Sub-model voiceless plosives
A mixed effects linear regression model based on 1843 observations was conducted to test if maternal
VOT production is associated with bilingual children’s VOT production in voiceless plosives. This
sub-model confirmed the positive association between maternal VOT and the bilingual child’s own
VOT production in voiceless plosives (β = 0.132, SE = 0.0543, t = 2.436, p = .015). No significant
interaction between Maternal VOT and Language was detected, suggesting that the association is
present in both Dutch and German voiceless plosives (β = 0.005, SE = 0.053, t = 0.100, p > .250).

Sub-model voiced plosives
A mixed effects logistic regression model based on 1131 observations was conducted to confirm that
the effect of maternal VOT holds in a model that accounts for the bimodal distribution of VOT in
voiced plosives. However, the model did not detect a significant association between maternal VOT
and bilingual children’s VOT production in voiced plosives (β = 0.205, SE = 0.231, z = 0.889,
p > .250). Moreover, no significant interaction between Maternal VOT and Language was detected
(β = –0.392, SE = 0.228, z = –1.718, p = .086).

In summary, the results suggest that the VOT production of the mothers who speak German as
L1 and Dutch as L2 are associated with their children’s VOT production in both Dutch and German.
Furthermore, this effect is only detected in bilingual children’s production of voiceless plosives, and
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it could not be detected in a model which accounts for the bimodal distribution of VOT in voiced
plosives.

Monolinguals

Main model
A mixed effects linear regression model based on 3172 observations was conducted to test if
maternal VOT is associated with monolingual children’s VOT production in voiceless and voiced
plosives. The model did not detect a significant association between maternal VOT and the
monolingual child’s own VOT production (β = 0.052, SE = 0.046, t = 1.149, p < .250), but a
significant interaction between maternal VOT and Voicing was detected (β = 0.099, SE = 0.046,
t = 2.184, p = .029). This interaction was investigated by analyzing the data for voiceless and voiced
plosives separately. In these post-hoc analyses, an effect of maternal VOT on monolingual children’s
VOT production was detected neither in voiceless plosives (β = 0.092, SE = 0.062, t = 1.481, p = .139)
nor in voiced plosives (β = –0.046, SE = 0.033, t = –1.372, p = .170). Instead, the interaction seems to
reflect differences in the direction of the association between maternal VOT and monolingual
children’s VOT for voiceless plosives (positive β) and voiced plosives (negative β), neither of
which is significant in its own right. In addition, no significant interaction between Maternal VOT
and Language was detected (β = –0.061, SE = 0.045, t = –1.333, p = .183).

Sub-model voiceless plosives
A mixed effects linear regression model based on 1985 observations was used to test if maternal VOT
production is associated with monolingual children’s VOT production in voiceless plosives. As
reported in the post-hoc test accompanying the main model above, no association was detected
between maternal VOT and the monolingual child’s own VOT production in voiceless plosives.
Moreover, no significant interaction between Maternal VOT and Language was detected (β = –0.116,
SE = 0.062, z = –1.853, p = .064).

Sub-model voiced plosives
To account for the bimodal distribution of VOT in voiced plosives, a mixed effects logistic regression
model based on 1187 observations was additionally conducted. This model tested if an effect of
maternal VOT production on monolingual children’s VOT production is detected in voiced plosives
using a model that accounts for the bimodal distribution in the data. Like the main model, the
logistic regression model did not detect a significant association between maternal VOT and the
monolingual children’s VOT production in voiced plosives (β = –0.468, SE = 0.288, z = –1.627,
p = .104). No significant interaction between Maternal VOT and Language was detected (β = –0.060,
SE = 0.288, z = –0.208, p > .250).

Discussion

The primary aim of the present study was to test whether individual variation in Dutch-German
bilingual preschoolers’ VOT production is related to individual variation of VOT in their mothers’
native language (L1) and second language (L2) speech. The bilingual children acquired German as a
heritage language predominantly from their mothers, who were L1-speakers of German. Dutch was
the bilingual children’s majority language, and was spoken by their fathers, in the broad social
environment, as well as by the bilingual children’s mothers who were L2-speakers of Dutch. In
addition, this study sought to answer whether such an input-production association arises during
language acquisition in general and is, thus, also present between the speech of monolingual children
and their monolingual mothers. The results of this study represent the first statistical evidence that
differential speech input contributes significantly to a bilingual child’s differential speech production.
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We hypothesized that maternal VOT is associated with the VOT production of bilingual and
monolingual children, and this hypothesis was partially confirmed. An association between maternal
input and the bilingual children’s production was present in the heritage language German, in which
the mother was the primary input provider. Moreover, an input-production association was also
observed in the bilinguals’ majority language Dutch, in which the input was provided by many
speakers besides the mother. The input-production associations in German and Dutch, however,
were only detected in the production of voiceless plosives. Against our hypothesis, no input-
production association was detected in the speech of monolingual children. In this section, we
first discuss reasons that may contribute to the presence of an input-production association in
bilingual acquisition, and to the apparent absence of this association in monolingual acquisition. We
then discuss why maternal VOT was only detectably associated with the bilingual children’s VOT
production of voiceless plosives.

The majority of the bilingual children in this study were raised by parents with different native
languages. The mothers of the bilingual children in the present study all moved from Germany to the
Netherlands before their children were born and used their L2, Dutch, as means of communication
in everyday life. Yet, the mothers produced non-native VOT in Dutch (Stoehr et al., 2017).
Moreover, the mothers’ restricted use of their L1, German, caused their VOT for voiceless plosives
in German to become more Dutch-like (Stoehr et al., 2017).

