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Part 1: Introduction 

Everyone speaks with an accent and nowhere is this phonetic reality more pervasive than 

in multilingual speech. As famously posited by Grosjean (1989:1), “the bilingual is not 

two monolinguals in one person.” Rather, the language systems of a bi-/multilingual 

speaker co-exist and influence one another, leading to more or less noticeable shifts in 

one’s phonetic realisations of all spoken languages, whether it is an L1, L2 or Ln. These 

linguistic interactions are, therefore, an intrinsic property of multilingual speech. This 

phenomenon, widely known as cross-linguistic influence (CLI), has received increased 

attention since the 1980s (cf. Sharwood-Smith 1983; Kellerman 1984). However, while 

earlier studies on bilingualism have shown that CLI operates as a bidirectional influence 

between L1 and L2, the situation becomes more complex when a third or additional lan-

guage is added to the system. With the majority of the world population being bi- or 

multilingual (Grosjean, 2024), it seems vital to deepen our understanding of the underly-

ing mechanisms of CLI in speech production and perception.  

CLI in multilingual speech has been examined from various perspectives, focus-

ing both on the production of individual sounds, including vowels (e.g., Sypiańska, 2016), 

nasals (Lin, 2025; Zhu & Wang, 2025), approximants (e.g., Sypiańska, 2025), rhotics 

(Kopečková et al., 2025), obstruent voicing (e.g., Kopečková et al., 2025; Patience et al., 

2026), as well as of suprasegmental features (e.g., Gut, 2010; Sypiańska & Wrembel, 

2026). Stops have also been widely investigated, primarily through the acoustic measure 

of voice onset time (VOT), which allows for the examination of phonetic interactions 

across languages (e.g., Llama & Cardoso, 2018; Amengual, 2021; Geiss et al., 2022; Wei, 

2025; Zeng, 2026). The greatest number of previous investigations is centred on estab-

lishing the source of CLI in third language (L3) voiceless stops. The results are, however, 

inconclusive. While some studies identify the L1 as the primary source of CLI (e.g., 

Bandeira & Zimmer, 2012; Llama & Cardoso, 2018), others point to L2 as a predominant 

source of influence on L3 (e.g., Tremblay, 2007; Llama et al., 2010; Wei, 2025). None-

theless, the majority of investigations suggests a combined effect of both L1 and L2 on 

L3 VOT values (e.g., Wunder, 2010; Wrembel, 2011, 2014, 2015; Sypiańska, 2017; 

Zhang, 2022). Furthermore, there is also some evidence of regressive (i.e. where a newly 

acquired language influences previously learnt ones) CLI occurring in voiceless stops, 

10:6592466982
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which leads to changes in already established languages (e.g., Nelson, 2022; Stoehr et al. 

2024; Xu, 2025). 

Compared to the substantial body of research on voiceless stops, the voiced series 

has received relatively little attention. The gap persists despite evidence that voiced and 

voiceless stops are affected differently by CLI, with the former being more prone to pho-

netic variation (e.g., Zając, 2015; Geiss et al., 2022; Wojtkowiak, 2022; Zhang et al., 

2023) – a pattern that was also observed in Publications 1 and 3 of the present dissertation 

(Cal & Wrembel, 2025; Cal, 2026b). Comparably, little attention has also been devoted 

to more holistic analyses including not only the comparison of three languages, but also 

the two voicing series. 

Interestingly, CLI is not only attributed to speech production, but it also has been 

attested in speech perception. However, there is a notable paucity of studies examining 

stop perception in multilinguals with existing investigations offering equivocal findings. 

On the one hand, several findings document the presence of CLI in perception, typically 

manifested as merged perceptual categories or boundary shifts (e.g., J. Liu et al., 2019; 

Stan, 2024). On the other hand, there is also evidence of separate perceptual systems (e.g., 

Z. Liu, 2016; Cal & Wrembel, 2023). 

All things considered, the previous research undoubtedly provides important in-

sights into the field of VOT acquisition by multilinguals. However, the scope of the exist-

ing investigations is rather narrow, as they tend to focus only on a fraction of variables 

rather than providing a bigger picture on the dynamics and patterns of CLI, both in per-

ception and production of speech. Hence, this PhD dissertation is an attempt to bridge 

these gaps by employing a more holistic approach to the acquisition of stops by multilin-

gual learners. This project aims to depart from isolated investigations by bringing together 

a series of three Publications intended to capture the dynamic nature of CLI. The thesis, 

thus, investigates multilingual stop acquisition across the speakers' entire linguistic reper-

toire (L1 Polish, L2 English and L3 Norwegian) and across all three places of articulation 

(bilabial, coronal and velar) in both voicing series. The overarching objective of this PhD 

dissertation is to determine how CLI manifests itself and evolves across stop perception 

and production by multilingual speakers. To achieve this, three interconnected Publica-

tions were prepared: (1) a longitudinal study tracking the development of VOT production 

over time; (2) a cross-sectional study examining stop perception and category boundary 
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shifts; and (3) a cross-sectional production study comparing VOT patterns across both 

controlled (read) and more ecologically valid (spontaneous) speech styles. 

The structure of this PhD thesis is as follows. First of all, a section on theoretical 

background, in which the empirical studies are grounded, is provided. It offers definitions 

of the concepts that are essential for this project. The second part is devoted to research 

conducted within this PhD dissertation. It starts with the presentation of research objec-

tives, which is followed by detailed outlines of Publication 1 (Cal & Wrembel, 2025), 

Publication 2 (Cal, 2026a) and Publication 3 (Cal, 2026b). Part 3 provides a general dis-

cussion of the key findings of the three papers. 

1.1. Theoretical background 

This section introduces the key concepts discussed in the present dissertation. Firstly, it 

explains the phenomenon of CLI with a particular focus on its occurrence in multilingual-

ism and speech. Attention then turns to models of third language acquisition (TLA) and 

how they conceptualise CLI. Finally, voice onset time is defined, and the languages of 

interest are introduced in terms of their laryngeal contrasts.  

1.1.1. Cross-linguistic influence 

Multilingualism is characterized by the constant interplay between linguistic systems of 

a speaker. Although this process often occurs unobtrusively in a casual conversation, it 

constitutes a key mechanism of non-native speech. This phenomenon is formally concep-

tualized as cross-linguistic influence (CLI) and was defined by Sharwood-Smith (1994: 

198) as “the influence of the mother tongue on the learner’s performance in and/or devel-

opment of a given target language; by extension, it also means the influence of any ‘other 

language’ known to the learner on that target language.” Historically, CLI research was 

predominantly focused on the bidirectional influence between a native and a foreign lan-

guage (i.e., between L1 and L2). However, implementing a third or additional language 

(L3/Ln) to the speaker’s repertoire exponentially increases complexity, creating a greater 

number of potential influences (De Angelis, 2007).  

12:8817363514
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CLI can be classified based on an array of factors (Jarvis & Pavlenko, 2008). In 

terms of its outcome, it is commonly dichotomized into facilitative (positive) CLI, which 

promotes target-like renditions, and non-facilitative (negative) CLI, resulting in non-tar-

get-like productions or perceptual shifts. Furthermore, CLI can vary in terms of intention-

ality or a linguistic subfield it appears in. Central to this dissertation, however, is the 

distinction based on directionality. Gass and Selinker (2001) distinguish between the for-

ward (L1àL2) and backward (L2àL1) transfer, which has been attested in second lan-

guage acquisition (SLA) research. While this classification is useful for describing the 

interplay of two languages, with more additional languages it might not be sufficient. 

Therefore, Jarvis & Pavlenko (2008) put forward the idea of lateral and bi-/multidirec-

tional transfer. The former refers to any influence from a non-native language to another 

non-native language, while the latter means the simultaneous influence between two or 

more languages from the multilinguals’ repertoire (e.g., L1 ↔ L2, L2 ↔ L3). Yet, the 

most ubiquitous terminology in multilingual research seems to classify CLI as progres-

sive (L1/L2àL3), where previously learnt languages affect a new language, and regres-

sive (L3àL1/L2), which assumes the influence of a new language on the existing lin-

guistic repertoire (Cabrelli Amaro, 2013). Furthermore, De Angelis (2007) also 

distinguishes combined CLI, which assumes a many-to-one influence, that is the simul-

taneous influence stemming from more than language on a target one. 

CLI in speech production and perception is frequently framed within the Speech 

Learning Model (SLM; Flege, 1995) and its revised version (SLM-r; Flege & Bohn, 

2021) as the continuous interaction of sound categories in a single phonetic space. Ac-

cording to the model, when non-native sounds are perceived as phonetically similar to the 

existing, established categories, the formation of a new category for this sound is inhibited 

by equivalence classification. Consequently, this leads to category assimilation, where 

shared categories yield intermediate values across production and perception. It thereby 

accounts for bidirectional CLI. Only when the sounds are sufficiently different from the 

already known targets, can learners bypass equivalence classification and establish an 

independent phonetic category. Conversely, even when a new phonetic category is suc-

cessfully established, the need to maintain a systemic contrast may trigger category dis-

similation, causing existing representations to move away from their targets. 

13:6530228280
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1.1.2. Models of Third Language Acquisition 

There have been attempts to provide an explanatory model of how CLI functions based 

on a number of factors that could play a role in modulating the process of third language 

acquisition (TLA). L3 models aim to answer the question of what the source of CLI in 

the L3 is and to provide an explanation of this process. Although most of them focus 

solely on the L3, there are also some frameworks that account for all languages in multi-

lingual speakers’ repertoires. The five most prominent frameworks for modelling L3 ac-

quisition include the Cumulative-Enhancement Model (Flynn et al., 2004), the L2 Status 

Factor Model (Bardel & Falk, 2007, 2012), the Typological Primacy Model (Rothman, 

2011, 2015), the Linguistic Proximity Model (Westergaard et al., 2017), and the Scalpel 

Model (Slabakova, 2017). This section briefly outlines each model and further introduces 

the Phonological Permeability Hypothesis (PPH; Cabrelli Amaro & Rothman, 2010) and 

the Natural Growth Theory of Acquisition (NGTA; Dziubalska-Kołaczyk & Wrembel, 

2022, 2024) focusing specifically on speech acquisition, given that the five preceding 

frameworks are primarily grounded in (morpho)syntactic rather than phonological CLI. 

The Cumulative-Enhancement Model (CEM) was proposed by Flynn et al. (2004) 

as a result of a study that aimed to establish if L1 had a privileged role in the acquisition 

of a foreign languages, or whether other non-native languages could influence this pro-

cess. This model proposes the cumulative nature of language acquisition and influence 

on the L3. In other words, all the previously known languages cumulate and can enhance 

the process of learning an additional one. Moreover, according to the model, the previ-

ously acquired languages can only have a positive (facilitative) or neutral, but never neg-

ative, influence on a newly acquired language.  

The L2 Status Factor Model (Bardel & Falk, 2007, 2012) assumes that the second 

language is the main source of influence on the L3 at the initial stages of acquisition, 

regardless of any typological and structural similarities between L2 and L3. The rationale 

behind this claim is that there is a greater cognitive similarity between L2 and L3 than 

between L1 and L3. Thus, speakers might rely on L2 more, as it is, like L3, a foreign 

language. What is more, Bardel & Falk (2012) also stress the role of declarative memory 

and metalinguistic awareness which are associated with foreign language learning. This 

model was found to be useful in explaining CLI in phonetics as well, and there are studies 
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that provide evidence for L2 being the primary source of CLI in L3 (e.g., Llama et al., 

2010; Wrembel, 2010; Marinho Ribeiro, 2021). 

According to the Typological Primacy Model (TPM; Rothman, 2011, 2015), the 

initial state of L3 acquisition is governed by an internal parser that assesses structural 

proximity across previously acquired linguistic systems, once sufficient L3 input has been 

provided. The proximity is assessed based on linguistic input across a hierarchy of lin-

guistic cues: the lexicon, followed by phonology and phonotactics, functional morphol-

ogy and, finally, syntactic structures. Then, the language that is the most similar to L3 

becomes the source of influence. Hence, both L1 and L2 can influence L3. Because trans-

fer is conditioned by holistic typological similarity rather than property-by-property 

alignment, the TPM accounts for both facilitative and non-facilitative effects (Cabrelli 

Amaro and Rothman 2015).  

In contrast to the wholesale transfer proposed by the TPM (Rothman, 2011, 2015), 

the Linguistic Proximity Model (LPM; Westergaard et al., 2017) opposes the idea of an 

exclusive source of influence. Grounded in a property-by-property architecture, the LPM 

posits that the learner’s cognitive parser evaluates structural similarity at the level of in-

dividual linguistic features, rather than the entire systems. As a result, both the L1 and L2 

remain simultaneously accessible as supplier languages, allowing CLI to operate selec-

tively and yielding either facilitative or non-facilitative outcomes depending on the prop-

erty. 

Similarly, the Scalpel Model (Slabakova, 2017) conceptualizes transfer as highly 

selective, using the metaphor of a scalpel to illustrate the precise extraction from prior 

languages. While acknowledging that structural proximity may trigger initial CLI, Slaba-

kova (2017) argues that the process is also governed by a number of modulating variables, 

such as property complexity, frequency, salience, and explicit knowledge. Consequently, 

both the Scalpel Model (Slabakova, 2017), as well as the LPM (Westergaard et al., 2017) 

shift from a global typological transfer towards more dynamic, feature-specific interac-

tions across linguistic systems. 

One framework that has been built around phonetic data is the Phonological Per-

meability Hypothesis (PPH; Cabrelli Amaro & Rothman, 2010). Focusing on regressive 

CLI, it posits that L1 and L2 are fundamentally different in terms of their stability. It is 

claimed that even the most proficient and native-like L2 is still less stable, and therefore 

more vulnerable to CLI, than L1 (Cabrelli Amaro, 2017). Consequently, the framework 
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predicts CLI stemming from L3 to L2 as the proficiency in the L3 develops. While it does 

not preclude possible effects on the L1, it expects that L2 is more likely to be affected 

first. 

To address speech development alongside existing (morpho)syntactic frame-

works, the NGTA (Dziubalska-Kołaczyk & Wrembel, 2022, 2024) conceptualises multi-

lingual phonology as a dynamic and emergent system. It unites the phonetic constraints 

of Natural Phonology (Donegan & Stampe, 2009) with the non-linear, usage-based prin-

ciples of Complexity Theory (Kretzschmar, 2015), projecting commensurate develop-

mental pathways rather than mutually exclusive models. Development operates across 

two processing levels; that is, an automatic articulatory routines (Level 1) and conscious 

metalinguistic control (Level 2). Moreover, it is governed by a hierarchy of linguistic 

factors (L1, Ln, typology) and environmental variables (input, proficiency, age). Given 

its specific orientation toward multilingual speech and gradient individual differences, 

NGTA provides the theoretical framework for the empirical investigation in Publication 

3 (Cal, 2026b). 

In summary, the discussed frameworks are largely restricted in scope to progres-

sive CLI from L1 and/or L2 on the developing L3 and frequently examine one language 

in isolation. Yet, multilingual speech is inherently dynamic, characterized by continuous 

mutual interaction across the entire linguistic repertoire. What is more, existing models, 

except for the Scalpel Model (Slabakova, 2017) and the NGTA (Dziubalska-Kołaczyk & 

Wrembel, 2022, 2024), rarely take into account external factors that could shape the pro-

cess of CLI. Most crucially, because these theories were originally developed for (mor-

pho)syntax, their direct applicability to phonetic data remains limited (e.g., Llama et al., 

2010; Wrembel, 2010; Marinho Ribeiro, 2021). To develop a comprehensive account of 

multilingual speech, the field needs theoretical tools that could capture continuous acous-

tic variation across all languages of a speaker and account for extralinguistic factors that 

might affect the process of CLI. 

1.1.3. Voice onset time 

Voice onset time (VOT) functions as the defining feature of stop consonants and is crucial 

to the empirical investigations in this dissertation. This section defines the parameter, 
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stresses its applicability for exploring CLI, and provides general characteristics of laryn-

geal systems of the languages of interest to the current dissertation. 

VOT is defined as the time interval between the release of a stop consonant and 

the onset of vocal fold vibration of a subsequent vowel (Lisker & Abramson, 1964). 

Given its acoustic robustness, VOT is one of the most extensively used acoustic metrics 

for investigating L2 speech (Hansen Edwards & Zampini, 2008). Across languages, stop 

voicing contrasts are organized into three primary phonetic categories; that is, voicing 

lead (negative VOT), short-lag (0 - ~30 ms), and long-lag (aspirated; >35 ms) (Lisker & 

Abramson, 1964). Being a continuous variable, measured in milliseconds, VOT provides 

a highly sensitive metric that is capable of capturing small shifts in category representa-

tions. In multilingual acquisition, it allows to detect even subtle phonetic drift, category 

assimilation or bidirectional interactions. 

The languages under scrutiny in the present dissertation include Polish, English 

and Norwegian. These languages are complimentary in terms of their laryngeal features, 

which enables a systematic comparison of CLI and acquisition patterns. Table 1 presents 

VOT values for voiced and voiceless stops in the three languages, provided in the litera-

ture for word initial stress syllables. 

Table 1 VOT values (in ms) for voiced and voiceless stops in Polish, English and Norwegian measured in 
word-initial stressed syllables. 

Language p t k b d g 
Polish  
(Keating et al., 1981)  

21.5 27.9 52.7 −88.2 −89.9 −66.1 

English  
(Lisker and Abramson, 1964)  

58 70 80 1 5 21 

Norwegian  
(Ringen and van Dommelen, 2013)  

50 52 53 −80 −72 −73 

Firstly, Polish is a true voicing language characterised by prevoicing in the voiced 

series of stops and short-lag VOT in voiceless stops (e.g., Keating et al., 1981; Jassem, 

2003). The rate of prevoicing in Polish voiced stops is consistently high. For instance, 

Sypiańska (2021) documented 100% prevoiced tokens in native speakers of Polish, while 

Wojtkowiak (2022) observed that fully prevoiced items accounted for over 95% of all 

realisations. 

Secondly, English is an aspirating language in which /b, d, ɡ/ are typically realized 

as voiceless unaspirated (or partially voiced) and /p, t, k/ are aspirated (e.g., Docherty, 

1992; Lisker & Abramson, 1964). It is worth noting that while prevoicing in English 

voiced stops has been observed, its prevalence varies considerably across the literature. 
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For example, Docherty (1992) identified prevoicing in only 7% of tokens, whereas Lisker 

and Abramson (1964) observed it in approximately 20%, and Westbury (1979) reported 

rates as high as 57% among Texan speakers. Nevertheless, a fundamental difference re-

mains between English and the other two languages, as prevoicing is not an obligatory 

cue for the voicing contrast in English. 

Finally, regarding Norwegian, Czarnecki (2016) argues that the phonological con-

trast between /p, t, k/ and /b, d, ɡ/ relies primarily on the presence versus absence of 

aspiration, which might suggest that it is also an aspirating language. However, phonetic 

evidence provided by Halvorsen (1998) and Ringen and van Dommelen (2013) reveals 

that voicing lead is present in voiced stops in approximately 80% and 40% of tokens, 

respectively. Consequently, in the present dissertation, Norwegian is categorized as a lan-

guage exhibiting both prevoicing and aspiration, thereby aligning with Polish in the real-

ization of voiced stops and with English in the realization of voiceless stops. 
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Part 2: Research 

This section introduces the core research of this dissertation. It opens with a description 

of primary research objectives, which is then followed by the presentation of the three 

peer-reviewed articles that constitute this thesis. 

2.1. Research objectives 

VOT has been one of the key acoustic metrics in examining CLI in multilingual speech 

acquisition. A substantial body of literature demonstrates that multilingual speakers fre-

quently exhibit CLI during both production (e.g., Wrembel, 2015; Llama & Lopez-Mo-

relos, 2016; Sypiańska, 2017; Gabriel et al., 2018; Geiss et al., 2022; Zhang, 2022; Zhang 

et al., 2023) and perception (e.g., Z. Liu, 2016; J. Liu et al., 2019; J. Liu and Lin, 2021; 

Stan, 2024; Zeng, 2024) of stop consonants. However, its magnitude and presence seem 

to vary across the findings and there is still no consensus how exactly CLI manifests itself 

in stop production across all languages of multilingual speakers. 

Earlier L3 production research predominantly examined the voiceless series of 

stops (e.g., Wrembel, 2015; Llama & Lopez-Morelos, 2016; Sypiańska, 2017; Amengual, 

2021), showing either progressive and/or regressive CLI or separate VOT patterns for the 

three languages (e.g. Sypiańska, 2017; Amengual, 2021). On the other hand, more recent 

studies have begun to extend this line of inquiry to the voiced stop counterparts, providing 

a more holistic perspective the VOT acquisition patterns in multilinguals (e.g., Gabriel et 

al., 2018; Geiss et al., 2022; Zhang, 2022; Zhang et al., 2023). The results of these inves-

tigations show an asymmetry between the two voicing series, with more CLI attested in 

the voiced stops and more accurate production of the voiceless series. However, further 

research is still needed on various language repertoires to confirm the previous findings 

and provide a broader perspective that would consider both voicing series and all lan-

guages involved simultaneously. 

The acquisition of plosives by multilinguals has also been examined in perception, 

yet to a lesser extent. Investigations into VOT perception are usually focused on estab-

lishing the perceptual boundary location between homorganic voiced and voiceless stops. 
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The results of existing investigations mainly point to CLI in perception (e.g., J. Liu et al., 

2019; Stan, 2024), resulting in merged perceptual categories or boundary shifts; however, 

some studies also showed evidence of multiple perceptual systems (e.g, Z. Liu, 2016; Cal 

& Wrembel, 2023). It can, thus, be concluded that the area of VOT perception by multi-

linguals remains rather underexplored and there are mixed results regarding the manifes-

tation of CLI in multilingual perception. 

All things considered, previous research undoubtedly provides important insights 

into the field of VOT acquisition by multilinguals. However, the scope of existing inves-

tigations remains limited by several research gaps. Firstly, most L3 studies prioritise 

voiceless stops, leaving the voiced counterparts underexplored. Secondly, the predomi-

nant reliance on cross-sectional designs creates an empirical gap concerning how the en-

tire trilingual system restructures and interacts over time during the initial stages of L3 

development. Thirdly, while production has received increasing attention, the perception 

of voicing distinction in multilinguals remains underresearched, leading to limited under-

standing of how perceptual categories across all languages interact. Finally, prior work 

has relied predominantly on highly controlled read speech, overlooking whether CLI pat-

terns persist in more ecologically valid spontaneous speech, and how extralinguistic fac-

tors modulate this process. 

Hence, the present PhD dissertation aims to bridge these empirical gaps by em-

ploying a holistic approach to the acquisition of stops by multilingual learners across their 

entire linguistic repertoire (L1 Polish, L2 English, L3 Norwegian), across all three places 

of articulation of stops (bilabial, coronal, velar), and in both voicing series. The overarch-

ing objective of this PhD dissertation is to determine how CLI manifests itself and evolves 

across stop perception and production in multilingual speakers. To address this aim, the 

dissertation pursues three specific research objectives, operationalised across three the-

matically connected Publications: 

• Objective 1 is to bridge the gap in longitudinal research on multilingual speech by 

tracing the developmental acquisition of VOT in voiceless and voiced stops across 

three testing times during the first year of L3 learning, determining whether novice 

learners maintain separate language-specific categories over time or experience CLI 

across their three languages. This objective is addressed in Publication 1 (Cal & 

Wrembel, 2025). 
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• Objective 2 addresses the paucity of research on multilingual preception by 

determining how CLI affects perceptual boundary locations between voiced and 

voiceless stops in multilingual speakers. This objective is pursued in Publication 2 

(Cal, 2026a).  

• Objective 3 is to assess CLI in VOT production and addresses the ecological validity 

gap by comparing read and spontaneous speech produced by multilingual speakers, 

additionally exploring the influence of external variables on the acquisition of stops. 

This objective is explored in Publication 3 (Cal, 2026b). 

Each of the papers provides further detailed research questions, which are tackled 

in the sections that follow and in the publications themselves. 

2.2. Publication 1 (Cal & Wrembel, 2025): Developmental acquisition of stops by 

multilingual speakers 

The aim of Publication 1 (Cal & Wrembel, 2025) was to analyse the production of plosive 

sounds by L1 Polish – L2 English – L3 Norwegian speakers with particular focus on 

tracing the development of VOT acquisition in voiceless and voiced stops (/p, t, k/ and 

/b, d, g/) in all three languages (Polish, English and Norwegian) produced by novice L3 

learners throughout their first year of learning the third language. In other words, the goal 

was to explore possible cross-linguistic interactions in the oral productions of multilin-

gual speakers with a focus on both progressive and regressive CLI. 

The research questions guiding Publication 1 (Cal & Wrembel, 2025) were as fol-

lows: 

• RQ1: What sources of CLI can be traced in the VOT patterns in the three languages? 

• RQ2: How does the acquisition of VOT in trilinguals change over time in the respec-

tive languages? 

• RQ3: Do voiced and voiceless plosives exhibit similar trends across languages in the 

multilinguals’ repertoire? 

To address the research questions, a group of 12 L1 Polish – L2 English – L3 

Norwegian speakers (mean age = 20) was recruited. The participants were first-year stu-

dents of Norwegian Studies at two Polish universities. (in Szczecin and Poznań). They 

21:5135581370



 13 

were intermediate (around B2) learners of L2 English and beginner (A1) learners of L3 

Norwegian. 

The study was a longitudinal investigation consisting of three separate testing 

times. The first testing time (T1) was conducted after 8 weeks of learning the L3. The 

second testing time (T2) was carried out after the first semester of learning the L3, i.e. 

after approximately 5 months. The third testing time (T3) took place after two semesters, 

that is, after 7 months of learning L3 Norwegian. In each session, the participants were 

recorded reading word lists with stop sounds (voiced and voiceless) placed in stressed 

onset positions followed by a vowel in all three languages. The stimuli included isolated 

one-syllable words with stop sounds (fortis and lenis) placed in stressed onset positions 

followed by a vowel. The words with fortis and lenis stops constituted minimal pairs that 

were elicited in random order. The stimuli were presented in a form of PowerPoint presen-

tations and the recordings for each language block were conducted on different days to 

exclude a potential language-mixing effect. The obtained audio files were force-aligned 

using WebMAUS (Kisler et al., 2017) and VOT boundaries were manually corrected in 

Praat (Boersma & Weenink, 2021). The data was analysed using a logistic mixed-effects 

regression model in R employing a partially Baesian method within the blme package 

(Chung et al., 2013) to avoid the singularity issue. The model specification was as fol-

lows: VOT ∼ Sound*Language*-Session + (Session|Participant) + (Session|Item). 

The results showed that L1 Polish voiceless stops consistently exhibited the short-

est VOT durations, while L2 English voiceless stops yielded the longest values, and L3 

Norwegian values were in between the two. In the voiced series, L1 Polish maintained 

the longest prevoicing, whereas L2 English exhibited the shortest values. Furthermore, 

the descriptive data showed that VOT durations generally changed over time. Specifi-

cally, voiceless stops lengthened, while prevoicing shortened with time across all three 

languages. In addition, the number of unvoiced lenis tokens increased considerably over 

time in L2 English and L3 Norwegian, but not in L1 Polish. 

The statistical analysis revealed language-specific VOT patterns in all three lan-

guages, which means that the VOT production patterns differed significantly across the 

language systems and that CLI was overall not attested in the dataset. However, looking 

from a broader perspective, a change in VOT production patterns over the three testing 

times was well visible, especially with regards to the voiced series of stops, which turned 

out to be produced with fewer prevoiced items in all three languages as the L3 learning 
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progressed. What is more, the study also showed the differences in the behaviour of 

voiced and voiceless stops, with the former being affected by CLI to a greater extent. This 

finding validates the existence of the voiced-voiceless stop asymmetry previously largely 

attested in L2 speech research (e.g. Zając, 2015; Schwartz, 2020; Wojtkowiak, 2022). 

Additionally, the study also revealed a considerable individual variation, especially in the 

case of the voiced stops. 

Summarising, Publication 1 (Cal & Wrembel, 2025) demonstrated that VOT pro-

duction in multilinguals follows distinct patterns across the three languages. However, its 

longitudinal acquisition is a dynamic process influenced by cross-linguistic interactions 

within the language system, affecting the two series of stops differently. The publication 

constitutes an important contribution to the growing body of research on multilingual 

speech, as it offers crucial insights into the development of speech over time. Moreover, 

it is one of the first longitudinal investigations in the field that provide a holistic perspec-

tive, exploring of all three language systems of the speakers in two voicing series of stops. 

See Appendix G for the complete manuscript. 

2.3. Publication 2 (Cal, 2026a): Crossing the boundaries: Perception of voice onset 

time in word-initial stops by multilingual learners 

The primary goal of Publication 2 (Cal, 2026a) was to scrutinise the perception of word-

initial voiced and voiceless stops in the three languages of L1 Polish – L2 English – L3 

Norwegian speakers. Of particular interest was to establish whether the perceptual bound-

ary locations between voiced and voiceless plosives (measured by VOT in ms) for the 

trilingual speakers are subject to CLI and to explore the directionality of the CLI process. 

What is more, the study also offered a comparison with native speakers’ norms for the 

three languages as well as an individual variation analysis. 

The following research questions were posited in Publication 2 (Cal, 2026a): 

• RQ1: Is VOT perception in multilinguals subject to the process of CLI? In what way 

is it different from native speakers’ perception? 

• RQ2: What is the directionality of CLI in the VOT patterns of L1 Polish – L2 English 

–  L3 Norwegian speakers? Is its presence dependent on the PoA of stops? 

• RQ3: How do VOT boundary locations vary for individual participants? 
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To answer the research questions, the following procedure was established. First 

of all, VOT continua were prepared separately for each language and place of articulation. 

They ranged from -100 to 100 ms, consisted of 21 steps (each of 10 ms) and were created 

using a Praat script (Winn, 2020). Then, the tokens were used in a two-alternative forced-

choice (2AFC) task, in which the participants were presented with one random word from 

the continuum and asked whether they heard a voiced or voiceless consonant at the be-

ginning. Every token appeared five times in a randomized order. The experiment was 

conducted in three separate language blocks. Each one lasted around 15min and was pre-

ceded by a language mode introduction. 

The participants included 30 L1 Polish – L2 English – L3 Norwegian speakers 

(aged 21) studying at the Norwegian Studies programme at two Polish universities (in 

Szczecin and Poznań). Their English proficiency ranged from B1 to C2, while Norwegian 

proficiency was in the range of A2 to B1+. Their exposure to Norwegian was extensive, 

as they were taking part in practical Norwegian classes, including speaking, writing, lis-

tening, and pronunciation. The experiment was also carried out on three groups of control 

speakers of respective languages; that is, on 21 L1 Polish (mean age = 22), 18 L1 English 

(mean age = 24) and 10 L1 Norwegian (mean age = 25) functional monolinguals. 

The perceptual boundary between voiced and voiceless stops was determined in 

the place where half of the participants’ responses indicated a voiced sound and the other 

half the voiceless one. The statistical analysis was performed using a Bayesian mixed-

effects logistic regression model, fitted using the brms package (Bürkner, 2017) in R. The 

model predicted binary response outcomes (0 indicating a voiced stop and 1 indicating a 

voiceless stop) using a Bernoulli likelihood with a logit link to assess the effects of VOT, 

language, place of articulation and group, as well as all possible interactions among these 

predictors. Random effects included by-participant varying intercepts, as well as corre-

lated slopes for VOT, place of articulation, and their interaction. The model specification 

was as follows: resp ~ VOT_scaled * language * PoA * group + (1+VOT_scaled*PoA | 

participant). 

The results indicated credible differences between multilingual and control groups 

in the /b-p/ continuum, where the multilinguals responded with a greater number of 

voiced stop choices than the controls in L2 English and L3 Norwegian. It means that, in 

these two languages, their perceptual boundary between the /b/ and /p/ sounds was placed 

earlier in the continuum than in the case of controls. On the contrary, no differences were 
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found between multilinguals and controls in Polish. Taking into consideration the perfor-

mance of the multilingual group only, the findings pointed to credible differences across 

the languages in the /b-p/ and /d-t/ continua; that is, the probability of categorising VOT 

stimuli as voiced was the highest for Polish, followed by English and Norwegian; how-

ever, the magnitude of the effect was greater in the /d-t/ continuum. On the contrary, no 

credible differences were found across the three languages in the /g-k/ continuum. The 

study also uncovered considerable inter- and intra-individual variation among the partic-

ipants with patterns of VOT categorization, confirming the complex nature of CLI. 

To sum up, Publication 2 (Cal, 2026a) demonstrated that multilingual speakers 

experience CLI also in perception; however, it turned out that its nature is rather complex, 

and the directionality and magnitude depend on the place of articulation of stops. That is, 

in bilabial stops, the participants were found to undergo an L1-induced CLI; in coronal 

stops, they maintained separate perceptual systems; whereas in velar stops, they demon-

strated an L3-driven merged perceptual category. The full text of the paper can be found 

in Appendix H. 

2.4. Publication 3 (Cal, 2026b): Is L2 the least stable system? The dynamics of VOT 

trilingual production in Polish-English-Norwegian read and spontaneous speech 

Publication 3 (Cal, 2026b) set out to investigate the production of voiceless and voiced 

stops in both read and spontaneous speech in the three languages of L1 Polish – L2 Eng-

lish – L3 Norwegian speakers, as well as native controls of the respective languages. The 

specific objective of the study was to analyse CLI across the three languages of multilin-

gual speakers and to establish its potential sources and directionality. What is more, the 

paper also aimed to integrate production data with extralinguistic factors, including the 

level of proficiency, exposure, frequency of use and age of acquisition to provide a deeper 

understanding of the dynamics of CLI in three phonological systems. Additionally, the 

study also provided baseline data for VOT in Polish, English, and Norwegian spoken by 

functional monolinguals. 

Publication 3 (Cal, 2026b) strived to answer the following research questions: 

25:1146540523



 17 

• RQ1. Do multilingual speakers of L1 Polish – L2 English – L3 Norwegian exhibit 

CLI in the production of stops? Are there any differences in their VOT production 

compared to native control speakers?  

• RQ2. How is CLI in VOT production of stops manifested across the three languages 

of L1 Polish – L2 English – L3 Norwegian speakers? Is it dependent on the place of 

articulation of stops and/or voicing? 

• RQ3. What is the difference in VOT produced in read vs. spontaneous speech? Are 

CLI patterns attested to an equal extent in the read speech reflected in spontaneous 

speech? 

• RQ4. What is the impact of extralinguistic factors on the production of stops by L1 

Polish – L2 English – L3 Norwegian? Which factors (and to what extent) affect the 

presence or ab-sence, as well as the degree of CLI? 

To resolve the questions driving this study, two speech tasks were conducted for 

Polish, English, and Norwegian. The first task was a reading task of 60 sentences per 

language The stimuli targeted word-initial stop sounds in a stressed onset position that 

was controlled for vocalic context. The target words were embedded into structurally 

similar sentences. The second task elicited spontaneous speech and involved speaking for 

approximately 2 minutes on a designated topic. To prevent language mixing, sessions 

occurred on different days, each preceded by a 3-minute video retelling task to set the 

language mode.  

The study was conducted on a group of 37 L1 Polish – L2 English – L3 Norwegian 

speakers, aged 21, who were students or graduates of Norwegian Studies at two Polish 

universities (in Poznań and Szczecin). On average, the participants were B2 speakers of 

L2 English and B1 speakers of L3 Norwegian. The experiment also involved three control 

groups consisting of native speakers of the three languages; that is, there were 20 L1 

Polish speakers (mean age = 22), 18 L1 English speakers (mean age = 24), and 12 L1 

Norwegian speakers (mean age = 25). The experimental group completed the tasks in all 

three languages, while the control groups completed them only in their native language. 

The results revealed distinct acoustic patterns across the three languages. In L1 

Polish, voiceless stops were produced with the shortest VOTs and were highly compara-

ble between the multilinguals and native controls, while the voiced stops exhibited shorter 

prevoicing in the multilingual group compared to the target. In L3 Norwegian, the multi-

linguals produced voiceless stops with slightly shorter aspiration than native controls, 
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whereas their voiced stops displayed somewhat longer prevoicing and a higher probabil-

ity of prevoicing realisation compared to native Norwegians. Meanwhile, the most sub-

stantial deviations were observed in L2 English. That is, multilinguals produced voiceless 

stops with considerably shorter aspiration and voiced stops with heavy prevoicing, starkly 

contrasting with the near-zero VOTs of native English controls. Similar relational patterns 

were observed in the spontaneous speech data, though with generally shorter VOT in 

voiceless stops and greater variability across all categories. 

The results from read speech analysis demonstrated that the multilinguals signifi-

cantly differed from controls in their production of VOT in L2 English, while in L1 Polish 

and L3 Norwegian they seemed to produce the stops in a more target-like fashion in both 

voiced and voiceless series of stops. This suggests a great deal of influence stemming 

from L1 on L2 in both series of stops, which could have been further enhanced by a newly 

learnt L3. The findings also revealed the asymmetry between the two series of stops in 

terms of their susceptibility to CLI. It was found that the voiced series is more prone to 

undergo assimilative CLI, resulting in a difficult-to-suppress prevoicing in all three lan-

guages, while the voiceless stops were easier to acquire on target. 

In spontaneous speech, multilinguals were able to produce voiceless stops with 

longer VOTs in all three languages compared to the read speech, which could be at-

tributed to the speech rate. At the same time, in the voiced series, the participants main-

tained prevoicing of a similar length in all three languages. This finding could be caused 

by reduced phonetic control, which is also inherent to spontaneous speech. 

Additionally, the data was interpreted within the framework of NGTA (Dzi-

ubalska-Kołaczyk & Wrembel, 2022, 2024). The analysis pointed to the dynamicity and 

complexity of the multilingual system in a specific acquisition situation, which was mod-

ulated by a hierarchy of extralinguistic factors. The predictors of VOT acquisition de-

pended heavily on the voicing series. For the more stable voiceless stops, language re-

mained the primary predictor, followed by L2 age of acquisition, L3 proficiency, and 

speech mode. Conversely, for the highly permeable voiced stops, L2 proficiency, L2 age 

of acquisition, and the frequency of L3 use emerged as the most important factors. 