The observed association between maternal VOT and the bilingual children’s VOT production
suggests that bilingual children are affected by their mothers’ non-native speech in the majority
language Dutch as well as by their mothers’ attrited speech in the heritage language German. This
finding represents important evidence against the implicit assumption that bilingual children and
monolingual children are exposed to similar input. The direct influence of phonetic aspects in
maternal speech on bilingual children’s speech production puts into perspective the often-observed
differences in VOT production between bilingual and monolingual children (Deuchar & Clark, 1996;
Fabiano-Smith & Bunta, 2012; Johnson & Wilson, 2002; Kehoe et al., 2004; Khattab, 2000, 2003).
The results of the present study specifically show that there are factors beyond CLI that can
contribute to these differences in the speech of bilingual and monolingual children. The present
study furthermore supports previous case studies describing striking similarities between the input
and bilingual children’s speech production with statistical evidence (Deuchar & Clark, 1996; Khattab,
2003; Klinger, 1962; Mayr & Montanari, 2015). In sum, when phonetic aspects of the speech of
bilingual children differ from monolingual children, this can in part be attributed to differences in
their input.

One crucial difference between monolingual and bilingual children in this study is the bilingual
children’s exposure to their mothers’ non-native Dutch at home. By contrast, none of the mono-
lingual children were exposed to non-native speakers of their native language in their immediate
social environment, as confirmed by parental report. An association between maternal VOT and
children’s VOT is possibly present in bilingual and monolingual children alike, but there may not be
sufficient individual variation in the VOT production of monolingual mothers and children to detect
such an association. In particular, the VOT of monolingual Dutch-speaking children and their
mothers is the most consistent (SD = 11 ms and 5 ms, respectively). In German, monolingual
children and mothers show a similar degree of consistency in VOT production (SD = 14 ms and
11 ms, respectively), while the bilingual children produce more variable VOT (SD = 23 ms). Future
research is required to test whether input-production associations are detected in a monolingual
acquisition context that is likely to yield more individual variation, for example involving dialectal or
sociophonetic variation.

It appeared in the present data that only the bilingual children’s production of voiceless plosives,
but not voiced plosives, in both German and Dutch were affected by maternal VOT production. This
finding raises the question why bilingual children seem to adopt the VOT of their mothers for
voiceless plosives, but not for voiced plosives. One explanation is that maternal VOT of voiceless
plosives is a target that children can easily match, as short lag VOT and aspiration are relatively less
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complex in their articulatory gestures than prevoicing, and they are also acquired earlier in produc-
tion (Kewley-Port & Preston, 1974; Macken & Barton, 1980a, 1980b). For German voiced plosives,
alternations between short lag VOT and prevoicing were common in the speech of the bilingual
mothers and their children, and at the group-level, both mothers and children produced approxi-
mately one third of all German voiced plosives with prevoicing. Given that prevoicing occurs as free
variation in German (Jessen, 1998), the production of prevoicing in word-initial singleton plosives
does not seem to follow predictable rules in German. These variable input patterns render it unlikely
to observe word-specific similarities in mothers’ and children’s production of prevoicing in German
at the level of individual words.

In Dutch, the bilingual children also produced about one third of all voiced plosives with
prevoicing at the group-level, whereas the mothers produced almost two thirds of all Dutch voiced
plosives with prevoicing at the group-level. Two factors are likely to hinder direct input-production
associations between maternal VOT and child VOT of voiced plosives in Dutch. First, the mothers
are non-native speakers of Dutch, and do not produce all of their Dutch voiced plosives with
prevoicing. Their use of prevoicing may therefore also be to some extent idiosyncratic in Dutch. As
in German, a variable production pattern of voiced plosives with either prevoicing or short lag VOT
makes it unlikely to observe a word-specific match in the production of voiced plosives between
mothers and their children in Dutch. Second, prevoicing requires complex velopharyngeal adjust-
ments (Kewley-Port & Preston, 1974), which do not appear to be completely mastered by children
between 3;6 and 6;0 years of age (Khattab, 2000; MacLeod, 2016). For this reason, the children in this
study may motorically not be able to match their mothers’ VOT production for voiced plosives in
Dutch.

Conclusions

The current study provided novel evidence that individual variation in maternal language input is
associated with individual variation in bilingual children’s speech production. No input–production
association was detected in monolingual children’s production of VOT, which may result from
limited variance in monolinguals’ VOT production. The association between maternal VOT produc-
tion and bilingual children’s VOT production suggests that linguistic differences between simulta-
neous bilingual children and their monolingual peers are not exclusively driven by CLI between a
bilingual child’s linguistic systems. The speech of the bilingual children’s mothers, which diverges
from monolingual mothers’ speech because the bilinguals’ mothers are L2-speakers and L1-attriters,
contributes to differential speech production of three-and-a-half to six-year-old bilingual children.
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Appendix 1A

Dutch target words

Word Pronunciation German translation German pronunciation English translation

bal [ˈbɑɫ] Ball [ˈbal] ball
bed [ˈbɛt] Bett [ˈbɛt] bed
beer [ˈbeːr] Bär [ˈbɛːɐ̯] bear
boom [ˈboːm] Baum [ˈbaʊ̯m] tree
boot [ˈboːt] Boot [ˈboːt] boat
buik [ˈbœyk] Bauch [ˈbaʊx] stomach
deur [ˈdøːr] Tür [ˈtyːɐ̯] door
dieren [ˈdiːrə] Tiere [ˈtiːʀə] animals
dokter [ˈdɔktər] Doktor [ˈdɔktoːɐ̯] doctor/physician
doos [ˈdoːs] Kiste [ˈkɪstə] cardboard box
douche [ˈduʃ] Dusche [ˈduːʃə] shower
duim [ˈdœym] Daumen [ˈdaʊmən] thumb
kaas [ˈkaːs] Käse [ˈkɛːzə] cheese
kast [ˈkɑst] Schrank [ˈʃʀaŋk] cupboard
kikker [ˈkɪkər] Frosch [ˈfʀɔʃ] frog
kip [ˈkɪp] Huhn [ˈhuːn] chicken
koe [ˈku] Kuh [ˈkuː] cow
koning [ˈkoːnɪŋ] König [ˈkøːnɪç] king
paard [ˈpaːrt] Pferd [ˈp̪f͡eːɐ̯t] horse
pan [ˈpɑn] Topf [ˈtɔp̪f͡] pot
peer [ˈpeːr] Birne [ˈbɪɐ̯nə] pear
pink [ˈpɪŋk] kleiner Finger [ˈklaɪ̯nɐˈfɪŋɐ] pinky finger
pizza [ˈpidza] Pizza [ˈpɪts͡a] pizza
pop [ˈpɔp] Puppe [ˈpʊpə] doll
taart [ˈtaːrt] Torte [ˈtɔɐ̯tə] pie
tafel [ˈtaːfəɫ] Tisch [ˈtɪʃ] table
tak [ˈtɑk] Zweig [ˈts͡vaɪ̯k] branch
tas [ˈtɑs] Tasche [ˈtaʃə] bag
tent [ˈtɛnt] Zelt [ˈts͡ɛlt] tent
tijger [ˈtɛiɣər] Tiger [ˈtiːɡɐ] tiger