Overall, Publication 3 (Cal, 2026b) provided a comprehensive investigation into 

CLI in VOT production by L1 Polish – L2 English – L3 Norwegian speakers. The study 

evaluated how stop production differs across groups, languages and speech styles, show-

ing that, in this particular linguistic repertoire, non-facilitative CLI was attested in the 
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case of L2 English, the voiced series of stops and spontaneous speech. Furthermore, the 

research integrated key extralinguistic factors, such as proficiency, frequency of use, and 

exposure to map the dynamics of CLI in multilingual phonological systems. The full pa-

per can be found in Appendix I. 
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Part 3: General discussion 

The third part of this dissertation provides a general discussion of the selected key find-

ings from Publication 1 (Cal & Wrembel, 2025), Publication 2 (Cal 2026a) and Publica-

tion 3 (Cal 2026b). The results obtained from the production and perception studies are 

juxtaposed and the findings from the longitudinal and cross-sectional studies are com-

pared with additional focus on speech modes, acquisition models as well as individual 

variation. Thereafter, the section provides implications, limitations, and future research 

directions. 

3.1. Production data 

Production data were analysed within Publication 1 (Cal & Wrembel, 2025) and Publica-

tion 3 (Cal 2026b). The former provided a longitudinal account, while the latter was a 

cross-sectional study. The findings from both articles demonstrate that multilingual pho-

netic acquisition cannot be reduced to simple unidirectional cross-linguistic influence 

(CLI). Instead, multilinguals actively maintain separate phonetic systems across their 

three languages, while simultaneously exhibiting more targeted and feature-specific 

cross-linguistic interactions.  

In Publication 1 (Cal & Wrembel, 2025), learners displayed statistically distinct 

VOT patterns across L1 Polish – L2 English – L3 Norwegian, which corroborated previ-

ous evidence that multilinguals maintain separate linguistic systems when it comes to the 

production of stops (Z. Liu, 2016; Amengual, 2021; Geiss et al., 2022).  However, it was 

also revealed that these distinct systems shifted concurrently over time (between T1 and 

T3), which was especially visible in the shortening of prevoicing across all three lan-

guages. This points to the emergence of a holistic "global language entity" (cf. Sypiańska, 

2017), in which adding an L3 induces a dynamic change affecting the multilinguals’ sys-

tem as a whole. 

Juxtaposing this longitudinal development with the cross-sectional findings of 

Publication 3 (Cal, 2026b) provides a comprehensive picture of CLI directionality, par-

ticularly regarding the vulnerability of L2 English. In Publication 3 (Cal, 2026b), 

29:4761311658



 21 

participants successfully produced short-lag stops in L1 Polish and near-native long-lag 

stops in L3 Norwegian (which did not differ significantly from native Norwegian con-

trols). In contrast, their L2 English VOT yielded intermediate values. While it was sig-

nificantly longer than L1 Polish VOT, it still remained too short to reach native English 

targets. This pattern points to a complex, bidirectional dynamic where L2 English is sim-

ultaneously constrained by progressive L1-driven CLI and reshaped by regressive L3-

driven CLI. 

This interpretation gains strong longitudinal support from Publication 1 (Cal & 

Wrembel, 2025). Using T1 data as a baseline proxy for L1 Polish-L2 English bilinguals 

prior to substantial L3 acquisition, Publication 1 (Cal & Wrembel, 2025) demonstrated 

that learners already possessed relatively high L2 English VOT values. Crucially, their 

L2 English VOT durations lengthened further across subsequent sessions (i.e., T2 and 

T3) alongside intensive Norwegian instruction, despite limited communicative exposure 

to English. This points to a cumulative effect of L3 learning, where multilinguals likely 

detect the phonetic similarity between two shared long-lag systems (English and Norwe-

gian) and assimilate VOT values across them, or conversely, struggle to fully reach long-

lag targets due to deeply rooted L1 short-lag motor routines (Bandeira & Zimmer, 2012; 

Llama & Cardoso, 2018). The prevalence of CLI in L2 English might be caused by the 

lack of phonetic training in L2 English, as the multilinguals attended Norwegian pronun-

ciation classes in their Norwegian studies programme, but did not receive any explicit 

pronunciation training in L2 English, which could have led to smaller awareness of the 

English pronunciation rules. 

3.1.1. VOT across speech modes 

One of the main aims of Publication 3 (Cal, 2026b) was to establish any potential differ-

ences in VOT production between read and spontaneous speech. The results demonstrated 

that phonetic CLI and category distinctiveness were modulated by speech mode. While 

read speech fostered more monitored, target-like articulations, spontaneous speech trig-

gered greater acoustic variability and heightened vulnerability to CLI. Participants suc-

cessfully preserved the primary phonological contrast between short-lag L1 Polish VOT 

vs. long-lag L2 English and L3 Norwegian in both tasks; however, spontaneous 
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production yielded significantly longer VOTs in voiceless stops as well as the persistence 

of prevoicing across all three languages. Although, the participants produced relatively 

longer and, what might seem like, more target-like VOT values in their L2 English and 

L3 Norwegian voiceless stops, this acoustic lengthening could partly stem from reduced 

cognitive control (Jerotijević Tišma, 2019) and lower speech rate, which is a characteris-

tic of less proficient, newly acquired languages. As communicative and processing de-

mands increase in spontaneous interaction, attentional control over fine-grained laryngeal 

timing diminishes, resulting in a bidirectional CLI. 

At the same time, this interaction between task type and laryngeal timing remains 

complex and potentially confounded by speech rate. Because native control speakers 

communicating casually in their L1 typically exhibit higher speech rates this naturally 

leads to shorter VOT values. The longer VOT durations observed in the multilingual par-

ticipants' L2 and L3 may partially reflect a slower rate of speech rather than category 

expansion per se. Consequently, more empirical data from a larger pool of participants as 

well as diverse and more controlled speaking tasks, which systematically measure speech 

rate, are still needed. 

3.1.2. Asymmetry between voiceless and voiced stops 

Both Publication 1 (Cal & Wrembel, 2025) and Publication 3 (Cal, 2026b) attested an 

asymmetry between the voicing series in the production of stops. Across both studies, 

voiceless plosives exhibited higher stability and more target-like VOT realisations across 

languages, whereas voiced plosives were characterised by prevalent CLI, and longitudi-

nal shifts. Specifically, in Publication 1 (Cal & Wrembel, 2025), the longitudinal investi-

gation revealed significant compression of prevoicing and a growing proportion of un-

voiced tokens in voiced stops across all three languages between T1 and T3, while the 

voiceless series exhibited more stability over time. Similarly, in Publication 3 (Cal, 

2026b), group comparisons against native controls demonstrated that non-target-like re-

alisations were predominantly concentrated in the voiced series, most notably in L2 Eng-

lish, where learners produced non-nativelike prevoicing. These results are in line with the 

findings from the second language acquisition research attesting an asymmetrical 
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behaviour of the two series of stops (e.g., Wojtkowiak, 2022; Schwartz et al., 2020; Bless, 

2015). 

There are several factors that could account for this asymmetry. The first one is a 

possible greater perceptual salience of voiceless stops. Aspiration noise in fortis plosives 

is a robust and perceptually prominent feature. Therefore, the contrast between short-lag 

and long-lag stops can be readily noticed by learners, which facilitates the establishment 

of separate phonetic categories (Flege, 1995; Flege & Bohn, 2021). On the contrary, voic-

ing lead in lenis stops has lower perceptual salience and it could be more difficult for 

learners to detect subtle differences between prevoicing and short lag. This could lead to 

the lenis series being less monitored and thus more susceptible to category assimilation. 

Secondly, the production of prevoicing is more demanding, as it requires a spe-

cific articulatory gesture that involves laryngeal voicing and an oral closure (Zhang, 2022; 

Zhang et al., 2023). Because of that, speakers may experience greater difficulty establish-

ing a negative VOT category or controlling it consciously. Therefore, the participants 

struggled to suppress prevoicing in L2 English, resulting in the persistence of prevoicing 

habits stemming from L1 Polish. What is more, from the perspective of phonology, as 

described within the Onset Prominence theory (cf. Schwartz, 2020), prevoicing is con-

sidered to be a low-level phonetic detail, while aspiration is an easier-to-notice phonolog-

ical feature. 

Finally, it is important to also consider pronunciation instruction. The participants 

from both Publication 1 and 3 received explicit pronunciation instruction exclusively in 

L3 Norwegian, which distinguishes between prevoicing in voiced stops and aspiration in 

the voiceless ones. Therefore, no explicit instruction was given on how to suppress the 

voicing in L2 English, leaving the English voiced stops vulnerable to CLI from both L1 

Polish and L3 Norwegian. 

3.2. Perception data 

Publication 2 (Cal, 2026a) aimed to complete the picture by dealing with stop perception. 

The findings demonstrated that VOT perception in multilinguals is subject to CLI with 

both its presence and directionality strongly conditioned by the place of articulation and 

cross-language similarity. Statistical analyses revealed credible differences between the 
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multilingual experimental group and native control speakers, indicating that multilinguals 

perceive stop consonants differently than controls. Descriptive statistics showed that the 

multilingual group tended to place their perceptual boundaries across languages closer 

together than the control groups, pointing to an overall assimilation of categories. Further 

pairwise comparisons demonstrated that these group differences were driven by the place 

of articulation, revealing context-specific instances of CLI rather than a uniform transfer 

across the language inventory. 

Importantly, cross-language similarity emerged as a primary factor affecting per-

ceptual boundary locations, which provides further empirical confirmation for the key 

tenets of the Speech Learning Model (SLM; Flege, 1995; Flege & Bohn, 2021). Rather 

than showing a uniform pattern across the whole stop inventory, in the case of L1 Polish 

– L2 English – L3 Norwegian participants, each place of articulation is characterised by 

a varying degree of cross-language similarity and perceptual salience. In line with the 

SLM, these differences determine whether sounds are perceived as similar and undergo 

equivalence classification into a single merged category, or whether they are perceived 

as distinct, leading to the formation of separate phonetic categories across the bilabial, 

coronal, and velar continua. 

In the bilabial continuum, the multilinguals maintained Polish-like identification 

patterns in their three languages, which suggests considerable L1-driven influence on the 

remaining foreign languages. Because the acoustic and articulatory features of bilabial 

stops are very similar across languages, listeners might not have heard the fine-grained 

differences between them. In accordance with the SLM (Flege, 1995; Flege & Bohn, 

2021), this high cross-language similarity leads to equivalence classification, resulting in 

a single, merged perceptual category for the /p-b/ continuum across the three languages 

which is governed by L1 Polish-induced progressive CLI. 

The opposite pattern can be noticed in the coronal continuum, which has a lower 

cross-linguistic similarity and higher perceptual salience, due to the articulatory differ-

ences. Coronal stops are dental in Polish (Dukiewicz & Sawicka, 1995), alveolar in Eng-

lish (Roach, 2009), and highly variable in Norwegian (Kristoffersen, 2000). These differ-

ences could have prevented equivalence classification and allowed the participants to 

establish separate, language-specific perceptual categories. This tendency was clearly vis-

ible in the data, as the /t-d/ identification patterns of multilinguals did not differ credibly 

from native control baselines in any language, showing native-like category separation. 
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Yet another tendency emerged in the velar continuum, where the multilinguals 

relied on longer VOT values for stop identification across all three languages compared 

to control baselines. Velar stops naturally display longer VOT durations across the three 

languages, which increases their cross-language similarity in the fortis series. Rather than 

preserving native-like L1 boundaries for the /k-g/ continuum, prolonged exposure to long-

lag L2 and L3 stops could have resulted in a merged perceptual category driven, this time, 

by regressive, cumulative L2- and L3-induced CLI as well as an attested L1 drift. 

3.3. Informing theoretical models of multilingual acquisition 

One of the main goals of Publication 3 (Cal, 2026b) was to further test the applicability 

of the Natural Growth Theory of Acquisition NGTA (Dziubalska-Kołaczyk & Wrembel, 

2022, 2024) to multilingual speech acquisition. Moreover, it seemed vital to evaluate 

other theoretical frameworks proposed in the L3 domain in terms of their relevance to 

predict CLI behaviour in multilingual speech. The empirical data stemming from all three 

publications (Cal & Wrembel, 2025; Cal, 2026a; Cal, 2026b) could serve to provide some 

new insights into the predictive power of the existing third language acquisition models. 

Overall, the results seem to fail to support models positing the wholesale transfer, 

such as the Typological Primacy Model TPM (Rothman, 2010, 2015). As it was attested 

in the current data, the participants maintained distinct, language-specific VOT categories 

in voiceless stops production and coronal perception, while simultaneously exhibiting 

hybrid realisations of the voiced series, as well as perceptual L1-driven CLI in bilabials, 

and L3-driven CLI in velars. It can, therefore, be stated that phonetic acquisition is prop-

erty-dependent, selective, and conditioned by linguistic factors. 

Furthermore, the results do not support models that predict only facilitative CLI, 

such as the Cumulative-Enhancement Model (CEM; Flynn et al., 2004). As observed in 

L2 English productions, participants largely maintained non-target-like realizations of 

voiced stops. Although this outcome may have been modulated by the cumulative effect 

of learning two languages with prevoicing, it clearly demonstrates the occurrence of non-

facilitative CLI. 

When examining voiceless stops, the results offer compelling evidence for the 

privileged role of the L2 status factor (Bardel & Falk, 2007, 2012). Because L1 Polish 

34:4661166158



 26 

relies on short-lag VOT and lacks aspiration, L2 English could serve as the primary sup-

plier for long-lag aspiration in L3 Norwegian. This demonstrates that learners actively 

relied on, previously acquired, longer VOT in their L2, rather than their native language 

when establishing aspirated categories. However, it cannot be unequivocally stated if this 

influence reflects complete, wholesale transfer of the L2 phonological system, as the par-

ticipants already exhibited non-target-like prevoicing in their L2 English productions. It 

is, thus, impossible to determine the exact source of prevoicing in L3 Norwegian. Specif-

ically, whether it was transferred directly from the L1 Polish, or whether it was supplied 

via the L2 English system, which had already undergone persistent L1 influence. 

From a different perspective, production data might also align well with the mod-

els that assume property-by property transfer, such as the Linguistic Proximity Model 

(LPM; Westergaard et al., 2017) and the Scalpel Model (Slabakova, 2017), with the latter 

also positing the conditioning influence of external variables. It cannot be ruled out that 

the results show selective transfer of specific phonetic features across the repertoire. That 

is, prevoicing in Norwegian voiced stops could have been reinforced by L1 Polish, 

whereas aspiration in voiceless stops could be influenced by L2 English. In addition, the 

Random Forest analysis in Publication 3 (Cal, 2026b) confirmed that this process is mod-

ulated by extralinguistic factors such as exposure and language use, directly supporting 

the Scalpel Model (Slabakova, 2017). At the same time, Publication 2 (Cal, 2026a) re-

vealed the importance of cross-linguistic similarity in multilingual perception posited 

within the SLM (Flege, 1995; Flege & Bohn, 2021).  

These frameworks, however, focus on progressive CLI into the L3 and do not 

consider the dynamicity of the multilingual system as a whole. With respect to regressive 

CLI, the results reported in Publication 3 (Cal, 2026b) only partially corroborate the Pho-

nological Permeability Hypothesis (PPH; Cabrelli Amaro & Rothman, 2010). Although 

L2 English proved to be the most susceptible to CLI, especially regarding voiced stops, 

this permeability was largely attributable to L1 rather than L3. This L1 influence was also 

visible in T1 of Publication 1 (Cal & Wrembel, 2025), where participants produced pre-

voicing in voiced stops at the very start of their L3 Norwegian exposure. Consequently, 

these findings highlight the need to look at the bigger picture. Rather than focusing on 

unidirectional effects, researchers must account for continuous interactions across the en-

tire multilingual repertoire. 
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The present data also lend strong empirical support to the Natural Growth Theory 

of Acquisition (NGTA; Dziubalska-Kołaczyk & Wrembel, 2022, 2024). The theory pos-

its that cross-linguistic interactions are dynamic, continuous, and conditioned by a wide 

array of linguistic and extralinguistic factors. In line with this perspective, the CLI pat-

terns observed across Polish, English, and Norwegian cannot be accounted for by static 

transfer models relying on a single source-recipient relationship. Instead, the considerable 

individual variability substantiates the NGTA's view that phonetic systems organically 

evolve and co-exist within a multilingual repertoire. 

Concluding, the existing models of TLA appear not to be fully sufficient to ac-

count for the process of multilingual speech development, if they focus exclusively on 

linguistic factors and progressive CLI. Instead, the field requires a more comprehensive 

framework that would account for extralinguistic variables (such as proficiency, age of 

acquisition, and frequency of use, among others) alongside cross-language similarity, 

while fully accommodating the dynamics of multilingual development. 

Another important reason why (morpho)syntactic frameworks struggle to account 

for phonetic data is the nature of the data itself. While syntactic research usually operates 

on discrete, categorical structures, phonetic data are, more often than not, continuous. 

Therefore, it can be subject to subtle cross-linguistic acoustic interactions that categorical 

models cannot easily capture, such as the shortening or lengthening of aspiration. Yet, 

this does not come without a cost, which is that such small shifts are extremely difficult 

to categorise into a single CLI source-recipient relationship, especially if found across all 

language systems. The ideal model of multilingual speech acquisition would need to op-

erate more globally, accounting for all languages of a speaker, their similarities, but also 

a variety of external factors guiding the process of speech acquisitions by multilinguals. 

So far, the Speech Learning Model (SLM; Flege, 1995) and its revision (Flege & Bohn, 

2021) seem to effectively predict CLI patterns in multilingual speech based on perceived 

cross-language similarity. The NGTA (Dziubalska-Kołaczyk & Wrembel, 2022, 2024) 

can also be useful if we want to broaden the perspective to extralinguistic variables and 

their impact on CLI. However, more analyses are still needed to determine the importance 

of certain linguistic and extralinguistic factors in shaping multilingual speech. 
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3.4. Individual variation 

Individual variation in the acquisition of stops was assessed in Publication 1 (Cal & 

Wrembel, 2025) and Publication 2 (Cal 2026a). The articles provide data from a longitu-

dinal investigation of stop production and a cross-sectional study on stop perception, re-

spectively. Besides the group tendencies, the analysis of individual profiles revealed sub-

stantial inter- and intra-speaker variation that highlights the non-linear, dynamic nature 

of multilingualism (Gut et al., 2023; Wrembel et al., 2022). 

The longitudinal production study in Publication 1 (Cal & Wrembel, 2025) un-

covered different individual developmental paths. In the voiceless series, some partici-

pants maintained separate patterns across their three languages, whereas others assimi-

lated L2 English and L3 Norwegian, simultaneously separating L1 Polish. In the voiced 

series, individual developmental trajectories between T1 and T3 included non-linear up-

turns and downturns, with the greatest shifts frequently occurring at T2. In the perception 

study, presented in Publication 2 (Cal, 2026a), individual variation data also revealed 

distinct CLI profiles rather than a uniform group pattern. While certain speakers demon-

strated a complete L1-L2-L3 category overlap across continua, others exhibited isolated 

L1 phonetic drift (cf. Chang, 2019), distinct L2-L3 merger separate from the L1, or L1-

L3 influence. 

These individual patterns corroborate that multilingual acquisition is dynamic and 

variable, uncovering the need to integrate individual differences into models of multilin-

gual speech acquisition. The substantial variability attested in VOT production and per-

ception could be shaped by individual differences in L2/L3 proficiency, frequency of use, 

language aptitude, and auditory sensitivity, among others. Therefore, it seems vital to 

include such external factors into the investigations and theoretical reasonings. 

3.5. Implications 

Research on single speech sounds can be seen as rather abstract by those outside the field, 

often prompting questions such as “What does it really mean?” or “Why does it matter?”. 

While the purpose of the research might seem obvious to phoneticians, for non-
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professionals it might not be so. Nevertheless, the findings of this PhD dissertation carry 

both theoretical and practical value.  

For phoneticians, it provides much-needed up-to-date baseline VOT data for na-

tive speakers of Polish, English, and Norwegian, while also offering empirical data on 

non-native production and perception. Furthermore, these results underline the need to 

expand research into new, understudied language combinations and move toward a more 

holistic framework that takes into account cross-language similarity, individual variation, 

and the influence of extralinguistic factors within the dynamics of multilingualism. 

For language teachers and learners, the findings have clear pedagogical implica-

tions. The research identified which languages and sounds are more vulnerable to CLI, 

and consequently, more likely to contribute to accented speech. Bringing these findings 

into the pronunciation classroom can raise phonetic awareness and help teachers design 

more effective pronunciation practice tailored to multilingual learners. 

Finally, for the broader public, this thesis can serve as a tool to raise awareness of 

the prevalence and nature of multilingualism. With the majority of the world’s population 

speaking at least two languages (Grosjean, 2024), scrutinizing cross-linguistic influence 

can show that non-canonical phonetic realisations are not errors, but natural manifesta-

tions of multi-competence. In essence, everyone speaks with an accent and nowhere is 

this phonetic reality more pervasive than in multilingual speech. 

3.6. Limitations and future research directions 

Notwithstanding the contributions presented in the preceding sections, the current project 

was not free from limitations. The following section outlines methodological constraints 

encountered across the three publications, pairing each one with recommendations for 

future research. 

The primary limitation across the studies concerns the pool of participants, espe-

cially in Publication 1 (Cal & Wrembel, 2025). The longitudinal design led to a reduced 

number of participants due to a considerable drop-out rate after T1, which constrained the 

statistical power needed for fitting the models with three-way interactions. To address 

this issue, future research should recruit larger initial cohorts to prevent the participant 

loss linked to longitudinal studies. Similarly, Publication 3 (Cal, 2026b) would have 
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benefited from a larger sample size for both the multilingual group and the native controls 

to ensure that the number of participants matched for specific extralinguistic factors is 

more comparable.  

The second limitation relates to the elicitation tasks and speech modes. While read 

speech lists with word-initial stressed onsets provided high phonetic control in Publica-

tion 1 (Cal & Wrembel, 2025), they lacked the ecological validity of natural speech. Fur-

thermore, when comparing sentence reading and spontaneous speech in Publication 3 

(Cal, 2026b), the dataset suffered from an unbalanced number of observations across the 

two speech modes, alongside potential speech rate differences that were not extensively 

measured. Future research should implement more structured elicitation tasks, such as 

picture-based storytelling, that combine ecological validity with targeted elicitations of 

specific sounds. Future designs should also balance the number of tokens between speech 

modes and control for speaking rate across tasks. 

Yet another source of weakness in this dissertation concerns the perception study 

in Publication 2 (Cal, 2026a). The experiment would benefit from a greater control over 

stimuli preparation to avoid a potential influence of secondary voicing cues on the per-

ception of VOT. Even though the issue was addressed by adjusting F0 values, further 

attention to this aspect would likely enhance the validity and interpretability of future 

finding. What is more, the investigation could also consider the variability in participants’ 

L2 and L3 proficiency levels, especially when it comes to the individual variation across 

the participants. Other individual differences could also be taken into consideration to-

gether with the development of perception trajectory over time. 

Another limitation involves the composition of the control groups. While native 

controls were tested for Polish, English, and Norwegian across the studies, Publication 3 

(Cal, 2026b) could have further benefited from an L1 Polish – L2 English bilingual con-

trol group. Including such participants in future studies would help isolate whether the 

observed CLI in L2 English voiced stops stems strictly from L1 Polish or is reinforced by 

L3 Norwegian. 

Finally, in future research the empirical scope should be expanded beyond the 

current triad of L1 Polish–L2 English–L3 Norwegian to include speakers of different lin-

guistic repertoires and other sounds, thereby testing the generalisability of the findings 

presented in this PhD dissertation. 
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Conclusion 

The present PhD dissertation aimed to provide a comprehensive analysis of stop produc-

tion and perception by multilingual speakers of L1 Polish – L2 English – L3 Norwegian. 

To this end, a longitudinal study on VOT production (Publication 1; Cal & Wrembel, 

2025) and two cross-sectional studies, one on VOT perception (Publication 2; Cal 2026a) 

and one devoted to VOT production (Publication 3; Cal 2026b), were conducted. Overall, 

the findings demonstrate that multilingual phonetic acquisition is neither static nor gov-

erned by wholesale transfer from a single language system. Instead, all languages of tri-

lingual speakers operate as a dynamic, interconnected system, where cross-linguistic in-

teractions are conditioned by voicing series, place of articulation, speech mode, 

similarity, and individual variation. 

In the production domain, the findings from Publication 1 (Cal & Wrembel, 2025) 

and Publication 3 (Cal, 2026b) show that while learners maintain separate, language-spe-

cific VOT patterns across their three systems, these systems undergo subtle, continuous 

changes. The longitudinal investigation (Cal & Wrembel, 2025) demonstrated that the 

acquisition of L3 triggers a shortening and, in some cases, complete loss of prevoicing 

across all three languages. This entails the adaptation of a global multilingual repertoire 

rather than an isolated addition of the third language to the system. Furthermore, both 

Publication 1 (Cal & Wrembel, 2025) and Publication 3 (Cal, 2026b) revealed an asym-

metry between the two voicing series. That is, voiceless stops proved easier to acquire 

and exhibited more stable, target-like realisations, whereas voiced stops were more prone 

to CLI. This susceptibility to CLI in voiced series was particularly attested in L2 English, 

where learners experienced difficulties suppressing prevoicing due to the combined pro-

gressive CLI from L1 Polish and the reinforcing presence of prevoicing in newly learnt 

L3 Norwegian. 

In the perception domain, Publication 2 (Cal, 2026a) expanded these results by 

revealing that perceptual boundary locations between voiced and voiceless stops are like-

wise subject to CLI, but in a manner determined by the place of articulation. That is, 

bilabial stops were dominated by L1-induced CLI, coronal stops were kept separate 

across languages while velar stops demonstrated an L3-driven merged perceptual cate-

gory characterized by the perceptual boundary placed later in the continuum. 
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Additionally, Publication 1 and 2 pointed to substantial individual variation, which con-

firms that varying perception and production patterns across individuals constitute an in-

herent property of multilingual perception and production. 

The novelty of this PhD dissertation lies in its holistic approach to multilingual 

speech acquisition. First of all, it adds up to a very limited body of longitudinal research 

on multilingual acquisition of stops. The unique contribution of this work is in its com-

prehensive scope, as it tracks the developmental trajectories of both voicing series across 

all three places of articulation (bilabial, coronal, and velar), all three languages spoken by 

the participants (L1 Polish, L2 English, L3 Norwegian), and three testing times. By scru-

tinising the development of stops, the study provides new empirical evidence of how lan-

guage systems evolve and interact over time. Secondly, the thesis extends the investiga-

tion to VOT perception, which is a lesser explored domain in speech acquisition, 

especially from a multilingual perspective. The study offers a thorough investigation of 

all three places of articulation across three languages in comparison with native controls 

for each language. Furthermore, it extends the existing research by comparing stop pro-

duction in two speech modes and sheds more light on individual variation. All in all, the 

current dissertation addresses research gaps in the extant literature and contributes to a 

better understanding of the dynamics of cross-linguistic interactions in VOT acquisition 

in trilingual speakers. 
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Abstract 

With the majority of the world’s population speaking two or more languages (Grosjean, 

2024), multilingualism has become a norm rather than exception. Thus, it seems vital to 

explore how, in expanding linguistic repertoire, co-existing language systems interact. 

Voice onset time (VOT) has served as one of the primary acoustic metrics to examine 

cross-linguistic interactions during stop consonant acquisition (e.g., Amengual, 2021; 

Llama & Lopez-Morelos, 2016; Sypiańska, 2017; Wrembel, 2015). However, current un-

derstanding of how cross-linguistic influence (CLI) manifests across a trilingual reper-

toire remains limited by several empirical gaps. First of all, prior L3 acquisition studies 

have focused overwhelmingly on voiceless stops, despite growing evidence of an asym-

metry between voicing series, where voiced stops show markedly higher susceptibility to 

phonetic variation and non-target-like CLI (e.g., Gabriel et al., 2018; Geiss et al., 2022; 

Zhang et al., 2023). Additionally, longitudinal data capturing how phonetic systems re-

structure over time are scarce and the area of stop perception across multilingual catego-

ries remains underexplored (J. Liu et al., 2019; Z. Liu, 2016). Moreover, the majority of 

investigations continues to rely on more controlled read speech at the expense of sponta-

neous, ecologically valid production. 

To address these gaps, this PhD dissertation adopted a holistic approach to inves-

tigate the acquisition of stop consonants across the speakers' entire linguistic repertoire 

(L1 Polish, L2 English, and L3 Norwegian). The thesis aimed to examine both production 

and perception across all three places of articulation (bilabial, coronal, and velar) in both 

voicing series through three interconnected publications. 

Publication 1 (Cal & Wrembel, 2025) tracked the longitudinal development of 

VOT production during the first year of L3 learning, determining whether novice learners 

maintain separate language-specific categories or experience progressive and regressive 

CLI. The results showed that VOT production in multilinguals follows distinct patterns 

across the three languages. However, its longitudinal development is dynamic and influ-

enced by cross-linguistic interactions, affecting the two voicing series of stops differently. 

Publication 2 (Cal, 2026a) investigated multilingual perception, assessing how 

CLI affects perceptual category boundary locations between voiced and voiceless stops. 

The findings demonstrated that multilingual speakers also experience CLI in perception, 
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but that its directionality and magnitude depend on place of articulation. Bilabial stops 

underwent L1-induced CLI, coronal stops maintained separate perceptual systems, and 

velar stops exhibited an L3-driven merged category. 

Publication 3 (Cal, 2026b) compared VOT realisations across read speech and 

spontaneous speech, while also evaluating the role of extralinguistic factors. The study 

revealed non-facilitative CLI in L2 English. What is more it pointed to the asymmetrical 

behaviour of the two voicing series of stops, showing that the voiced series is more vul-

nerable to CLI than the voiceless one. It also attested more variability in spontaneous 

speech. The research integrated key extralinguistic factors, such as proficiency, frequency 

of use, and exposure to map the dynamics of CLI in multilingual phonological systems. 

All in all, the findings of the present PhD project provide new insights into re-

search on multilingual speech acquisition by offering a holistic and comprehensive anal-

ysis of stop acquisition in a single linguistic repertoire. 

43:4180164766



 35 

Streszczenie 

W obliczu faktu, że większość populacji świata posługuje się co najmniej dwoma języ-

kami (Grosjean, 2024), wielojęzyczność stała się raczej normą niż wyjątkiem. Z tego 

względu kluczowe wydaje się zbadanie, w jaki sposób współistniejące systemy językowe 

wchodzą ze sobą w interakcje w ramach rozwijającego się repertuaru językowego. Para-

metr voice onset time (VOT) stanowi jeden z podstawowych parametrów akustycznych 

wykorzystywanych do badania wpływów międzyjęzykowych podczas akwizycji spółgło-

sek zwartych (np. Amengual, 2021; Llama & Lopez-Morelos, 2016; Sypiańska, 2017; 

Wrembel, 2015). Jednakże obecny stan wiedzy na temat przejawów wpływów międzyję-

zykowych (ang. cross-linguistic influence, CLI) w repertuarze trójjęzycznym wciąż ogra-

niczony jest kilkoma lukami empirycznymi. Przede wszystkim, wcześniejsze badania nad 

akwizycją trzeciego języka (L3) koncentrowały się przeważnie na spółgłoskach bez-

dźwięcznych, mimo rosnącej liczby dowodów na asymetrię między obiema seriami 

dźwięczności, w której to spółgłoski dźwięczne wykazują znacznie większą podatność na 

wariancję fonetyczną oraz nienatywny CLI (np. Gabriel i in., 2018; Geiss i in., 2022; 

Zhang i in., 2023). Ponadto, brakuje badań wzdłużnych, które uchwyciłyby restruktury-

zację systemów fonetycznych w czasie, a obszar percepcji spółgłosek zwartych w kon-

tekście wielojęzycznym pozostaje słabo zbadany (J. Liu i in., 2019; Z. Liu, 2016). Co 

więcej, większość analiz wciąż opiera się na wysoce kontrolowanej mowie czytanej kosz-

tem spontanicznej produkcji, która jest bardziej trafna ekologicznie. 

Aby wypełnić te luki, w niniejszej rozprawie doktorskiej zastosowano podejście 

holistyczne do badania akwizycji spółgłosek zwartych w całym repertuarze językowym 

osób wielojęzycznych (L1 polski, L2 angielski i L3 norweski). Celem pracy było zbada-

nie zarówno produkcji, jak i percepcji mowy we wszystkich trzech miejscach artykulacji 

(wargowym, przedniojęzykowym i tylnojęzykowym) w obu seriach dźwięczności w ra-

mach trzech powiązanych ze sobą publikacji. 

Publikacja 1 (Cal & Wrembel, 2025) śledziła rozwój produkcji VOT w ujęciu 

podłużnym podczas pierwszego roku nauki L3, ustalając, czy początkujący uczący się 

utrzymują odrębne, specyficzne dla danego języka kategorie, czy też doświadczają pro-

gresywnego i regresywnego CLI. Wyniki wykazały, że produkcja VOT u osób wieloję-

zycznych przebiega różnie w każdym z trzech języków. Niemniej jednak, jej rozwój w 
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ujęciu czasowym ma charakter dynamiczny i podlega oddziaływaniom międzyjęzyko-

wym, wpływając odmiennie na obie serie dźwięczności spółgłosek zwartych. 

Publikacja 2 (Cal, 2026a) badała percepcję wielojęzyczną, oceniając, jak CLI 

wpływa na lokalizację granic kategorii percepcyjnych między dźwięcznymi i bez-

dźwięcznymi spółgłoskami zwartymi. Wyniki dowiodły, że osoby wielojęzyczne do-

świadczają CLI również w percepcji, lecz jego kierunkowość oraz skala zależą od miejsca 

artykulacji. Zwarte spółgłoski wargowe ulegały wpływowi inicjowanemu przez L1, w 

zwartych spółgłoskach przedniojęzykowych zachowano odrębne systemy percepcyjne, 

natomiast zwarte spółgłoski tylnojęzykowe wykazały wspólną kategorię percepcyjną 

uwarunkowaną przez L3. 

Publikacja 3 (Cal, 2026b) porównywała realizacje VOT w mowie czytanej i spon-

tanicznej, oceniając jednocześnie rolę czynników pozajęzykowych. Badanie ujawniło 

obecność niefacylitatywnego CLI w L2 angielskim. Ponadto wskazało na asymetryczne 

zachowanie dwóch serii dźwięczności, pokazując, że seria dźwięczna jest bardziej po-

datna na CLI niż bezdźwięczna. Odnotowano również większą wariancję w mowie spon-

tanicznej. W pracy zintegrowano kluczowe czynniki pozajęzykowe, takie jak poziom bie-

głości, częstotliwość użycia oraz ekspozycja na język, aby zobrazować dynamikę CLI w 

wielojęzycznych systemach fonologicznych. 

Podsumowując, wnioski z niniejszego projektu doktorskiego wnoszą nowatorski 

wkład w badania nad wielojęzyczną akwizycją mowy, oferując holistyczną i wyczerpu-

jącą analizę akwizycji spółgłosek zwartych w ramach jednego repertuaru językowego. 
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ABSTRACT  
The study aimed to analyse the production of plosive sounds by 
trilingual speakers of L1 Polish – L2 English – L3 Norwegian. The 
main objective was to trace any changes in the VOT production 
of fortis and lenis stops in all three languages (Polish, English and 
Norwegian) produced by novice L3 learners with a focus on 
possible cross-linguistic interactions. The investigation was 
conducted across three testing times throughout the first year of 
L3 learning. The results show that participants maintained 
separate VOT patterns in all three languages. What is more, VOT 
production patterns changed over time, but only in the voiced 
series of stops. The study also provides evidence for asymmetry 
between voiced and voiceless stops, as the two series turned out 
to be a2ected by CLI in a di2erent manner.
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Introduction

Research on cross-linguistic inEuence (CLI) in multilinguals has been in its prime for a 
few decades now. However, compared to other language domains, investigations into 
CLI in phonological acquisition have not been so comprehensive. What is more, the 
majority of studies in this domain seem to be centred on CLI from previously learnt 
languages on the L3, whereas any potential impact on the L1 or L2 has been less 
studied. From a phonological perspective, the acquisition of stops by foreign language 
learners has been a rather popular research agenda for some time now. Nevertheless, 
the L3 literature to date has focused mostly on the voiceless series of stops (e.g. Amen-
gual, 2021; Llama & López-Morelos, 2016; Sypianśka, 2013; Wrembel, 2015). More recent 
investigations also include the voiced counterparts (e.g. Gabriel et al., 2018; Geiss et al., 
2022), but the body of literature on this matter is still rather scarce. What is more, the 
area that remains largely unexplored concerns the developmental aspects of the acqui-
sition of stops by multilingual learners over time, especially when it comes to a holistic 
approach to investigating interactions between all the languages in a speaker’s reper-
toire (but see Nelson, 2022 for a notable exception). Hence, the current study aims to 
fill these gaps by analysing the production of plosives by L1 Polish – L2 English – L3 
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Norwegian speakers at the early stages of learning their L3 throughout three testing 
times. The main objective is to explore whether early-stage multilingual learners 
keep their categories apart while they advance in their L3 proficiency and to trace 
the development of voice onset time (VOT) acquisition in all three languages in both 
series of stops (/p,t,k/ and /b,d,g/).

This paper is structured in the following manner. It begins with a discussion of the state 
of the art in VOT production research in the context of L2 and L3 acquisition. Further, the 
VOT parameter is discussed from the point of view of the three languages under investi-
gation, namely Polish, English and Norwegian. The following sections feature the research 
design and methodology description. Finally, the results are presented and discussed with 
reference to the extant literature on multilingualism.