LANGUAGE LEARNING AND DEVELOPMENT 89



Appendix 1B

German target words

Word Pronunciation Dutch translation Dutch pronunciation English translation

Ball [ˈbal] bal [ˈbɑɫ] ball
Bär [ˈbɛːɐ̯] beer [ˈbeːr] bear
Baum [ˈbaʊm] boom [ˈboːm] tree
Bett [ˈbɛt] bed [ˈbɛt] bed
Biene [ˈbiːnə] bij [ˈbɛi] bee
Birne [ˈbɪɐ̯nə] peer [ˈpeːr] pear
Dach [ˈdax] dak [ˈdɑk] roof
Daumen [ˈdaʊmən] duim [ˈdœym] thumb
Decke [ˈdɛkə] deken [ˈdekən] blanket
Doktor [ˈdɔktoːɐ̯] dokter [ˈdɔktər] doctor/physician
Dose [ˈdoːzə] potje [ˈpɔtjə] box
Dusche [ˈduːʃə] douche [ˈduʃ] shower
Käse [ˈkɛːzə] kaas [ˈkaːs] cheese
Katze [ˈkats͡ə] kat/poes [ˈkɑt]/[ˈpuːs] cat
Kette [ˈkɛtə] ketting [ˈkɛtɪŋ] necklace
Korb [ˈkɔɐ̯p] mand [ˈmɑnt] basket
Kuh [ˈkuː] koe [ˈku] cow
Küken [ˈkyːkən] kuiken [ˈkœykən] chick
Pilz [ˈpɪlts͡] paddenstoel [ˈpɑdənstuɫ] mushroom
Pinsel [ˈpɪnzəl] kwast [ˈkwɑst] paint brush
Pizza [ˈpɪts͡a] pizza [ˈpidza] pizza
Pommes [ˈpɔməs] frites [ˈfrit] French fries
Puppe [ˈpʊpə] pop [ˈpɔp] doll
Puzzle [ˈpʊzəl] puzzel [ˈpʏzəɫ] jigsaw
Tasse [ˈtasə] kop [ˈkɔp] cup
Teller [ˈtɛlɐ] bord [ˈbɔrt] plate
Tiere [ˈtiːʀə] dieren [ˈdiːrə] animals
Tiger [ˈtiːɡɐ] tijger [ˈtɛiɣər] tiger
Tisch [ˈtɪʃ] tafel [ˈtaːfəɫ] table
Tür [ˈtyːɐ̯] deur [ˈdøːr] door
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Appendix 2A – Data overview bilingual child-mother dyads

Mean VOT duration in ms (voiceless plosives) and proportion of prevoiced productions (voiced plosives) for each bilingual child-mother-
dyad by language and consonantal place of articulation (SD in parentheses)

Dutch German

Participant Voicing Plosive Child Mother Child Mother

2L1-01 /p/ 26 (16) 12 (2) 82 (24) 56 (18)
voiceless /t/ 45 (28) 32 (11) 124 (25) 77 (12)

/k/ 59 (35) 53 (8) 122 (25) 66 (9)

voiced /b/ 0.92 (0.29) 1.00 (0.00) 1.00 (0.00) 0.27 (0.47)

/d/ 0.86 (0.38) 1.00 (0.00) 1.00 (0.00) 0.00 (0.00)

2L1-04 /p/ 53 (25) 16 (5) 41 (13) 18 (5)
voiceless /t/ 51 (29) 24 (6) 60 (29) 39 (17)

/k/ 67 (33) 39 (10) 73 (29) 49 (13)

voiced /b/ 0.25 (0.46) 1.00 (0.00) 0.00 (0.00) 0.85 (0.38)
/d/ 0.00 (0.00) 1.00 (0.00) 0.00 (0.00) 0.83 (0.39)

2L1-06 /p/ 9 (6) 24 (7) 8 (6) 29 (9)
voiceless /t/ 11 (7) 29 (7) 32 (23) 42 (7)

/k/ 30 (25) 49 (16) 31 (14) 58 (23)

voiced /b/ 0.54 (0.52) 0.54 (0.52) 0.18 (0.40) 0.36 (0.50)
/d/ 0.60 (0.52) 0.60 (0.52) 0.13 (0.35) 0.27 (0.46)

2L1-07 /p/ 16 (9) 19 (7) 33 (33) 36 (8)
voiceless /t/ 48 (18) 31 (5) 47 (35) 61 (10)

/k/ 46 (21) 42 (10) 73 (52) 51 (8)

voiced /b/ 0.60 (0.52) 0.30 (0.48) 0.31 (0.48) 0.00 (0.00)
/d/ 0.56 (0.53) 0.22 (0.44) 0.25 (0.45) 0.00 (0.00)

2L1-08 /p/ 22 (14) 16 (5) 35 (25) 31 (16)
voiceless /t/ 43 (35) 35 (6) 45 (28) 56 (13)

/k/ 48 (41) 43 (17) 45 (33) 59 (14)

voiced /b/ 0.10 (0.32) 1.00 (0.00) 0.10 (0.32) 0.80 (0.42)
/d/ 0.08 (0.29) 1.00 (0.00) 0.00 (0.00) 0.83 (0.39)