VOT in bi-/multilinguals1

VOT is a feature of plosive consonants that is a measure of the time between the stop 
release and the voicing onset (Lisker & Abramson, 1964). This parameter is said to be 
the most salient cue that allows to distinguish between voiced (/b, d, g/) and voiceless 
(/p, t, k/) plosives and, what is more, it is considered to be one of the most commonly 
researched phonetic features in the L2 speech literature (Hansen Edwards & Zampini, 
2008). Lisker and Abramson (1964) distinguish three main types of VOT, namely (1) 
voicing lead or prevoicing in which voicing starts before the release of a plosive; (2) 
short-lag VOT in which voicing begins with or just after the release of a stop (VOT duration 
between 0 and 35 ms); (3) long-lag VOT in which voicing begins later after a stop release 
(VOT durations longer than 35 ms).

VOT has been widely researched in the last decades, being a parameter relatively com-
parable across languages and easy to measure. Not only has it been measured by phone-
ticians to make comprehensive descriptions of specific languages, but its analysis has also 
been employed in research on foreign language acquisition to investigate possible cross- 
linguistic interactions during the process of L2 and L3 acquisition.

From the SLA perspective, a number of studies resorted to VOT for an analysis of cross- 
linguistic inEuence. In one of his seminal studies, Flege (1987) examined VOT durations of 
/t/ produced by L1 English speakers who were proficient in L2 French. The obtained 
results indicated that VOT values for L2 French /t/ were in between the target values 
for English and French, suggesting an occurrence of CLI between the two languages. 
Similar trends were also attested for speakers of di2erent linguistic repertoires (cf. 
Flege, 1991; Flege & Eefting, 1987; Flege & Hillenbrand, 1984; Hazan & Boulakia, 1993; 
Thornburgh & Ryalls, 1998; Williams, 1977). What is more, this trend was also observed 
for reverse settings. In Flege’s (1987) study, L1 French speakers who resided in the L2 
English-speaking country produced L1 French /t/ with VOT values in between those of 
English and French, giving the evidence for the existence of L1 drift, which refers to pho-
netic changes in the native language (L1) caused by recent experience in another 
language (L2) (Chang 2019).2

More recent studies on VOT acquisition in bilinguals, however, tend to provide more 
comprehensive analyses, as they focus on both series of stops more often than multilin-
gual studies. Moreover, they point to an interesting asymmetry between voiced and voi-
celess stops in which the voiced stops3 seem to be more prone to CLI than the voiceless 
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ones (e.g. Antoniou et al., 2010; Bless, 2015; Chionidou & Nicolaidis, 2015; Herd et al., 2015; 
Newlin-3ukowicz, 2014; Schwartz et al., 2020; SuNková, 2018). As far as research on Polish 
speakers is concerned, Zajwc (2015) found that they experienced problems suppressing 
pre-voicing in voiced stops but managed to converge with aspirated voiceless plosives. 
This asymmetry between voiced and voiceless series of stops was also observed more 
recently by Schwartz (2020) who examined VOT production in speakers’ L1 Polish and 
L2 English. Experiment 1 focused on L1 phonetic drift and included two groups of L2 
English speakers – learners at B2 level of proficiency who underwent an extensive pho-
netic training in L2 and L1 Polish quasi-monolinguals who had approximately A1-A2 
level of proficiency in English. The findings revealed that VOT values for both groups 
were almost identical for voiceless stops; however, the more proficient group exhibited 
shorter pre-voicing in the voiced series and fewer prevoiced items in general. Experiment 
2 analysed speakers’ L2 English performance across two groups – Polish learners of L2 
English at B1 level of proficiency and sta2 members in the English department at C2 
level of proficiency in English, both of whom were phonetically trained. Again, the 
findings revealed an asymmetry in the realisation of the two series of stops. The VOT 
values for both groups were almost identical for voiceless stops; however, the more profi-
cient group exhibited less and shorter pre-voicing in the voiced series. However, 
between-group di2erences were not found to be significant. The author interpreted 
the findings based on the framework of the Speech Learning Model (SLM; Flege, 1995), 
which posits three-way similarity classification between pairs of sounds into identical, 
similar and di2erent with varied degrees of the resulting equivalence classification. It 
was suggested that the bidirectional CLI observed in the voiced stops may be indicative 
of these sounds being treated as equivalents in Polish and English, which means that the 
voiced stops in these languages were perceived as similar by the participants. It is worth 
noting that this tendency has also been reported for longitudinal data on L1 drift and L2 
production. Wojtkowiak (2022) analysed L1 and L2 productions of word-initial stops by 
three groups of L1 Polish L2 English speakers and a group of Polish functional monolin-
guals. L1 drift results showed that voiceless stops were rather una2ected by the intensive 
acquisition of L2 English, while the voiced category turned out to be more vulnerable to 
the inEuence of the foreign language. What is more, a comparison with L2 data revealed 
that participants must have formed a new category for voiceless stops in English that was 
separate from the Polish ones. On the other hand, voiced plosives were found to be more 
a2ected by the L2, which may mean that the sounds in the two languages were percep-
tually assimilated to a single, shared category (Wojtkowiak, 2022). The author accounts for 
the finding claiming that lenis stops are more vulnerable to CLI than the fortis ones due to 
their di2erent phonological status (see Schwartz, 2020). This claim is embedded in the 
Onset Prominence framework, according to which aspiration in voiceless stops is a pho-
nological feature ([fortis]), while pre-voicing is considered to be a phonetic detail.

Compared to the extensive body of literature on VOT acquisitionin L2, to date,this par-
ameter has received considerably less attention from a multilingual perspective. Yet, with 
multilingualism being the norm in today’s world, it seems vital to examine more linguis-
tically diverse groups of participants. There have been attempts to apply the explanatory 
frameworks put forth in the context of L3 morphosyntax to account for L3 phonological 
acquisition (see, e.g. KopeNková et al., 2023 for an overview); however, in the present con-
tribution we refer only to the L2 status model by Bardel and Falk (2007), as the most 
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applicable one for the interpretation of the current data. On the whole, the existing L3 
studies in this area seem to be rather limited, focusing mostly on the main source of 
CLI in the third language and pointing to L2 inEuence, combined L1-L2 e2ect or providing 
mixed results (e.g. Llama & López-Morelos, 2016; Tremblay, 2007). For example, Llama 
et al. (2010) analysed L3 Spanish spoken by two mirror groups, i.e. L1 English L2 French 
and L1 French L2 English speakers to determine whether it is L2 status or linguistic typol-
ogy that playsx a role in shaping VOT patterns in voiceless stops. The results demon-
strated that the L2 status was the main predictor of L3 VOT values; however, there was 
also some evidencepointing to the interaction of L1 and L2 inEuence. Mixed results 
were also obtained by Wunder (2010), who analysed voiceless stops produced by L1 
German L2 English L3 Spanish speakers performing a reading task. The findings suggested 
either an L1 inEuence or a combined CLI stemming from both L1 and L2. In fact, in most 
cases, the data showed hybrid VOT values in L3 Spanish that could not be classified as 
either L1 or L2 inEuence. Wrembel (2011) studied voiceless stops production by L1 
Polish, L2 English, L3 French speakers, demonstrating that L2 English VOT was produced 
on a target, but L3 values were in-between those of Polish and English. These data 
suggest the co-existence of L2 status e2ect and L1 inEuence thus attesting combined 
CLI. In a further study Wrembel (2015) revealed similar trends showing that L3 might 
be inEuenced by both the first and the second language. It was also concluded that 
this inEuence is gradual, structure-dependent and can only partially be accounted for 
by the existing models of L3 acquisition. Gabriel et al. (2016) compared the L3 French 
VOT patterns of German/Mandarin-Chinese multilingual learners to two control groups 
of monolingual learners and found no significant di2erences; neither in the production 
of /t, d/ nor the learners’ perceived accent. The authors interpret these results as the 
lack of confirmation of any potential advantage of multilinguals when acquiring the pho-
nology of an additional foreign language. However, the source of L1-based transfer was 
hard to determine since the selected background languages (German and Mandarin- 
Chinese) align in terms VOT target values. A more recent study by Amengual (2021), 
however, demonstrated a slightly di2erent trend in terms of possible cross-linguistic inter-
actions. The author examined the production of /k/ by two groups of participants: English- 
Japanese bilinguals and L1 Spanish, L2 English, L3 Japanese speakers. The findings 
revealed that both the bilingual and trilingual speakers were able to maintain language 
specific VOT categories, however, only the latter showed significant di2erences 
between VOT values across languages.

VOT in multilinguals has also been investigated from a more holistic point of view, pro-
viding evidence also for regressive CLI. For example, Sypia.ska (2013) investigated the 
production of word-initial voiceless stops in L1 Polish L2 Danish L3 English speakers. 
She found combined CLI stemming from L1 and L2 to L3 VOT values, but also longer 
VOT values in L1 and L2, which pointed to the possibility of regressive CLI from the L3 
to L1 and L2. Another important contribution was recently made by Nelson (2022), 
who investigated regressive phonological CLI in voiceless stops produced by adolescents 
and adults speaking L1 German, L2 English, L3 Polish. The study explored the develop-
ment of all three languages over four testing times. The author observed significant 
changes to both L1 and L2 over time in the adolescent group and relatively stable L1 
and L2 systems in the adults group suggesting that the stability of background languages 
might depend on age, at least at a group level.
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Surprisingly, only a handful of studies to date have investigated the voiced category of 
stops in L3 in a systematic way. From what has been established, however, it can be 
assumed that a similar asymmetry, as attested in the L2 data, will also be observed in 
L3. Liu (2016) investigated VOT in bilabial stops /p/ and /b/ in L1 Mandarin – L2 English 
participants compared to L1 Mandarin – L2 English – L3 Spanish speakers. L3 learning 
turned out to inEuence the productions of the voiced stop in L1, as well as voiced and 
voiceless stops in L2. What is more, it was revealed that L3 learners maintained three sep-
arate systems for the production of the voiceless stop and one system for the production 
of L1 and L2 voiced stops, but a di2erent one for L3. Gabriel et al. (2018) examined word- 
initial fortis and lenis stops produced in L3 French by multilingual learners speaking 
Russian or Turkish as a heritage language alongside German, their dominant language. 
The results showed that compared with monolingual data, multilinguals produced voice-
less stops closer to the target, but it was not the case for the voiced stops. It is explained 
that the learners might perceive aspiration as more salient than the presence or absence 
of prevoicing. On the other hand, slightly di2erent results were reported by Geiss et al. 
(2022) who analysed voiced and voiceless stops produced by Italian-German heritage 
speakers with L3 English. The findings pointed to separate VOT patterns in both series 
of stops in all three languages.

Table 1 summarises the literature review regarding the multilingual acquisition of VOT. 
All in all, current evidence showsan asymmetry in the acquisition of the two series of stops 
in both L2 and L3 learning contexts. However, the L3 studies have remained quite narrow 
in focus so far dealing mostly with voiceless plosives and not taking into consideration all 
three languages and directions of CLI, nor the developmental aspects of L3 acquisition. To 
the best of our knowledge, no study to date has tackled all of the aforementioned aspects 
jointly. Therefore, the present contribution aims to bridge this gap and o2er new insights 
by exploring longitudinally the acquisition of VOT in voiceless and voiced stops by 

Table 1. Summary of studies investigating multilingual acquisition of VOT.
Investigated 
stops

Investigated type 
of CLI Reference(s) Relevant results

/p, t, k/ Progressive CLI Tremblay (2007); Llama and 
López-Morelos (2016); Wrembel 
(2011); Wrembel (2015)

– Combined L1-L2 eJect on L3 or mixed 
results

Llama et al. (2010) – L2 status was the main predictor of L3 
VOT values  – Combined L1-L2 eJect on L3

Wunder (2010) – L1 or a combined L1-L2 influence on L3
/k/ Amengual (2021) – language specific VOT categories 

maintained
/p, t, k/ Progressive and 

regressive CLI
Sypianśka (2013) – combined L1-L2 eJect on L3  – regressive 

CLI from L3 to L1 and L2
Regressive CLI Nelson (2022) – longitudinal 

investigation
– significant changes to both L1 and L2 

over time in adolescents  – relatively 
stable L1 and L2 systems in adults

/p, b/ Progressive and 
regressive CLI

Liu (2016) – voiceless series: L3 influence on both L1 
and L2, separate language systems 
maintained  – voiced series: L3->L2 
influence, one L1-L2 system, L3 stops kept 
separate

/p, k, b, g/ Progressive CLI Gabriel et al. (2018) – voiceless series produced closer to the 
target than the voiced one

Progressive and 
regressive CLI

Geiss et al. (2022) – separate VOT patterns in both series of 
stops in all three languages
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trilinguals in all of their three languages in order to trace CLI patterns over the first year of 
learning a new L3.

VOT in Polish, English and Norwegian

As far as the languages under investigation are concerned, they di2er considerably in 
terms of their VOT characteristics. Polish is a true voicing language, which means that 
it has prevoicing in voiced stops (/b, d, g/) and short-lag VOT in voiceless stops (/p, t, 
k/) (e.g. Jassem, 2003; Keating et al., 1981). The occurrence of prevoicing in Polish 
voiced stops is high, for example, Sypia.ska (2021) reported 100% of prevoiced 
items in Polish control group, while in Wojtkowiak (2022) fully prevoiced items consti-
tuted over 95% of the tokens. English, on the other hand, is an aspirating language 
that has short-lag VOT invoiced stops (/b, d, g/) and long-lag VOT in voiceless plosives 
(/p, t, k/) (e.g. Docherty, 1992; Lisker & Abramson, 1964). It is important to note that 
some sources report prevoicing in English voiced stops. However, its occurrence is 
rather limited, for example Docherty (1992) reports prevoicing in 7% of the items, 
most of which came from one speaker. For this reason, we still treat English as excep-
tional for its prevoicing status compared to the remaining two languages. Considering 
Norwegian, this language has not received as much attention in the literature in terms 
of VOT as English and Polish. Nevertheless, Czarnecki (2016) claims that the purely 
phonological di2erence between /p, t, k/ and /b, d, g/ pertains to aspiration or lack 
thereof, which might suggest that it is an aspirating language. However, the 
measurements taken by Halvorsen (1998) as well as Ringen and van Dommelen 
(2013) suggest the presence of voicing lead in the lenis stops in about 80% and 
40% of the tokens, respectively, as well as aspiration in the fortis series. Based on 
that, in the current paper Norwegian is treated as a language with both prevoicing 
and aspiration.

Figure 1. Comparison of VOT values of stops in Polish, English and Norwegian.

18 Z. CAL AND M. WREMBEL

66:8955989020



Figure 1 shows approximate VOT ranges of stops in the three languages under 
investigation. Yet, it is important to note that due to di2erences in methodologies, i.e. 
the durations having been measured in various contexts and by di2erent researchers, 
the cross-linguistic comparison should be approached with some caution. For this 
reason, the values presented in Figure 1 reEect general VOT durational tendencies for 
the plosive sounds in the three languages generated from the overview of previous litera-
ture. Furthermore, specific baseline values are not provided as reference points in the sub-
sequent analysis as participants investigated longitudinally are treated as their own 
controls (cf. e.g. Cabrelli Amaro, 2012).

A potential learning scenario for L1 Polish L2 English L3 Norwegian would be as 
follows: as native speakers of a voicing language (such as Polish), learners acquiring an 
aspirating language (such as English) as L2 would need to readjust their phonetic realis-
ation of fortis/lenis distinction in such a way that short-lag voiceless stops would be 
realised as long-lag and, on the other hand, in voiced stops, prevoicing would need to 
be generally suppressed (with a potential caveat that English and Norwegian voiced 
stops are sometimes realised inconsistently in this regard). While learning a language 
with both prevoicing and aspiration (as in the case of Norwegian) as L3, learners would 
need to rely on their L1 to maintain prevoicing in the voiced stops, and on their L2 to 
realise long-lag voiceless stops.

The current study

Aim

The aim of this study is to analyse the production of plosive sounds by L1 Polish – L2 
English – L3 Norwegian speakers. In particular, the goal is to trace the development of 
VOT acquisition in voiceless and voiced stops (/p, t, k/ and /b, d, g/) of all three 
languages (Polish, English and Norwegian) produced by novice L3 learners throughout 
their first year of learning the third language across three testing times. In each session, 
the participants were recorded reading word lists with stop sounds (voiced and voice-
less) placed in stressed onset positions followed by a vowel in all three languages. The 
goal was to explore possible cross-linguistic interactions in the oral productions of mul-
tilingual speakers with a focus on both progressive and regressive CLI.

RQs and hypotheses

The following research questions were posed in order to investigate VOT development 
and possible cross-linguistic interactions in L3 learners: 

RQ1: What sources of CLI can be traced in the VOT patterns in the three languages?

In relation to the first research question, predictions were formed based on certain 
factors that were attested in the literature for determining types of CLI. From the per-
spective of second language acquisition research, the most prevalent source of 
inEuence was ascribed to the first language. L1 status cannot, thus, be excluded 
from the current predictions, as it is assumed to rely on well-established neuro- 
motor articulatory routines in the first language. Taking into consideration typological 

INTERNATIONAL JOURNAL OF MULTILINGUALISM 19

67:2030123426



(genetic) proximity, English and Norwegian are Germanic languages, thus we would 
expect more CLI between L2 and L3 than either of them and Polish which is a Slavic 
language. If we allow for the L2 status e2ect (see e.g. Bardel & Falk, 2007), more CLI 
could be predicted between L2 and L3, due to similar (formal) settings and routes of 
acquisition as foreign languages, as opposed to the naturalistically acquired L1. On 
the other hand, based on purely phonological similarity between the stops in the 
three languages, we could expect a twofold scenario. Since the voiced series /b, d, 
g/ exhibits closer similarity between L1 Polish and L3 Norwegian, we predict more 
CLI to occur between L1 and L3 in this category of stops. Moreover, as the voiceless 
series /p, t, k/ demonstrate closer proximity between L2 English and L3 Norwegian, 
bidirectional CLI should be attested between L2 and L3. Additionally, taking into 
account the assumptions of the Phonological Permeability Hypothesis (PPH, Cabrelli 
& Rothman, 2010), according to which the L1 system is more stable than the L2 that 
is acquired later in life, we do not expect major changes to a2ect the L1, but we 
foresee more CLI from L3 to L2. 

RQ2: How does the acquisition of VOT in trilinguals change over time in the respective 
languages?

With regard to the second research question, we divided our predictions according to 
the three languages under investigation. In L3 Norwegian, we foresee the change in VOT 
values towards more target-like values, as a function of increasing language proficiency in 
this emerging phonological system as well as the frequency of exposure to the L3 input 
(cf. Dziubalska-Kojaczyk & Wrembel, 2024 forthcoming). On the other hand, L2 English is 
the language that the participants are already quite proficient in, thus it constitutes a 
more established system. Consequently, we predict that this language may be less 
prone to changes (cf. Wrembel et al., 2022), so that participants will produce stops with 
VOT close to the target English values at T1 and that these values will not change con-
siderably over time. If any, the change would be observed in voiced stops, as this category 
is more a2ected by CLI even in proficient learners (e.g. Schwartz, 2020). As far as L1 Polish 
is concerned, there may be a potential L1 drift e2ect as a result of the L2/L3 frequency of 
use (cf. Chang, 2013; Wojtkowiak, 2022). Overall predictions of the degree of development 
in the three languages under investigation stem from their varying status, as L1, L2, L3. 
Because of that we expect the greatest changes towards target-like realisation in the 
L3 (due to intense exposure and sensitivity to change); moderate changes in the L2 
(due to its relative stability and the L2 status which predicts some impact of the newly 
learnt L3), and little or no changes in the L1 (due to its being acquired the earliest as 
the first language). 