2L1-10 /p/ 13 (8) 34 (12) 17 (9) 59 (10)
voiceless /t/ 23 (8) 37 (10) 47 (25) 76 (15)

/k/ 26 (11) 42 (9) 22 (7) 69 (11)

voiced /b/ 0.00 (0.00) 0.55 (0.52) 0.17 (0.39) 0.00 (0.00)
/d/ 0.00 (0.00) 1.00 (0.00) 0.13 (0.35) 0.00 (0.00)

2L1-12 /p/ 21 (18) 27 (10) 70 (31) 46 (16)
voiceless /t/ 43 (35) 31 (12) 88 (34) 56 (9)

/k/ 29 (13) 50 (12) 88 (44) 50 (9)

voiced /b/ 0.82 (0.40) 0.36 (0.50) 0.91 (0.30) 0.82 (0.40)

/d/ 0.75 (0.45) 0.50 (0.52) 0.50 (0.52) 0.36 (0.50)

2L1-13 /p/ 21 (15) 18 (13) 21 (16) 22 (11)
voiceless /t/ 39 (20) 36 (10) 54 (40) 48 (17)

/k/ 40 (15) 38 (9) 28 (19) 41 (21)

voiced /b/ 0.50 (0.52) 0.83 (0.39) 0.46 (0.52) 0.31 (0.48)

/d/ 0.62 (0.51) 0.77 (0.44) 0.25 (0.45) 0.00 (0.00)

2L1-14 /p/ 9 (9) 45 (8) 26 (27) 60 (24)
voiceless /t/ 12 (5) 55 (14) 26 (18) 78 (20)

/k/ 35 (12) 71 (17) 36 (23) 81 (12)

voiced /b/ 0.17 (0.41) 0.33 (0.52) 0.00 (0.00) 0.43 (0.51)
/d/ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

(Continued )
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(Continued).

Dutch German

Participant Voicing Plosive Child Mother Child Mother

2L1-15 /p/ 11 (10) 11 (4) 13 (7) 26 (9)
voiceless /t/ 27 (12) 31 (7) 40 (38) 48 (6)

/k/ 22 (10) 32 (5) 44 (29) 42 (11)

voiced /b/ 0.63 (0.52) 0.75 (0.46) 0.62 (0.51) 0.00 (0.00)

/d/ 0.60 (0.52) 1.00 (0.00) 0.31 (0.48) 0.31 (0.48)

2L1-16 /p/ 15 (22) 11 (3) 5 (5) 33 (12)
voiceless /t/ 38 (18) 25 (7) 23 (12) 64 (20)

/k/ 14 (9) 28 (5) 11 (17) 64 (10)

voiced /b/ 0.08 (0.28) 1.00 (0.00) 0.50 (0.51) 0.10 (0.31)

/d/ 0.00 (0.00) 0.67 (0.52) 0.09 (0.29) 0.00 (0.00)

2L1-17 /p/ 17 (9) 17 (8) 52 (21) 44 (10)
voiceless /t/ 26 (19) 24 (8) 75 (27) 72 (23)

/k/ 33 (16) 45 (8) 76 (23) 55 (19)

voiced /b/ 0.38 (0.52) 0.75 (0.46) 0.08 (0.29) 0.67 (0.49)
/d/ 0.00 (0.00) 0.91 (0.30) 0.00 (0.00) 1.00 (0.00)

2L1-18 /p/ 19 (14) 56 (20) 26 (26) 52 (11)
voiceless /t/ 20 (9) 61 (9) 66 (40) 66 (8)

/k/ 43 (26) 63 (16) 75 (42) 73 (18)

voiced /b/ 0.09 (0.30) 0.00 (0.00) 0.33 (0.49) 0.83 (0.39)
/d/ 0.36 (0.50) 0.00 (0.00) 0.58 (0.51) 0.33 (0.49)

2L1-19 /p/ 13 (6) 5 (4) 19 (8) 26 (13)
voiceless /t/ 37 (32) 15 (6) 51 (27) 52 (6)

/k/ 38 (22) 23 (8) 46 (16) 55 (13)

voiced /b/ 0.90 (0.32) 1.00 (0.00) 0.79 (0.43) 0.14 (0.36)
/d/ 1.00 (0.00) 0.82 (0.40) 0.56 (0.51) 0.19 (0.40)

2L1-21 /p/ 27 (25) 40 (8) 20 (11) 51 (15)
voiceless /t/ 20 (10) 53 (8) 85 (79) 76 (23)

/k/ 70 (66) 76 (25) 78 (57) 75 (17)

voiced /b/ 0.33 (0.50) 1.00 (0.00) 0.70 (0.48) 0.60 (0.52)
/d/ 0.42 (0.51) 0.83 (0.39) 0.83 (0.39) 0.17 (0.39)

2L1-23 /p/ 36 (25) 25 (16) 33 (16) 40 (7)
voiceless /t/ 51 (26) 28 (7) 74 (20) 43 (5)

/k/ 44 (17) 44 (9) 67 (25) 55 (20)

voiced /b/ 0.20 (0.42) 1.00 (0.00) 0.08 (0.28) 0.00 (0.00)
/d/ 0.00 (0.00) 0.55 (0.52) 0.00 (0.00) 0.21 (0.43)

2L1-24 /p/ 9 (6) 24 (5) 25 (12) 37 (8)
voiceless /t/ 11 (4) 34 (3) 58 (27) 66 (26)

/k/ 21 (11) 45 (17) 49 (32) 70 (15)

voiced /b/ 0.33 (0.49) 0.67 (0.49) 0.23 (0.44) 0.15 (0.38)

/b/ 0.08 (0.29) 0.67 (0.49) 0.00 (0.00) 0.00 (0.00)

2L1-26 /p/ 19 (24) 14 (3) 52 (28) 41 (14)
voiceless /t/ 14 (3) 21 (5) 86 (70) 59 (8)

/k/ 22 (8) 33 (11) 85 (52) 64 (12)

voiced /b/ 0.15 (0.38) 0.00 (0.00) 0.43 (0.51) 0.00 (0.00)

/d/ 0.08 (0.29) 0.17 (0.39) 0.23 (0.44) 0.00 (0.00)

(Continued )
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Appendix 2B – Data overview monolingual Dutch-speaking child-mother dyads

(Continued).