RQ3: Do voiced and voiceless plosives exhibit similar trends across languages in the multilin-
guals’ repertoire?

With respect to the third research question, based on previous research (e.g. Cal & 
Wrembel, 2022 Wojtkowiak, 2022;), we predict separate, language-specific patterns of 
VOT acquisition in the voiceless stops. That is, we expect participants to maintain VOT 
values in their three languages specific to each respective language, which means 
short-lag VOT in their L1 and long-lag VOT in L2 and L3. Moreover, the voiced series /b, 
d, g/ are hypothesised to be more vulnerable to CLI than voiceless /p, t, k/ due to their 
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di2erent phonological status according to the Onset Prominence framework and predic-
tions (see Schwartz, 2020).

All the predicted scenarios of CLI patterns are summarised in Table 2.

Methods

Participants

The participants of this longitudinal study included 12 L1 Polish speakers, who had 
been learning English as their L2 and had recently started learning L3 Norwegian 
extensively as part of a Norwegian Studies programme at two Polish universities. 
The original pool of participants was larger (N = 24), yet the number was reduced 
over the period of investigation (due to drop-out and various exclusion criteria), 
thus we report only those participants with a complete data set for all the testing 
times. The group consisted of 8 females and 4 males, whose mean age was 19.9 
years old (SD = 0.93).

The participants were asked to fill in the Language History Questionnaire (LHQ; Li 
et al., 2020) in order to obtain information about their language learning history 
and use. Their mean age of onset in L2 English and L3 Norwegian was 8.2 (SD = 4.2) 
and 19 (SD = 1) years, respectively. They were exposed to Norwegian extensively by 
taking part in Practical Norwegian classes as part of their study programme at a uni-
versity. The undergraduate programme focused on literature, linguistics, history and 
practical knowledge of Norwegian.4 The Practical Norwegian classes included speaking, 
writing, listening as well as pronunciation. They were conducted nearly entirely in Nor-
wegian by Polish university lecturers highly proficient in Norwegian, speaking what can 
be broadly described as Eastern Norwegian. At the first testing time, the participants 
had received approximately 80 h of intensive Norwegian instruction, followed by 
195 h at the second testing time, and 300 at the third testing time. Before they 
attended the Norwegian programme, the participants had had limited, almost none, 
contact with L3 Norwegian, as declared in the LHQ. As far as L2 English is concerned, 
they reported exposure through social media and other media platforms, especially 
streaming services. Their study programme did not involve any English classes 
during the first year of studies. Additionally, they claimed not to be proficient in or 
use any other foreign languages apart from those under investigation at the time of 
the study.

Except for the LHQ, the participants also completed proficiency tests in both of their 
foreign languages. Their proficiency in English was measured by means of the LexTALE 

Table 2. Summary of CLI predictions for fortis and lenis stops.

EJect

CLI predictions

Fortis stops Lenis stops

L1 status L1 → L3 L1 → L3
L2 status L2 → L3 L2 → L3
Generic typology L2 ⇄ L3 L2 ⇄ L3
PPH L3 → L2 L3 → L2
Phonological similarity L2 ⇄ L3 L1 ⇄ L3
Voiceless-voiced asymmetry L1 ≠ L2 ≠ L3 L1 = L2 = L3
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test5 (Lemhöfer & Broersma, 2012). Norwegian proficiency was measured using an 
adapted version of the Norwegian placement test that assessed proficiency up to the 
A2 level. Based on the grading criteria the participants were classified as intermediate 
(approximately B2 level) learners of L2 English and beginner (A1) learners of L3 Norwe-
gian. Table 3 summarises the participants’ profile data.

Procedure

All in all, the participants took part in three testing times that included three separate ses-
sions for all three languages under investigation. The first testing time (T1) was conducted 
after 8 weeks of learning the L3. The second testing time (T2) was carried out after the first 
semester of learning the L3, i.e. after approximately 5 months. The third testing time (T3) 
took place after two semesters, that is, after 7 months of learning L3 Norwegian.

Among a battery of production and perception tests, the participants performed 
reading tasks of three word lists separately for each language. The stimuli included iso-
lated one-syllable words with stop sounds (fortis and lenis) placed in stressed onset pos-
itions followed by a vowel. The words with fortis and lenis stops constituted minimal pairs 
that were presented in random order. All in all, the participants read three language lists 
with 30 token words for Polish (5 per stop), 48 for English (8 per stop) and 66 for Norwe-
gian (11 per stop). The number of selected tokens depended on possible vowel contexts. 
The participants were presented with the stimuli on a computer screen and were asked to 
read the words as they appeared on the screen. Recording sessions were carried out in the 
language blocks on separate consecutive days to avoid language mixing. Firstly, the par-
ticipants took part in the Norwegian block, then English and, at the end, Polish. The order 
of experimental tasks remained unchanged across the blocks. Recordings were con-
ducted in a sound-treated booth or a quiet room using Shure SM-35 unidirectional cardi-
oid head-worn condenser microphone and Marantz PMD620 recording device. The 
speech rate of individual participants was controlled in a twofold manner: each individual 
token item was placed at a separate slide and the experimenter controlled for the display-
ing the slides at a steady pace of delivery. The procedure remained unchanged across all 
three testing times.

The obtained recordings were then force-aligned using WebMAUS (Kisler et al., 2017), 
and VOT boundaries were manually corrected in Praat (Boersma & Weenink, 2021). The 
measurements for voiced stops included prevoicing which was annotated from the first 
noticeable pulse of voicing to the release of the closure. The burst and release noise 
were not included. In the voiceless stops, the measurements focused on the duration 
of positive VOT, which was marked from the release of the closure until the onset of 

Table 3. Participants’ profile data.
Mean SD

Age 19.9 0.93
AoA L2 8.2 4.2
AoA L3 19 1
Years of learning L2 11.9 4.5
Years of learning L3 0.3 1.1
L2 proficiency B2
L3 proficiency A1
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the subsequent vowel. All boundaries were placed at zero-crossings. The VOT durations 
were extracted with the use of a Praat script (Lennes, 2002).

Results

This section presents the results of VOT measurements in word-initial fortis and lenis stops 
(/p, t, k/ and /b, d, g/) in the three languages under investigation (L1 Polish, L2 English, L3 
Norwegian) across three testing times (T1, T2, T3). Firstly, overall descriptive statistics are 
provided. Next, VOT measurements for the three languages are reported. Thereafter, the 
obtained results are compared across the three testing times. After that, a comparative 
analysis of the VOT values in the voiced and voiceless stops is presented. Finally, an analy-
sis of individual trajectories of VOT development is o2ered.

Out of the total 5400 tokens, 528 were discarded from the analysis due to them being 
realised without prevoicing or mispronounced. Thus, the total number of tokens, analysed 
for VOT durations, was 4872. Items lacking prevoicing are discussed later in this section. 
Table 4 shows mean VOT values (in ms) for each stop consonant across the three 
languages and testing times. As can be seen, VOT values of voiceless stops have overall 
the shortest lag in L1 Polish and the longest lag in L2 English, while the values for L3 Nor-
wegian stops seem to fall in-between the two. In the voiced stops, L1 Polish exhibited the 
longest pre-voicing values in /b/ and /g/ and L3 Norwegian in /d/, while the shortest pre- 
voicing was found in L2 English.

A logistic mixed-e2ects regression model was run in R (R Core Team, 2024) using a par-
tially Baesian method within blme package (Chung et al., 2013) to avoid singularity. VOT 

Table 4. Mean VOT values (in ms) and standard deviation (in brackets) for each stop consonant across 
three languages and testing times.
Polish p t k b d g

T1 46.8 (17.7) 48.7 (15.0) 72.0 (21.7) −103.3 (30.8) −98.3 (32.5) −86.2 (33.0)
T2 45.0 (17.9) 55.0 (18.3) 71.5 (18.5) −99.3 (33.2) −88.2 (26.0) −77.0 (25.4)
T3 46.9 (19.3) 52.5 (20.4) 73.6 (19.4) −93.1 (32.1) −82.5 (23.3) −74.5 (29.2)
English

p t k b d g
T1 55.4 (19.0) 69.6 (24.6) 82.7 (22.1) −102.6 (31.1) −87.5 (31.1) −82.7 (32.4)
T2 59.9 (23.2) 64.3 (25.3) 88.2 (22.0) −86.5 (30.1) −85.4 (27.4) −75.9 (39.6)
T3 58.4 (20.2) 66.8 (24.4) 88.5 (22.6) −82.3 (29.4) −80.5 (30.7) −72.6 (30.1)

Norwegian p t k b d g
T1 45.4 (21.5) 65.0 (24.3) 79.3 (24.1) −104.7 (42.5) −98.9 (38.4) −85.3 (35.9)
T2 49.5 (25.7) 67.3 (24.6) 73.0 (25.2) −85.8 (32.2) −90.5 (32.3) −81.8 (30.6)
T3 53.6 (25.1) 69.2 (27.2) 78.6 (24.9) −81.2 (28.1) −87.6 (30.5) −68.5 (28.6)

Table 5. Fixed eJects generated in the statistical analysis.
model term df1 df2 F.ratio p-value

Sound 5 126.91 2355.93 <.001
Session 2 11.43 8.90 .005
Language 2 130.29 15.49 <.001
Session:Sound 10 124.14 3.71 <.001
Language:Sound 10 126.12 1.19 .302
Session:Language 4 128.10 2.06 .090
Session:Language:Sound 20 122.57 1.13 .333
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values were included as the dependent variable and Sound, Language and Session were 
added as fixed factors. The model also included interaction between Sound, Language 
and Session as well as by-participant and by-item random slopes for Session. Post-hoc 
analyses were carried out with the use of the emmeans package (Lenth, 2023) by applying 
Tukey adjustments to compare a family of three estimates. This package was also used to 
calculate e2ect sizes. The model specification was as follows: VOT ∼ Sound*Language*-
Session + (Session|Participant) + (Session|Item). Obtained fixed e2ects are presented in 
Table 5. The output of the model is provided in the Appendix.

The results of the analysis pointed to statistically significant main e2ects of Sound (F =  
2355.93, p < .001), Session (F = 8.90, p = .005) and Language (F = 15.49, p < .001), along 
with a Sound by Session interaction (F = 2.06, p < .001).

A post hoc analysis for language revealed statistically significant di2erences between 
all three languages, that is: L2 English – L3 Norwegian (z = 3.011, p = .007), L2 English – L1 
Polish (z = 5.555, p < .001) and L3 Norwegian – L1 Polish (z = 3.265, p = .003).

Mean VOT values generated across the three testing times are visualised in Figure 2. 
The data obtained from the first testing time (T1)shows that VOT values in L3 Norwegian 
voiceless stops fall in-between those of L1 Polish and L2 English, while in the voiced series, 
they seem to approximate L1 Polish values. The values for L2 English are the shortest. In 

Figure 2. Mean VOT values of voiceless and voiced plosives in L1 Polish, L2 English, L3 Norwegian 
across the three testing times (T1-T3).
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the second testing time (T2), L2 English values turned out to be the longest in /p/ and /k/, 
while L1 Polish and L3 Norwegian VOT values appear rather comparable. For /t/, L2 
English and L3 Norwegian approximate one another, while Polish VOT remains the short-
est. For the bilabial voiced plosive /b/, L1 Polish values turned out to be the longest, while 
in the rest of the sounds they are rather comparable. As far as the third testing time (T3) is 
concerned, it can clearly be observed that VOT values are considerably shorter in Polish 
than in L3 Norwegian and L2 English, which exhibits the longest lag for voiceless stops. 
The values generated for voiced stops seem to be rather comparable, with L1 Polish yield-
ing the longest mean VOT in /b/ and L3 Norwegian in /d/. Pairwise comparisons across 
testing sessions pointed to statistically significant di2erences only between T1 and T3 
(z = −4.082, p < .001).

Figure 3 shows mean VOT values of voiceless and voiced plosives produced across the 
three testing times in L1 Polish, L2 English, L3 Norwegian. What can be seen is that, 
overall, in the voiceless series of stops, there is a tendency for VOT to increase with 
time, which is especially visible in L2 English and L3 Norwegian /p/ and /k/. On the 
other hand, in the voiced series, there is a decrease in prevoicing values with time in 

Figure 3. Mean VOT values of voiceless and voiced plosives in three testing times (T1-T3) across the 
three languages (L1 Polish, L2 English, L3 Norwegian).
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all three languages. What is more, as shown in Figure 4, the number of unvoiced items 
increased considerably with time in L2 English and L3 Norwegian, but not in L1 Polish.

A post hoc analysis of the interaction between sounds and testing sessions showed 
that only the voiced series of stops di2ered significantly across three testing times. 
More specifically, the di2erences between T1 and T2 were found for /b/ (z = −3.389, p  
= .002) and /g/ (z = −2.662, p = .021), while the di2erence between T1 and T3 was attested 
for all three voiced stops, namely /b/ (z = −5.911 < .001), /d/ (z = −3.681, p < .001) and /g/ 
(z = −3.908, p = <.001). This suggests that VOT values in these sounds generally increased 
over time, that is, prevoicing became shorter.

To provide a more nuanced understanding of the process of acquisition, we zoomed 
into individual variation by analysing separate trajectories of development, on the one 
hand, to see interactions between the three languages in particular individuals and, on 
the other hand, to observe the development over time. Figures 5 and 6 demonstrate 
individual trajectories of VOT development of voiceless and voiced stops across the 
three testing times in the three languages under investigation. As can be seen, 
the plots point to a considerable individual variation, yet some stable patterns can 
be identified based on the data. Taking into account the relationships between 
languages, in the voiceless series some participants maintain more unified VOT 
values across languages (i.e. participants 41, 58 and 59), while others produce more dis-
tinct VOT values in their three languages (i.e. participants 47 and 63). What can also be 
noticed is that in some of the cases, foreign languages (L2 English and L3 Norwegian) 
are produced in a similar manner that is divergent from L1 Polish. This is visible, for 

Figure 4. Percentage of unvoiced realisations of lenis stops /b, d, g/.
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example, in participants 46 (in /p/ and /k/) or 60 (in /p/). The voiced series appears to 
be more diverse, but still similar patterns of VOT trajectories can be identified. That is, 
unified VOT values across languages can be observed, for example in participants 47, 48 

Figure 5. Individual trajectories of VOT development of voiceless stops across three testing times in 
the three languages.

Figure 6. Individual trajectories of VOT development of voiced stops across three testing times in the 
three languages.
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(in /d/ and /g/), 56 (in /d/) or 63 (in /d/), while more distinct VOT values in the three 
languages can be seen in participants 40, 41 or 60. Participant 44 maintained 
di2erent VOT values for their foreign languages compared to L1 Polish. As far as the 
development over time is concerned, in the voiceless series some of the participants 
experienced an upward trend in the VOT values increasing with time in all three 
languages (e.g. participant 44 in /p/ and /t/, 56 in /t/ and /k/) or in the foreign ones 
(e.g. participant 60 in /p/). On the contrary, a downward trend in VOT durations was 
also attested (e.g. participant 54). Interestingly, a number of participants experienced 
the greatest downturn or upturn at T2.

Discussion

The aim of this paper was to analyse the production of plosive sounds by L1 Polish, L2 
English, L3 Norwegian speakers and potential patterns of cross-linguistic interactions 
over time. Our particular objective was to trace the development of VOT acquisition in 
voiceless and voiced stops (/p, t, k/ and /b, d, g/) in all three languages (Polish, English 
and Norwegian) produced by novice L3 learners throughout their first year of learning 
of the third language across three testing times. To this end, three research questions 
were posed.

The first research question dealt with sources of CLI that could be traced for VOT pat-
terns in the three languages. Predictions were formed based on selected factors that were 
attested in the literature for determining CLI directionality (cf. Puig-Mayenco et al. 2020
for a systematic overview of morphosyntactic transfer studies in third language acqui-
sition), including typological proximity, L2 status factor (see e.g. Bardel & Falk, 2007), pho-
nological similarity between the language systems and PPH (Cabrelli & Rothman, 2010). 
The present results do not confirm any of the predictions made with regards to potential 
sources of CLI. In fact, the VOT production patterns di2ered significantly across the three 
languages, thus indicating that multilingual learners regard the three systems as distinct. 
This finding is in line with previous research (Amengual, 2021; Geiss et al., 2022; Liu, 2016) 
which also attested separate language systems. Although Amengual’s study focused only 
on a velar plosive /k/, it clearly showed that language-specific VOT categories were main-
tained in multilingual learners to a higher degree than in bilinguals. What is more, the 
study by Geiss et al. (2022) that analysed the production of voiced and voiceless stop 
sounds also indicated separate VOT patterns in both series of stops in all three languages 
pointing to the possibility of bilingual advantage. In turn, our participants were rather 
advanced in their second language (English) which might have led to a di2erent realis-
ation of VOT in their newly acquired L3.

The second question in this study sought to determine how VOT patterns in trilinguals 
change over time. We expected VOT durations in L3 Norwegian stops to change towards 
more target-like values, as a function of increasing language proficiency in this emerging 
phonological system as well as the frequency of exposure to the L3 input. We did not 
foresee any major changes in the L2 English stops because of the participants’ rather 
advanced proficiency in this language, but if any, we expected more change to a2ect 
the lenis series, which would be in line with the existing literature (e.g. Gabriel et al., 
2018; Schwartz, 2020; Schwartz et al., 2020; Wojtkowiak, 2022). For L1 Polish we predicted 
a potential L1 drift e2ect as a result of the L2/L3 frequency of use (e.g. Wojtkowiak, 2022). 
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The results, however, did not point to an interaction between Language and Session. 
Thus, we cannot explicitly state how particular languages were a2ected over time, yet 
we witness a change in progress between T1 and T3 in the overall system of multilingual 
learners. On the whole, we attested di2erences in VOT realisation between T1 and T3, 
which can be interpreted as indicating a potential inEuence of an additional language 
(i.e. L3) being added to the multilingual system in the VOT production patterns. Although 
we found that VOT values are significantly di2erent in all three languages, it can be stated 
that the whole multilingual system changed with time in one direction, especially in terms 
of voiced stops, where we observed shortening of prevoicing across times. Adding Nor-
wegian as a third language into the system might have caused that the participants 
associated it with L2 English (a voicing language) due to their typological proximity 
and as a result of the L2 status e2ect. This, in turn, could have led to the decrease of pre-
voicing in all three languages, as a gradual inEuence of L3 due to increasing exposure to 
this language with time. The overall decrease in the length of prevoicing shows that the 
multilingual system develops from L1 Polish-like values, towards more L2 English-like 
realisations. This is also visible in the number of unvoiced items (i.e. without prevoicing) 
which increased considerably with time, especially in L2 English and L3 Norwegian, 
suggesting more English-like realisation of the two languages. This attested dynamic 
change a2ecting the multilinguals’ system as a whole might be interpreted as a potential 
manifestation of a global language entity, as proposed by Sypia.ska (2017). The author 
postulates the existence of a global language system treating it as one entity, thus the 
dynamic shifts in system may impact all its component languages in a similar manner. 
In our case the inEuence is holistic and tacit, departing from a typical cross-linguistic inter-
action frequently reported in L3 phonological acquisition research.