Dutch German

Participant Voicing Plosive Child Mother Child Mother

2L1-27 /p/ 13 (9) 18 (10) 27 (10) 41 (12)
voiceless /t/ 17 (14) 24 (5) 48 (30) 60 (13)

/k/ 36 (23) 47 (12) 71 (38) 60 (10)

voiced /b/ 0.35 (0.49) 0.29 (0.47) 0.27 (0.47) 0.00 (0.00)

/d/ 0.29 (0.47) 0.29 (0.47) 0.06 (0.25) 0.00 (0.00)

2L1-28 /p/ 33 (25) 19 (11) 53 (30) 26 (15)
voiceless /t/ 35 (24) 30 (5) 103 (68) 58 (14)

/k/ 54 (18) 42 (21) 107 (77) 55 (21)

voiced /b/ 0.00 (0.00) 0.69 (0.48) 0.23 (0.44) 0.31 (0.48)

/d/ 0.07 (0.27) 0.43 (0.51) 0.00 (0.00) 0.14 (0.36)

2L1-30 /p/ 12 (9) 23 (11) 32 (25) 37 (4)
voiceless /t/ 20 (9) 43 (8) 58 (27) 57 (12)

/k/ 29 (12) 45 (13) 61 (32) 50 (12)

voiced /b/ 0.54 (0.52) 1.00 (0.00) 0.00 (0.00) 0.00 (0.00)
/d/ 0.43 (0.51) 1.00 (0.00) 0.00 (0.00) 0.00 (0.00)

2L1-32 /p/ 20 (11) 18 (7) 17 (16) 27 (11)
voiceless /t/ 25 (16) 38 (5) 40 (35) 47 (11)

/k/ 35 (23) 47 (11) 36 (19) 59 (21)

voiced /b/ 0.50 (0.52) 0.71 (0.47) 0.00 (0.00) 0.00 (0.00)
/d/ 0.25 (0.45) 0.50 (0.52) 0.00 (0.00) 0.00 (0.00)

2L1-33 /p/ 19 (9) 23 (11) 19 (15) 34 (10)
voiceless /t/ 18 (10) 42 (8) 53 (33) 84 (26)

/k/ 45 (21) 49 (14) 47 (28) 58 (8)

voiced /b/ 0.14 (0.36) 0.00 (0.00) 0.09 (0.30) 0.00 (0.00)
/d/ 0.07 (0.27) 0.00 (0.00) 0.29 (0.47) 0.00 (0.00)

Mean VOT duration in ms (voiceless plosives) and proportion of prevoiced productions (voiced plosives) for each monolingual Dutch-
speaking child-mother-dyad by consonantal place of articulation (SD in parentheses)

Participant Voicing Plosive Child Mother

D-01 /p/ 21 (14) 4 (2)
voiceless /t/ 10 (4) 22 (6)

/k/ 35 (22) 26 (3)
voiced /b/ 0.56 (0.53) 1.00 (0.00)

/d/ 0.64 (0.50) 0.91 (0.30)
D-03 /p/ 13 (8) 14 (6)

voiceless /t/ 21 (6) 37 (6)

/k/ 23 (14) 34 (10)
voiced /b/ 0.75 (0.46) 1.00 (0.00)

/d/ 0.50 (0.71) 1.00 (0.00)
D-04 /p/ 20 (14) 12 (3)

voiceless /t/ 30 (20) 17 (4)
/k/ 30 (17) 27 (9)

voiced /b/ 0.33 (0.52) 1.00 (0.00)

/d/ 0.67 (0.58) 1.00 (0.00)

(Continued )
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(Continued).

Participant Voicing Plosive Child Mother

D-05 /p/ 27 (17) 8 (4)
voiceless /t/ 26 (14) 34 (8)

/k/ 30 (20) 31 (5)
voiced /b/ 0.60 (0.52) 1.00 (0.00)

/d/ 0.38 (0.52) 1.00 (0.00)
D-06 /p/ 9 (5) 7 (2)

voiceless /t/ 10 (6) 16 (6)
/k/ 21 (17) 30 (8)

voiced /b/ 0.38 (0.51) 0.00 (0.00)

/d/ 0.27 (0.47) 0.18 (0.40)
D-07 /p/ 13 (10) 9 (5)

voiceless /t/ 9 (7) 21 (6)
/k/ 23 (17) 28 (7)

voiced /b/ 1.00 (0.00) 1.00 (0.00)
/d/ 0.40 (0.55) 0.80 (0.45)

D-08 /p/ 10 (12) 8 (4)
voiceless /t/ 13 (8) 20 (8)

/k/ 23 (12) 25 (8)

voiced /b/ 0.40 (0.52) 0.80 (0.42)
/d/ 0.33 (0.50) 0.78 (0.44)

D-09 /p/ 10 (6) 10 (5)
voiceless /t/ 15 (11) 14 (5)

/k/ 25 (21) 25 (4)
voiced /b/ 0.13 (0.35) 0.88 (0.35)

/d/ 0.00 (0.00) 0.25 (0.46)

D-10 /p/ 5 (7) 13 (7)
voiceless /t/ 26 (18) 27 (3)

/k/ 29 (16) 41 (11)
voiced /b/ 0.40 (0.52) 0.60 (0.52)

/d/ 0.10 (0.32) 0.90 (0.32)
D-11 /p/ 21 (14) 6 (3)

voiceless /t/ 35 (15) 23 (5)

/k/ 39 (24) 29 (8)
voiced /b/ 0.25 (0.46) 1.00 (0.00)

/d/ 0.00 (0.00) 1.00 (0.00)
D-12 /p/ 15 (14) 7 (3)

voiceless /t/ 19 (13) 21 (7)
/k/ 34 (21) 30 (11)

voiced /b/ 0.83 (0.39) 1.00 (0.00)
/d/ 0.50 (0.53) 1.00 (0.00)

D-13 /p/ 11 (9) 4 (4)

voiceless /t/ 14 (9) 21 (5)
/k/ 21 (13) 23 (2)

voiced /b/ 0.82 (0.40) 1.00 (0.00)
/d/ 0.75 (0.46) 1.00 (0.00)

D-14 /p/ 23 (23) 7 (2)
voiceless /t/ 24 (25) 25 (8)

/k/ 34 (29) 29 (10)

voiced /b/ 1.00 (0.00) 0.89 (0.33)
/d/ 0.57 (0.53) 0.57 (0.53)

(Continued )
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(Continued).

Participant Voicing Plosive Child Mother

D-15 /p/ 17 (26) 8 (4)
voiceless /t/ 9 (7) 23 (5)

/k/ 37 (23) 37 (7)
voiced /b/ 0.71 (0.47) 1.00 (0.00)

/d/ 0.64 (0.50) 0.82 (0.40)
D-18 /p/ 16 (12) 6 (3)

voiceless /t/ 18 (15) 20 (2)
/k/ 29 (18) 19 (4)

voiced /b/ 0.50 (0.55) 1.00 (0.00)

/d/ 0.23 (0.44) 1.00 (0.00)
D-19 /p/ 10 (12) 6 (3)

voiceless /t/ 17 (9) 10 (3)
/k/ 26 (17) 18 (7)

voiced /b/ 0.33 (0.49) 0.67 (0.49)
/d/ 0.33 (0.49) 0.83 (0.39)

D-20 /p/ 11 (6) 6 (2)
voiceless /t/ 34 (15) 19 (8)

/k/ 26 (10) 33 (4)

voiced /b/ 0.46 (0.52) 1.00 (0.00)
/d/ 0.38 (0.51) 0.77 (0.44)

D-21 /p/ 7 (7) 7 (3)
voiceless /t/ 16 (17) 15 (9)

/k/ 21 (15) 33 (11)
voiced /b/ 1.00 (0.00) 1.00 (0.00)

/d/ 0.93 (0.27) 1.00 (0.00)

D-22 /p/ 18 (10) 10 (5)
voiceless /t/ 56 (33) 39 (6)

/k/ 38 (16) 30 (10)
voiced /b/ 0.92 (0.28) 1.00 (0.00)

/d/ 0.85 (0.38) 0.54 (0.52)
D-23 /p/ 11 (12) 5 (3)

voiceless /t/ 14 (14) 18 (5)

/k/ 30 (16) 25 (7)
voiced /b/ 0.08 (0.28) 0.85 (0.38)

/d/ 0.21 (0.43) 1.00 (0.00)
D-24 /p/ 12 (8) 7 (2)

voiceless /t/ 27 (15) 15 (7)
/k/ 26 (28) 30 (14)

voiced /b/ 0.75 (0.45) 0.67 (0.49)
/d/ 0.57 (0.51) 0.50 (0.52)

D-28 /p/ 12 (11) 6 (6)

voiceless /t/ 29 (15) 26 (8)
/k/ 25 (18) 27 (6)

voiced /b/ 0.45 (0.52) 1.00 (0.00)
/d/ 0.38 (0.51) 1.00 (0.00)

D-30 /p/ 23 (9) 12 (5)
voiceless /t/ 31 (16) 28 (8)

/k/ 54 (23) 33 (7)

voiced /b/ 0.64 (0.50) 0.45 (0.52)
/d/ 0.40 (0.52) 0.80 (0.42)

(Continued )

LANGUAGE LEARNING AND DEVELOPMENT 95



Appendix 2C – Data overview monolingual German-speaking child-mother dyads

Mean VOT duration in ms (voiceless plosives) and proportion of prevoiced productions (voiced plosives) for each monolingual German-
speaking child-mother-dyad by consonantal place of articulation (SD in parentheses)

Participant Voicing Plosive Child Mother

G-01 /p/ 60 (15) 45 (14)
voiceless /t/ 99 (58) 65 (22)

/k/ 78 (32) 76 (19)
voiced /b/ 0.20 (0.45) 1.00 (0.00)

/d/ 0.57 (0.53) 0.29 (0.49)
G-03 /p/ 78 (35) 34 (8)

voiceless /t/ 95 (32) 63 (16)
/k/ 92 (23) 76 (13)

voiced /b/ 0.00 (0.00) 0.14 (0.36)

/d/ 0.00 (0.00) 0.00 (0.00)
G-04 /p/ 48 (24) 36 (8)

voiceless /t/ 76 (34) 55 (13)
/k/ 70 (20) 63 (13)

voiced /b/ 0.08 (0.29) 0.17 (0.39)
/d/ 0.11 (0.32) 0.00 (0.00)

G-05 /p/ 77 (40) 49 (8)

voiceless /t/ 107 (37) 71 (13)
/k/ 74 (16) 80 (13)

voiced /b/ 0.08 (0.29) 0.67 (0.49)
/d/ 0.00 (0.00) 0.53 (0.52)

G-06 /p/ 68 (14) 44 (11)
voiceless /t/ 89 (29) 69 (14)

/k/ 100 (24) 65 (13)

voiced /b/ 0.08 (0.29) 0.17 (0.39)
/d/ 0.00 (0.00) 0.18 (0.39)

G-07 /p/ 39 (25) 33 (7)
voiceless /t/ 66 (29) 66 (11)

/k/ 79 (30) 65 (19)
voiced /b/ 0.15 (0.38) 0.00 (0.00)

/d/ 0.00 (0.00) 0.00 (0.00)

(Continued )

(Continued).