The third research question aimed to determine whether fortis and lenis plosives 
exhibit similar trends across the languages in the multilinguals’ repertoire. Based on pre-
vious research outcomes (e.g. Cal & Wrembel, 2022; Wojtkowiak, 2022), we expected to 
observe separate, language-specific patterns of VOT acquisition in the voiceless stops 
and more CLI in the voiced series. The present findings support this prediction, but 
only to some extent. Indeed, the interaction between sound and session pointed to sig-
nificant di2erences between sessions in all three voiced sounds (/b, d, g/), but not in the 
voiceless ones (/p, t, k/). It was shown that the voiced plosives changed significantly with 
time, by means of shortening of prevoicing across the three sessions, while there were no 
significant changes in the voiceless series. What is more, the number of unvoiced items 
decreased with time. Previous literature also attested similar asymmetry (e.g. Gabriel 
et al., 2018 Schwartz, 2020; Schwartz et al., 2020; Wojtkowiak, 2022), where both voiceless 
and voiced series were a2ected by CLI in a di2erent manner. This might be because pre-
voicing is a less salient feature than aspiration and, therefore, the participants did not hear 
the di2erence between voiced stops in the three languages. Consequently, these sounds 
tend to be less stable and more prone to changes during the process of L3 acquisition.

Notwithstanding the novelty of the contribution, there are some limitations that need 
to be mentioned. First of all, the major limitation of this study is a reduced pool of partici-
pants, due to a considerable drop-out rate in the original number at T1, which was the 
e2ect of the longitudinal investigation. A low number of participants, inevitably linked 
with longitudinal investigations in L3 acquisition, is also a limitation when it comes to 
fitting statistical models that include a three-way interaction. Another limitation was 
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related to the task type as the participants read a list of words consisting of stop conso-
nants in the stressed onset position followed by a vowel, as it has been the most frequent 
practice in previous related studies. However, free speech elicitation tasks might reEect 
the actual production performance with more ecological validity, yet lesser control 
over the target tokens.

Conclusion

The present investigation analysed the production of plosive sounds by L1 Polish, L2 
English, L3 Norwegian speakers by tracing the development of VOT acquisition in voice-
less and voiced stops in all three languages produced by novice L3 learners throughout 
their first year of learning of the third language. The paper investigated cross-linguistic 
interactions in their oral productions and the developmental trajectory of L1, L2 and L3 
speech over three testing times. To the best of our knowledge, it is the first such longi-
tudinal study investigating the voiced and voiceless stops in all three languages over 
time. The study revealed that the participants maintained language-specific VOT patterns 
in all three languages. What is more, it showed a change in VOT production patterns over 
time in the voiced series of stops, namely shortening of or even loosing prevoicing. Last 
but not least, the study confirmed previous findings regarding the asymmetry between 
voiced and voiceless stops, as both of the series turned out to be a2ected by CLI in a 
di2erent manner.

Notes
1. In this paper, the authors use the terms bilinguals and L2 learners, as well as multilinguals and 

L3 learners interchangeably.
2. In this paper, exposure to L3 Norwegian that lasted no more than 9 months is still considered 

by authors to be a recent exposure to the foreign language.
3. As suggested by the reviewer, to make the terminology more consistent, we tried to use the 

voiceless/voiced distinction to refer to phonetic voicing, and fortis/lenis to refer to phonolo-
gical voicing.

4. Theoretical subjects, like Norwegian phonetics and phonology, Norwegian literature and 
introduction to linguistics, were taught in Polish. The pronunciation course covering both 
segmental and suprasegmental features was supplemented by a theoretical course in pho-
netics and phonology (30h/semester). The model accent taught in these classes was 
Eastern Norwegian.

5. We used LexTALE as a proxy to proficiency being aware that it should be used with caution 
(cf. Puig-Mayenco et al., 2023). It is important to stress that proficiency is not used as a vari-
able in the study.
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Appendix. Model output

Fixed eJects

Estimate Std. Error t value p-value
(Intercept) −98.54 5.64 −17.47 <.001
TimeT2 12.78 4.69 2.72 .007
TimeT3 17.43 4.34 4.02 <.001
LanguageNorwegian −4.94 4.50 −1.10 .272
LanguagePolish −4.69 5.24 −0.90 .370
Soundd 12.63 4.90 2.58 .010
Soundg 21.28 4.98 4.28 <.001
Soundk 181.26 4.85 37.38 <.001
Soundp 150.69 4.86 31.04 <.001
Soundt 168.12 4.85 34.67 <.001
TimeT2:LanguageNorwegian 4.72 5.09 0.93 .354
TimeT3:LanguageNorwegian 6.18 5.01 1.23 .218
TimeT2:LanguagePolish −8.91 5.81 −1.53 .125
TimeT3:LanguagePolish −7.43 5.70 −1.30 .192
TimeT2:Soundd −11.51 5.64 −2.04 .041
TimeT3:Soundd −11.02 5.61 −1.96 .050
TimeT2:Soundg −8.72 5.76 −1.51 .130
TimeT3:Soundg −10.55 5.76 −1.83 .067
TimeT2:Soundk −7.35 5.37 −1.37 .171
TimeT3:Soundk −11.62 5.28 −2.20 .028
TimeT2:Soundp −7.29 5.38 −1.36 .176
TimeT3:Soundp −11.17 5.29 −2.11 .035
TimeT2:Soundt −18.10 5.38 −3.36 .001
TimeT3:Soundt −20.25 5.28 −3.84 <.001
LanguageNorwegian:Soundd −5.67 6.16 −0.92 .358
LanguagePolish:Soundd −7.37 7.60 −0.97 .332
LanguageNorwegian:Soundg −1.72 6.60 −0.26 .795
LanguagePolish:Soundg −4.37 7.66 −0.57 .568
LanguageNorwegian:Soundk −2.92 6.45 −0.45 .651
LanguagePolish:Soundk −5.99 7.55 −0.79 .427
LanguageNorwegian:Soundp −1.66 6.23 −0.27 .790
LanguagePolish:Soundp −0.67 7.35 −0.09 .928
LanguageNorwegian:Soundt −2.78 6.21 −0.45 .655
LanguagePolish:Soundt −16.22 7.55 −2.15 .032
TimeT2:LanguageNorwegian:Soundd 1.94 7.19 0.27 .788
TimeT3:LanguageNorwegian:Soundd −1.83 7.12 −0.26 .797
TimeT2:LanguagePolish:Soundd 18.10 8.50 2.13 .033
TimeT3:LanguagePolish:Soundd 16.53 8.33 1.99 .047
TimeT2:LanguageNorwegian:Soundg 6.10 7.61 0.80 .423
TimeT3:LanguageNorwegian:Soundg 4.13 7.56 0.55 .585
TimeT2:LanguagePolish:Soundg 14.10 8.59 1.64 .101
TimeT3:LanguagePolish:Soundg 12.71 8.47 1.50 .133
TimeT2:LanguageNorwegian:Soundk −12.04 7.13 −1.69 .091
TimeT3:LanguageNorwegian:Soundk −8.27 6.99 −1.18 .237
TimeT2:LanguagePolish:Soundk 2.92 8.25 0.35 .724
TimeT3:LanguagePolish:Soundk 3.16 8.08 0.39 .696
TimeT2:LanguageNorwegian:Soundp −6.01 6.92 −0.87 .386
TimeT3:LanguageNorwegian:Soundp −4.14 6.79 −0.61 .542
TimeT2:LanguagePolish:Soundp 1.63 8.04 0.20 .839
TimeT3:LanguagePolish:Soundp 1.31 7.87 0.17 .867
TimeT2:LanguageNorwegian:Soundt 3.08 6.88 0.45 .654
TimeT3:LanguageNorwegian:Soundt 3.94 6.75 0.58 .559
TimeT2:LanguagePolish:Soundt 20.58 8.26 2.49 .013
TimeT3:LanguagePolish:Soundt 14.06 8.08 1.74 .082

(Continued ) 
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Continued.
Fixed eJects

Estimate Std. Error t value p-value
Random ecects
Groups Name Variance Std.Dev. Corr
Item (Intercept) 42.683 6.533

TimeT2 9.333 3.055 0.15
TimeT3 4.587 2.142 −0.16 0.68

Participant (Intercept) 235.833 15.357
TimeT2 76.470 8.745 −0.65
TimeT3 42.779 6.541 −0.63 0.72

Residual 578.007 24.042
Number of obs: 4869, groups: Item, 150; Partitipants: 12

Scaled residuals
Min 1Q Median 3Q Max Min
−7.5979 −0.6132 −0.0141 0.6286 4.2962 −7.5979
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Abstract
The perception of voice onset time (VOT) in word-initial stops has been widely studied in the 
second language, although it remains underexplored from a multilingual perspective. Previous 
limited research on multilingual VOT perception offers inconsistent results, with studies 
suggesting either cross-linguistic interactions or language-specific VOT patterns. This study aims 
to consolidate these findings by investigating VOT perception in trilingual speakers of L1 Polish, L2 
English, and L3 Norwegian, as well as examining whether perceptual boundary locations between 
voiced and voiceless stops in L3 learners differ from those of native speakers and are influenced 
by L1, L2, and L3 interactions. To this end, VOT continua were created for three places of 
articulation (labial, coronal, velar) and three languages (Polish, English, Norwegian). Participants 
completed a two-alternative forced-choice task separately for each language. The results indicate 
that trilingual speakers experience cross-linguistic interactions, particularly based on the place of 
articulation, highlighting the complex nature of VOT perception in multilingual acquisition.

Keywords
Third language acquisition, speech perception, multilingual perception, cross-linguistic influence, 
voice onset time

1 Introduction
The perception of voice onset time (VOT) in word-initial stops has been quite widely studied by 
researchers exploring second language acquisition (e.g., Aliaga-García & Mora, 2009; Gorba, 
2019; Gorba & Cebrian, 2021; Pan et al., 2022; Rojczyk, 2010), although it remains largely under-
explored from a multilingual perspective. With more languages added to the repertoire, speech 
perception might turn out to be a complex phenomenon. It is so especially due to an interplay of 
multiple language systems as well as potentially overlapping phonetic categories, which leads to 
cross-linguistic influence (CLI). Furthermore, in the light of ongoing discussions on multilingual 
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advantage in the perception of novel contrasts, it seems vital to further inform the extant theories 
and research.

The existing body of literature on VOT perception in multilinguals provides rather inconsistent 
results. Although some of the studies provide evidence for more than one perceptual system or 
language-specific VOT patterns (Cal & Wrembel, 2023; Z. Liu, 2016), others report cross-linguistic 
interactions resulting in overlapping rather than discrete or separate systems (J. Liu et al., 2019; 
Stan, 2024; Zeng, 2024). What is more, the analyses offered in these studies tend to be focused on 
one place of articulation (PoA) and are conducted on speakers with varying language repertoires. 
It might, therefore, be difficult to come up with a unified conclusion on how CLI behaves in VOT 
perception in multilinguals. This article aims to contribute to the growing body of research on 
multilingual perception by attempting to consolidate the previous findings and further inform the 
theoretical models of non-native speech perception. The goal of the study is, thus, to explore VOT 
perception in all three languages of trilingual speakers of L1 Polish, L2 English, and L3 Norwegian 
as well as in all three places of articulation (bilabial, coronal, and velar). In particular, the study 
will examine whether perceptual boundary locations between voiced and voiceless stops in L3 
learners differ from those of native speakers and to what extent they are influenced by L1, L2, and 
L3 interactions.

This article has been organized in the following manner: first, it provides a brief overview of 
speech perception research in multilinguals, focusing specifically on cross-linguistic relationships. 
Then, it offers a review of previously conducted studies on VOT perception, both from the perspec-
tive of L2 and L3 learners. Thereafter, the study is described together with its methodology and 
findings, which is followed by the discussion of the results as well as conclusions.

2 CLI in multilingual perception
Although research on CLI in bilingual perception is extensive and well-established (e.g., Aliaga-
García & Mora, 2009; Gorba, 2019; Gorba & Cebrian, 2021; Pan et al., 2022; Rojczyk, 2010), 
interest in multilingual perception has been growing in recent years. Although it remains less 
explored, leaving gaps in understanding how multiple phonological systems interact.

The majority of multilingual studies to date have focused on the role of previously acquired 
languages in the perception of a newly acquired language, that is, L3. It has been postulated that 
the knowledge of multiple languages can generally enhance perception in L3, because of the so-
called multilingual advantage (Kopečková, 2015). It is because multilinguals are thought to have 
greater phonological awareness and cognitive flexibility, due to a prior knowledge of two (or more) 
languages, which allows them to differentiate between the sounds more easily and spot more subtle 
differences between the languages (Gut, 2010). This tendency has been confirmed by a number of 
studies which found that multilingual learners perceived novel contrasts in L3 better than L2 learn-
ers (e.g., Antoniou et al., 2015; Balas, 2018; Enomoto, 1994; Kopečková, 2015; Tremblay & 
Sabourin, 2012). A similar tendency was revealed also in the study by Wrembel et al. (2019) on the 
perception of sibilant pairs. It was found that multilingual learners assimilated L3 sounds to both 
L1 and L2 categories, with a preference for the latter, and, what is more, beginner L3 learners were 
more likely to perceive subtle acoustic differences in novel phonological contrasts. In this light, 
multilingual learners experience an advantage that allows them to maintain language-specific per-
ceptual patterns and experience little to no CLI. On the contrary, Patihis et al. (2013) provided 
evidence suggesting that multilingual advantage only plays a role when L3 is a language with simi-
lar phonemic categories to previously learned ones. In their study on Korean stop discrimination, 
they found that learners of languages dissimilar to Korean in terms of stop consonants experienced 
more difficulty with the task.

86:9765659270



Cal 3

Even though the number of studies centered specifically on L3 perceptual acquisition seems to 
be growing, research devoted to regressive CLI is rather scarce. Existing results show that learners 
tend to keep their language systems apart, and L1 as well as L2 are not affected by L3 acquisition. 
This tendency was observed, for example, by Cabreli Amaro (2017), who examined the acquisition 
of L3 Brazilian Portuguese by L1 English-L2 Spanish and L1 Spanish-L2 English bilinguals. The 
results did not show any L1 and L2 vulnerability to L3 influence. Similarly, Balas et al. (2019) in 
their study on rhotic acquisition by multilingual children found that the participants maintained a 
stable, optimal state of L2 rhotic perception, achieving high accuracy in the task. However, quite 
an opposite tendency was established by Sypiańska and Cal (2022) who provided evidence for 
perceptual drift in the perception of an open-mid front unrounded vowel /ɛ/ by L1 Polish-L2 
English-L3 Spanish speakers divided into three groups with different Spanish exposure (Polish 
residents exposed to Spanish through instruction, Polish immigrants to Spain exposed to Spanish 
through immersion, and a control group with no exposure to Spanish). It was demonstrated that the 
group with the highest L3 exposure experienced a boundary shift toward a higher F1 value, sug-
gesting the possibility of L1 drift.

Examination of individual variation patterns in multilingual perception also seems to be lacking 
in the literature. To the best of our knowledge, there is only one perceptual study on multilinguals 
that addresses this topic directly. Gut et al. (2023) analyzed individual variation in the perception 
of /v-w/ contrast, rhotics, final obstruent (de)voicing, and vowel reduction. Their results pointed to 
great variety across phonetic features except for rhotics, for which rather consistent patterns were 
obtained. Wrembel et al. (2022) also provided some insights into individual variation; however, 
their research focused on the perception–production interface. Nevertheless, their findings provide 
some evidence for rather high individual variation in the perception of rhotic sounds.

To conclude, the existing literature on multilingual perception points to interesting tendencies 
suggesting that multilingual speakers tend to keep their languages separate, leading to the absence 
of CLI, especially when it comes to languages that share similar phonetic features. However, the 
studies regarding regressive CLI provide rather inconclusive results, suggesting either no effect 
of L3 on the already learned languages or L1 drift effect in more experienced learners. More 
research is still needed to clarify how languages interact at different levels of exposure, as well as 
to understand how the degree of participants’ unfamiliarity with phonetic contrasts affects these 
relationships.

2.1 VOT perception in bi-/multilingual acquisition
VOT perception has been explored from various angles in second language acquisition research. A 
large amount of this work explores whether bilinguals maintain separate phonetic systems for each 
language or whether they experience CLI, which results in shifted or merged perceptual categories. 
Across studies, there is no clear consensus on whether, and to what extent, the two languages are 
affected by CLI. Some early papers point to separate VOT perceptual systems in L1 and L2 (e.g., 
Williams, 1977). However, in a more recent study, early bilinguals were shown to be able to inte-
grate both language systems in a common phonetic space depending on the language context 
(Antoniou et al., 2012), at the same time also maintaining largely separate categories for each 
language while making phonological judgments. On the contrary, some studies show clear L1 
influence on L2 perception. For instance, it was found that L1 Spanish-L2 English bilinguals cat-
egorize short-lag tokens as voiceless more often than native English listeners (e.g., Flege & Eefting, 
1987; Montanari et al., 2023). Together, these findings point to CLI as a dynamic phenomenon, 
sensitive to language dominance and context.
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These results align with the most prominent models of L2 speech perception, that is, the Speech 
Learning Model (SLM; Flege, 1995) and the revised Speech Learning Model (SLM-r, Flege & 
Bohn, 2021), the Second Language Linguistic Perception Model (L2LP; Escudero, 2005), and the 
Perceptual Assimilation Model (PAM-L2; Best & Tyler, 2007), which are based on the claim that 
an L2 learners may experience CLI stemming from their native language. The SLM (Flege, 1995), 
which is the only framework accounting for regressive CLI, proposes that L2 learner’s perception 
is influenced by how similar or different L2 sounds are to those in the learner’s L1. It predicts that 
when L2 sounds are perceived as distinct from L1 sounds, they are easier to acquire, while similar 
sounds are more challenging due to interference from the already established L1 phonetic catego-
ries because of equivalence classification. Consequently, a merged category is formed between L1 
and L2, leading to cross-linguistic interactions.

The studies on regressive CLI from L2 to L1 report a varying degree of CLI in bilingual speak-
ers, from no L1 drift (Sypiańska & Cal, 2023) to L1 drift being attested (Gorba, 2019), even after 
a 1.5-hr exposure to a new language (Kellogg & Chang, 2023). Recently, however, the main focus 
of L2 investigations into L2 stop perception seems to be placed mostly on the role of various fac-
tors, such as the age of acquisition (e.g., Pan et al., 2022; Stölten, 2013), L2 phonetic training (e.g., 
Aliaga-García & Mora, 2009), and L2 exposure (e.g., Gorba, 2019; Gorba & Cebrian, 2021).