Participant Voicing Plosive Child Mother

D-31 /p/ 20 (12) 6 (3)
voiceless /t/ 22 (20) 17 (5)

/k/ 53 (41) 20 (5)
voiced /b/ 0.80 (0.42) 1.00 (0.00)

/d/ 0.71 (0.47) 1.00 (0.00)
D-32 /p/ 59 (32) 16 (9)

voiceless /t/ 46 (18) 31 (4)
/k/ 57 (20) 31 (7)

voiced /b/ 0.13 (0.35) 0.88 (0.35)

/d/ 0.13 (0.35) 0.63 (0.52)
D-33 /p/ 8 (6) 13 (6)

voiceless /t/ 39 (44) 23 (9)
/k/ 38 (41) 38 (9)

voiced /b/ 0.20 (0.42) 1.00 (0.00)
/d/ 0.00 (0.00) 0.43 (0.53
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(Continued).

Participant Voicing Plosive Child Mother

G-08 /p/ 46 (17) 37 (9)
voiceless /t/ 62 (25) 66 (10)

/k/ 75 (28) 60 (15)
voiced /b/ 0.00 (0.00) 0.00 (0.00)

/d/ 0.08 (0.28) 0.15 (0.38)
G-09 /p/ 39 (21) 48 (12)

voiceless /t/ 48 (34) 69 (11)
/k/ 62 (30) 74 (23)

voiced /b/ 0.31 (0.48) 0.00 (0.00)

/d/ 0.00 (0.00) 0.17 (0.39)
G-10 /p/ 61 (24) 34 (16)

voiceless /t/ 107 (39) 50 (7)
/k/ 82 (36) 52 (15)

voiced /b/ 0.00 (0.00) 0.00 (0.00)
/d/ 0.07 (0.26) 0.13 (0.35)

G-12 /p/ 39 (14) 37 (12)
voiceless /t/ 66 (30) 84 (16)

/k/ 76 (33) 66 (16)

voiced /b/ 0.18 (0.40) 1.00 (0.00)
/d/ 0.13 (0.34) 0.50 (0.52)

G-13 /p/ 37 (27) 61 (9)
voiceless /t/ 77 (24) 93 (19)

/k/ 61 (26) 88 (13)
voiced /b/ 0.31 (0.48) 0.00 (0.00)

/d/ 0.00 (0.00) 0.35 (0.49)

G-14 /p/ 51 (42) 43 (14)
voiceless /t/ 66 (35) 64 (13)

/k/ 100 (27) 70 (19)
voiced /b/ 0.00 (0.00) 0.00 (0.00)

/d/ 0.00 (0.00) 0.00 (0.00)
G-16 /p/ 61 (26) 34 (11)

voiceless /t/ 90 (28) 66 (16)

/k/ 89 (31) 55 (14)
voiced /b/ 0.00 (0.00) 0.36 (0.50)

/d/ 0.00 (0.00) 0.00 (0.00)
G-17 /p/ 45 (38) 72 (42)

voiceless /t/ 41 (29) 80 (11)
/k/ 59 (34) 82 (18)

voiced /b/ 0.31 (0.48) 0.31 (0.48)
/d/ 0.08 (0.29) 0.00 (0.00)

G-18 /p/ 54 (18) 36 (11)

voiceless /t/ 86 (33) 56 (20)
/k/ 69 (36) 56 (15)

voiced /b/ 0.07 (0.27) 0.00 (0.00)
/d/ 0.00 (0.00) 0.00 (0.00)

G-19 /p/ 44 (27) 28 (13)
voiceless /t/ 78 (23) 66 (19)

/k/ 74 (34) 74 (30)

voiced /b/ 0.00 (0.00) 0.17 (0.39)
/d/ 0.00 (0.00) 0.33 (0.49)

(Continued )
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(Continued).

Participant Voicing Plosive Child Mother

G-22 /p/ 57 (21) 45 (13)
voiceless /t/ 76 (28) 63 (10)

/k/ 57 (22) 68 (13)
voiced /b/ 0.08 (0.29) 0.75 (0.45)

/d/ 0.00 (0.00) 0.50 (0.52)
G-23 /p/ 60 (13) 64 (25)

voiceless /t/ 93 (31) 85 (14)
/k/ 82 (22) 85 (22)

voiced /b/ 0.00 (0.00) 0.42 (0.51)

/d/ 0.00 (0.00) 0.71 (0.47)
G-24 /p/ 28 (12) 39 (9)

voiceless /t/ 61 (23) 54 (11)
/k/ 67 (50) 61 (20)

voiced /b/ 0.10 (0.32) 1.00 (0.00)
/d/ 0.00 (0.00) 0.71 (0.47)

G-25 /p/ 42 (20) 48 (9)
voiceless /t/ 63 (30) 79 (14)

/k/ 61 (27) 67 (15)

voiced /b/ 0.00 (0.00) 0.00 (0.00)
/d/ 0.00 (0.00) 0.00 (0.00)

G-26 /p/ 51 (20) 51 (23)
voiceless /t/ 79 (29) 61 (9)

/k/ 73 (29) 87 (20)
voiced /b/ 0.00 (0.00) 0.00 (0.00)

/d/ 0.00 (0.00) 0.12 (0.33)

G-28 /p/ 53 (22) 48 (9)
voiceless /t/ 76 (40) 67 (15)

/k/ 72 (22) 66 (17)
voiced /b/ 0.00 (0.00) 0.00 (0.00)

/d/ 0.00 (0.00) 0.00 (0.00)
G-29 /p/ 71 (23) 72 (15)

voiceless /t/ 92 (18) 77 (12)

/k/ 95 (15) 98 (19)
voiced /b/ 0.08 (0.28) 0.54 (0.52)

/d/ 0.00 (0.00) 0.83 (0.39)
G-30 /p/ 58 (33) 43 (16)

voiceless /t/ 65 (33) 68 (13)
/k/ 76 (26) 67 (21)

voiced /b/ 0.29 (0.47) 0.00 (0.00)
/d/ 0.07 (0.27) 0.00 (0.00)

G-31 /p/ 42 (20) 45 (7)

voiceless /t/ 84 (35) 65 (7)
/k/ 60 (26) 62 (11)

voiced /b/ 0.36 (0.50) 0.36 (0.50)
/d/ 0.00 (0.00) 0.00 (0.00)
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Appendix 3

Statistics (reporting significant effects of and interactions with variables other than Maternal VOT (see Results section for
more details).

Bilinguals
Main model: The main model revealed a significant effect for Voicing (β = 26.68, SE = 7.869, t =
3.390, p < .001), showing that the bilingual children produced longer VOT for voiceless than for
voiced plosives. A significant effect for Place of Articulation (labial vs. coronal; β = -14.50, SE=3.587,
t=-4.043, p < .001) shows that the bilingual children produced labial plosives with shorter VOT than
coronal plosives. A significant three-way interaction between Language, Voicing, and Exposure to
German (β = 0.206, SE = 0.101, t = 2.038, p = .041) reflects the recent finding that more exposure to
German (the heritage language) is associated with longer VOT in German voiceless plosives, while
no such effect was observed for German voiced plosives and Dutch voiced and voiceless plosives
(Stoehr et al., 2018). No other significant effects or interactions were observed.

Sub-model voiceless plosives: The model revealed an effect for Language (β = 13.46, SE = 4.507,
t = 2.987, p = .003), which shows that the bilingual children produced longer VOT in German
voiceless plosives than in Dutch voiceless plosives. A significant effect for Place of Articulation (labial
vs. coronal; β = -16.58, SE = 4.823, t = -3.437, p < .001) shows that the bilingual children produced
/p/ with shorter VOT than /t/. No other significant effects or interactions were observed.

Sub-model voiced plosives: The model detected an effect for Place of Articulation (β = 0.607,
SE = 0.222, z = 2.739, p = .006), which shows that the bilingual children produced /b/ with
prevoicing more frequently than /d/. No other significant effects or interactions were observed.

Monolinguals

Main model. The main model detected a significant effect for Voicing (β=29.966, SE=3.27, t=9.161,
p < .001), which shows that the monolingual children produced longer VOT for voiceless plosives
than for voiced plosives. A significant effect for Language (β = 25.203, SE = 3.323, t = 9.161, p < .001)
confirms that monolingual German-speaking children produced longer VOT than monolingual
Dutch-speaking children.

In addition, the main model detected a significant effect for Place of Articulation (labial vs.
coronal; β = -11.412, SE = 2.773, t = -4.115, p < .001) and a three-way interaction between Voicing,
Language, and Place of Articulation (labial vs. coronal; β = -7.422, SE = 2.773, t = -2.676, p = .007).
Post hoc analyses conducted on the data split by voicing and language investigated this interaction
and found that the monolingual German-speaking children produced longer VOT in coronal
plosives than in labial plosives (voiced: β = -4.208, SE = 1.851, t = -2.273, p = .023; voiceless:
β = -23.545, SE = 6.179, t = -3.810, p < .001), while no effect for Place of Articulation was detected in
the VOT productions of the monolingual Dutch-speaking children (voiced: β = -16.545, SE = 8.99, t
= -1.84, p = .066; voiceless: β = -4.402, SE = 3.242, t = -1.358, p = .174). The main model furthermore
detected significant interactions between Voicing and Word Length (β = -4.627, SE = 1.432, t =
-3.231, p = .001) and between Language and Word Length (β = -3.493, SE = 1.432, t = -2.440, p =
.015). These interactions were further investigated by post hoc tests based on split data. Analyses on
the data split by voicing suggest that both monolingual Dutch-speaking and German-speaking
children produced longer VOT for voiceless plosives when they occurred in monosyllabic words
than in disyllabic words (β = -3.934, SE = 1.371, t = -2.869, p = .004), but shorter VOT for voiced
plosives when they occurred in monosyllabic words than in disyllabic words (β = 5.309, SE = 2.591, t
= 2.049, p = .040). Analyses on the data split by language suggest that there is a non-significant trend
towards longer VOT in disyllabic words in Dutch (β = -2.748, SE = 1.641, t = -1.675, p = .094), and a
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non-significant trend towards longer VOT in monosyllabic words in German (β = 4.176, SE = 2.332,
t = 1.791, p = .073). No other significant effects or interactions were observed.

Sub-model voiceless plosives: A significant effect for Language (β = 31.679, SE = 3.583, t = 8.841,
p < .001) shows that monolingual German-speaking children produced voiceless plosives with longer
VOT than monolingual Dutch-speaking children. The model detected a significant effect for Place of
Articulation (labial vs. coronal; β = -13.996, SE = 3.502, t = -3.996, p < .001), and an interaction
between Language and Place of Articulation (labial vs. coronal; β = -9.423, SE = 3.502, t = -2.691, p =
.007). This interaction was investigated in post hoc analyses conducted on the data split by language,
and showed that only monolingual German-speaking children produced shorter VOT in /p/ than in
/t/ (β = -23.545, SE = 6.181, t = -3.810, p < .001), while this effect was non-significant for
monolingual Dutch-speaking children (β = -4.402, SE = 3.242, t = -1.358, p = .175). Moreover, the
model detected a significant effect for Word Length (β = -3.934, SE = 1.372, t = -2.868, p = .004), as
well as an interaction between Language and Word Length (β = -4.004, SE = 1.372, t = -2.920, p =
.004). This interaction was investigated in post hoc analyses conducted on the data split by language,
and showed that only monolingual German-speaking children produced voiceless plosives with
longer VOT in monosyllabic words than in disyllabic words (β = -8.092, SE = 2.411, t = -3.356, p
< .001), while this effect was non-significant for monolingual Dutch-speaking children (β = 0.018, SE
= 1.275, t = 0.014, p > .250). No other significant effects or interactions were observed.

Sub-model voiced plosives: The model detected a significant effect for Language (β = -1.887,
SE = 0.285, z = -6.629, p < .001), which shows that monolingual Dutch-speaking children produced
more voiced plosives with prevoicing than monolingual German-speaking children. In addition, the
model detected a significant effect for Place of Articulation (β = 1.030, SE = 0.224, z = 4.592,
p < .001), showing that the monolingual Dutch-speaking and German-speaking children produced
/b/ with prevoicing more frequently than /d/. No other significant effects or interactions were
observed.
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