When it comes to the population of L1 Polish-L2 English speakers, which constitute two out of 
three languages investigated in this article (cf. Section 3.1), the research specifically examining 
VOT perception in this population is rather scarce. Rojczyk (2010) examined the perception of 
English /k/ in beginner and advanced L1 Polish learners compared with L1 English controls. The 
study found that even beginner learners exhibit some sensitivity to the English voicing boundary 
within the positive VOT range, indicating relatively early perceptual attunement. Advanced learn-
ers approached near-categorical perception of the English contrast. However, their categorization 
peak remained lower than that of native English speakers, who consistently placed the boundary at 
higher VOT values. Importantly, the study shows that Polish learners never fully aligned with the 
native-like perceptual pattern, suggesting persistent L1 influence despite increased L2 proficiency. 
This supports the view that L2 perceptual categories may remain partially distinct from L1, even 
in advanced bilinguals. The study also examined L2 influence on L1 by analyzing learners’ catego-
rization of the stimuli with 0 ms VOT, yet no L2-L1 effect was found in the data. In line with these 
findings, a more recent study by Sypiańska and Cal (2023) on VOT perception by L1 Polish-L2 
English speakers found no evidence of L1 drift in perception, contrary to what has been observed 
in production. The authors conclude that there may be a perception–production mismatch, indicat-
ing that L1 drift could manifest primarily at the articulatory level without affecting underlying 
phonological representations.

As far as methodology is concerned, the existing studies examine VOT perception using a vari-
ety of tasks; yet, the most prominent one in the literature is a two-alternative forced-choice identi-
fication task of VOT continua (e.g., Aliaga-García & Mora, 2009; Gorba, 2019; Gorba & Cebrian, 
2021; Pan et al., 2022; Rojczyk, 2010), where participants are presented with a sound stimulus and 
then asked to choose which word they heard out of the two responses presented to them. Some 
studies also include an AX (e.g., McKelvie-Sebileau & Davis, 2014) and AXB discrimination task 
and its variations (e.g., Alves & Zimmer, 2015), as well as a go/no-go task (e.g., García-Sierra 
et al., 2021). The collected data are usually analyzed in terms of boundary and slope, as well as the 
accuracy of responses.

Although a considerable body of research on VOT perception has been dedicated to second 
language acquisition, with analyses approaching it from various perspectives, the literature address-
ing VOT perception within a multilingual context remains relatively limited. The existing studies 
generally point to cross-linguistic interactions taking place in multilingual systems, but as they 
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focus on different languages and their statuses (L3 vs. all three languages), places of articulation, 
and measurements taken, it is difficult to draw far-reaching conclusions based on their findings.

The first available study that deals with VOT perception by multilingual learners is by Z. Liu 
(2016) who analyzed perception and production of bilabial stops by L1 Mandarin Chinese, L2 
English, and L3 Spanish speakers in all three languages. The analysis focused on accuracy and 
boundary locations obtained from a two-alternative forced-choice task. It was shown that L3 learn-
ers maintained more than one perceptual system compared with L2 learners. The results also indi-
cated that long VOT in L1 and/or L2 lengthened the boundary in L3, which is an indication of CLI. 
As far as regressive CLI is concerned, the findings pointed to L1 drift effect, but there was no 
influence on L2. Contrary results were obtained by J. Liu et al. (2019), who analyzed the effect of 
language learning on the VOT perception of bilabial stops in L1 Mandarin Chinese, L2 English, 
and L3 Spanish speakers. The findings did not provide evidence for separate perceptual systems in 
multilinguals, as the obtained values for the perceptual boundary locations were similar across the 
three languages. The study showed influence of the L1 (or L2) on the L3 but also provided some 
evidence for regressive CLI, as VOT boundaries for L1 Mandarin Chinese were much lower than 
in the control group. Stan (2024), in their study on L1 English-L2 Spanish and L1 Spanish-L2 
English perceptual acquisition of L3 French bilabial stops, also found evidence for progressive 
influence stemming from L1/L2 or only L1 on L3. However, this study did not observe any regres-
sive CLI. Similar results were obtained by Zeng (2024), who found evidence for both L1 Mandarin 
and L2 English influence on L3 Japanese stop perception.

Yet another outcome was generated in the study by Cal and Wrembel (2023), who examined 
VOT perception by initial learners of L3 Norwegian with the L1 Polish-L2 English background 
and focused on all three places of articulation of stops, namely bilabial, coronal, and velar. Three 
separate perceptual systems were found for the bilabial stops, whereas for the coronal stops, an 
L1-to-L3 influence was attested. In the velar stops, a potential L1-to-L2 influence was reported. It 
was concluded that at the onset of L3 acquisition, the multilinguals maintained patterns of VOT 
categorization specific to a language and that possible cross-linguistic interactions depended on the 
PoA. This outcome may have been influenced by the varying perceptual salience associated with 
different places of articulation, as well as by differences in the VOT continua ranges used in the 
study, which varied across languages and places of articulation, potentially contributing to a range 
effect (Keating et al., 1981). The current research builds upon this study by broadening the scope 
of investigation to include not only initial learners but also a more diverse population with varying 
proficiency levels. It further improves upon the earlier design through the inclusion of a control 
group and the use of unified VOT continua across languages and places of articulation, which aims 
to enhance comparability.

In turn, J. Liu and Lin (2021) investigated the perception and production of L3 stop contrasts by 
L1 Mandarin Chinese, L2 English, and L3 Japanese or Russian speakers. An identification task 
was conducted to investigate the accuracy in perception of voiceless and voiced stops at three 
places of articulation in L3 Japanese or Russian. It was found that L3 learners were less accurate 
in perceiving L3 stops than control speakers (native Japanese and Russian speakers). However, the 
learners’ accuracy was higher for voiced stops in L3 Japanese and L3 Russian than for voiceless 
stops, as prevoicing was a novel phonological feature for them. Nevertheless, for the voiceless 
stops, the scores were higher with the increase of VOT values.

Recapitulating, only a handful of studies to date have examined VOT perception by multilin-
gual learners in a systematic way. The results undoubtedly shed some light on CLI directionality; 
however, more research is needed to provide a deeper understanding of the processes that take 
place in multilingual minds. This article attempts to add up to this growing body of literature by 
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analyzing VOT perception by trilingual learners in all their languages, focusing on all three places 
of articulation.

3 Current study

3.1 Aim
The aim of this study is to explore how trilingual speakers of L1 Polish, L2 English, and L3 
Norwegian perceive word-initial voiced and voiceless stops in their three languages. More specifi-
cally, the objective is to determine whether the obtained perceptual boundary locations between 
voiced and voiceless plosives (measured by VOT in ms) for the trilingual speakers are subject to 
CLI and to assess the directionality of the CLI process. Moreover, the study seeks to obtain data 
that would allow to establish whether the boundaries in the trilingual group differ from the values 
found in the native speakers of the respective languages. In addition, the analysis offers some 
insights into the individual variation across the participants.

The languages under investigation are L1 Polish, L2 English, and L3 Norwegian. These three 
languages were selected specifically because they exhibit complementary patterns in VOT of their 
stop consonants, allowing for a systematic comparison of CLI and acquisition patterns. First, 
Polish is a true voicing language that has prevoicing in the voiced series of stops and short-lag 
VOT in voiceless stops (e.g., Jassem, 2003; Keating et al., 1981). English, on the contrary, is an 
aspirating language in which /b, d, g/ are partially voiced and /p, t, k/ are aspirated (e.g., Docherty, 
1992; Lisker & Abramson, 1964). It is worth noting that some studies have observed prevoicing in 
English voiced stops; however, its presence varies across investigations. For instance, Docherty 
(1992) found prevoicing in only 7% of the cases, while Lisker and Abramson (1964) observed 
prevoicing in approximately 20% of English voiced stops and Westbury (1979) reported rates as 
high as 57% among speakers from Texas. Nevertheless, a systematic difference remains between 
English and the other two languages, as voicing is not an obligatory feature of the contrast in 
English. It is therefore treated here as exceptional in its prevoicing status. When it comes to 
Norwegian, the voiced stops are prevoiced, similarly to the Polish ones, whereas its voiceless stops 
are aspirated and resemble those in English (e.g., Halvorsen, 1998, Ringen & van Dommelen, 
2013). Table 1 presents VOT values for voiced and voiceless stops in the three investigated lan-
guages, provided in the literature for word-initial stressed syllables. Figure 1 shows approximate 
VOT ranges of stops in the three languages under investigation based on the literature.

3.2 Research questions and hypotheses
The study strives to answer the following research questions:

RQ1. Is VOT perception in multilinguals subject to the process of CLI? In what way is it differ-
ent from native speakers’ perception?

H1. The first hypothesis stems from the results of previous multilingual studies on VOT percep-
tion (Cal & Wrembel, 2023; Z. Liu, 2016; J. Liu et al., 2019), which showed cross-linguistic 
interactions between languages in the multilinguals’ repertoire. Thus, CLI effects are also pre-
dicted to be present in the current data. More specifically, it is expected that the trilinguals will 
yield different values for the perceptual boundary locations than native speakers of the respec-
tive languages, especially in their L2 English and L3 Norwegian.
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RQ2. What is the directionality of CLI in the VOT patterns of L1 Polish, L2 English, and L3 
Norwegian speakers? Is its presence dependent on the PoA of stops?

H2. The second prediction is that all three languages will interact, but the interaction will mani-
fest itself differently depending on a language pairing and PoA. Therefore, the following sub-
hypotheses were proposed:

H2.1. More interactions are foreseen to take place between L2 English and L3 Norwegian, 
because of their typological proximity, a similar setting of acquisition (i.e., via classroom 
instruction), as well as the assumed foreign language effect. What is more, as aspiration is gen-
erally considered to be a more salient feature than prevoicing, and it was shown to be suscepti-
ble to CLI in the literature (e.g., Sypiańska, 2021), it is expected that L3 learners might perceive 
L3 Norwegian stops as overall more similar to the L2 English ones, due to aspiration being 
present in the two languages. At the same time, L1 Polish stops might be perceived as distinct 
from English and Norwegian. According to the SLM (Flege, 1995), the learners will form two 
separate categories for the stops—one for L1 Polish stops and the second one for L2 English and 
L3 Norwegian stops. An L2-to-L3 influence would result in similar boundary locations in the 
two languages. This scenario is visualized in Figure 2.

Table 1. VOT Values (in ms) for Voiced and Voiceless Stops in Polish, English, and Norwegian Measured 
in Word-Initial Stressed Syllables.

p t k B d g

Polish
(Keating et al., 1981)

21.5 27.9 52.7 −88.2 −89.9 −66.1

English
(Lisker & Abramson, 1964)

58 70 80 1 5 21

Norwegian
(Ringen & van Dommelen, 2013)

50 52 53 −80 −72 −73

Figure 1. Comparison of approximate VOT ranges of stops in Polish, English, and Norwegian.

91:3056409351



8 Language and Speech 00(0)

H2.2. An alternative, although less plausible, scenario would be that the learners associate L3 
Norwegian stops with L1 Polish ones because of the presence of prevoicing. In this case, L1 
Polish and L3 Norwegian stops would be treated as equivalent, and they would form a single 
category; thus, as a result, they would influence one another, resulting in higher VOT bounda-
ries in L1 Polish leading to L1 drift and lower boundaries in L3 Norwegian. On the contrary, L2 
English would remain separate with the VOT boundary locations close to the target. This sce-
nario is visualized in Figure 3.

H2.3. With regard to the presence of CLI depending on the PoA, it is hypothesized that CLI will 
affect all three places of articulation of stops, but to a different extent. More CLI is expected to 
be found in stops that have the highest VOT, as their VOT values are the most similar across 
languages, leading to equivalence classification. Therefore, according to the SLM (Flege, 
1995), in these stops, the participants are more likely to form a single category for their three 
languages. It is, thus, expected that the boundaries will be more unified the further back the 
PoA. This subhypothesis is visualized in Figure 4.

RQ3. How do VOT boundary locations vary for individual participants?

H3. It is predicted that the patterns of VOT boundary locations across languages and places of 
articulation will differ for each participant (as opposed to mean values) and will reveal consider-
able intra- and inter-individual differences. These predictions are limited due to the lack of 
previous investigations into individual variation in multilingual perception—to the best of our 

Figure 2. Visualization of subhypothesis 2.1.

Figure 3. Visualization of subhypothesis 2.2.
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knowledge, there have been very few studies so far that focus on individual variation that deal 
with features other than VOT (Gut et al., 2023; Wrembel et al., 2022).

3.3 Participants
Participants in this study involved an experimental group and three control groups. The former 
group consisted of trilingual speakers who were the main subjects of this experiment, while the 
latter included functionally monolingual native speakers of the three languages under investiga-
tion. All participants received gift cards for their participation in the study, and an ethics committee 
approval was obtained prior to the study.

3.3.1 Experimental group. The experimental group included 30 L1 Polish, L2 English, and L3 
Norwegian speakers. They featured 24 females, 5 males, and 1 nonbinary person, whose mean 
age was 21.4 (SD = 2.1). The participants were L1 Polish speakers, who had been learning Eng-
lish as their L2. In addition, they had been learning L3 Norwegian extensively as part of the 
Norwegian Studies program at two Polish universities. The group was diverse in terms of profi-
ciency levels in their L2 and L3, which were tested by means of placement tests in English and 
Norwegian. Their English proficiency ranged from B1 to C2, whereas Norwegian proficiency 
was in the range of A2 to B1+, according to the Common European Framework of Reference 
for Languages. There were 10 1BA students, 10 2BA students, and 10 students at the 3BA level 
or above. They were exposed to Norwegian extensively by taking part in practical Norwegian 
classes, including speaking, writing, listening, and pronunciation that were carried out as part of 
their study program at the university and were taught by Polish university lecturers highly pro-
ficient in Norwegian. To obtain information about their language learning history and use, the 
participants were asked to fill in the Language History Questionnaire (Li et al., 2020). There 
were 12 participants who reported previous instruction in German, 7 participants knew some 
French, and 4 of them had learnt Russian before. Yet, at the time of the study, they claimed not 
to be proficient in or use any of these languages.

Figure 4. Visualization of subhypothesis 2.3.

93:4272164514



10 Language and Speech 00(0)

3.3.2 Control groups. The control groups consisted of functionally monolingual native speakers of 
Polish, English, and Norwegian, respectively. There were 21 L1 Polish speakers, 18 L1 English 
speakers, and 10 L1 Norwegian speakers.

L1 Polish controls included native speakers of Polish who, despite having learned English or 
other languages (such as German, French, or Spanish) at school, claimed not to have contact with 
any foreign languages on a daily basis. There were 19 females and 2 males residing in Poznań 
(Poland). The mean age of the Polish group was 21.8 (SD = 2.2).

There were 18 L1 English controls, who included 11 females and 7 males residing in Bangor 
(UK), whose mean age was 23.6 (SD = 3.8). Some of the participants reported limited proficiency 
in Romance languages (French, Spanish, or Italian) and Welsh but claimed not to have a regular 
contact with them at the time of the study.

L1 Norwegian controls consisted of 9 females and 4 males, aged 25 (SD = 3), who resided in 
Tromsø (Norway). All of them were advanced (C1-C2 level) speakers of English who started 
learning the language approximately at the age of 6.6 (SD = 2.7). It is important to note that, because 
of high English proficiency being a norm among the Norwegian society (cf. Education First, 2023), 
we decided to include speakers of such a linguistic profile in the experiment. A monolingual group 
would have been rather difficult to find and probably would not reflect the profile of the experi-
mental group that comprised young and educated individuals. The participants also reported some 
knowledge of other Scandinavian languages (Swedish and Danish), as well as limited previous 
experience in German, Spanish, and French.

Table 2 summarizes the profiles of the investigated groups of participants.

3.4 Procedure
The study design involved the preparation of VOT continua with the use of a Praat script (Winn, 
2020) based on one-syllable minimal pairs with word-initial stop sounds /p,b,t,d,k,g/. The token 
words included pas-bas, tam-dam, kas-gaz (Eng. belt-bass, there-give [first person singular future 
tense of dać], cash register [genitive plural of kasa]-gas) for Polish, pun-bun, ton-done, come-gum 
for English, and par-bar, ta-da, kar-gard (Eng. pair-bare, take-there, guy-farm) for Norwegian and 
were recorded in carrier phrases by native speakers of the respective languages. Nine continua 
were prepared—three per language (Polish, English, Norwegian) and per PoA (labial, coronal, 
velar) using the Praat script and the description provided by Winn (2020). The continua ranged 
from −100 to 100 ms and consisted of 21 steps, each of 10 ms. The script (see Winn, 2020, for a 
more detailed description) is designed to generate natural-sounding speech stimuli while allowing 
precise control over VOT and related acoustic parameters, such as F0. Continuum endpoints were 
based on two recorded tokens differing in the voicing of an initial stop consonant. Aspiration was 

Table 2. Profiles of the Investigated Groups of Participants.

Group Investigated 
languages

Mean age (SD) Place of residence Number of 
participants

Experimental L1 Polish,
L2 English,
L3 Norwegian

21.4 (2.1) Poznań and Szczecin 
(Poland)

30

Control L1 Polish 21.8 (2.2) Poznań (Poland) 21
Control L1 English 23.6 (3.8) Bangor (UK) 18
Control L1 Norwegian 25 (3) Tromsø (Norway) 10
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manipulated by selecting the aspirated portion from the voiceless endpoint, while prevoicing was 
created by extracting the onset of the vowel from the voiced token, modifying its amplitude enve-
lope, applying low-pass filtering, and attenuating it to resemble a voicing murmur. This component 
was generated artificially through the filtering procedure implemented in the script. The F0 of the 
prevoicing segment was controlled to blend smoothly with the vowel onset; that is, the F0 contour 
of the prevoicing portion was adjusted to match the onset of the vowel so that there was no percep-
tual discontinuity at the transition. In addition, as F0 is known to be a secondary cue to voicing 
(e.g., Dmitrieva et al., 2015), it was automatically adjusted at each VOT step of the continua based 
on values extracted from the original recordings. Thus, the continuum endpoints for F0 differed 
across languages to reflect language-specific phonetic patterns observed in the recorded stimuli.

The obtained tokens were used to design a two-alternative forced-choice (2AFC) task in which 
the participants were presented with one random word from the continuum and asked whether they 
heard a voiced or voiceless consonant at the beginning. The decisions were made using two keys 
on a keyboard—A and L, for words appearing on the left and right parts of the screen, respectively. 
The experiment was designed in PsychoPy (Peirce et al., 2019) and carried out in three separate 
language blocks. Every token was presented five times in a randomized order. Each language block 
lasted around 15 min and was preceded by a language mode introduction, which involved watching 
a short video in the respective language. Before the actual task, the participants were presented 
with a set of instructions in the language of the experiment and took part in a practice session that 
consisted of five trials containing stop-initial words that differed from the ones used in the study. 
The experiment was conducted in a quiet room on a laptop, and the participants were instructed to 
wear headphones. The obtained data included identification responses for each step in the contin-
uum, resulting in 945 data points per participant.

4 Results
This section sheds light on the results of the perceptual experiment. It begins with descriptive sta-
tistics that provide information about the VOT boundary placement across the three languages and 
continua in the experimental and control groups. The next section includes findings from the sta-
tistical analysis that give insights into possible cross-linguistic interactions. Finally, the section on 
individual variation across the participants is offered. The dataset and code used for the analysis are 
available online under the following link: https://osf.io/m7a43/.

4.1 Descriptive statistics
Identification responses of voiced sounds (/b/, /d/, /g/) in the three continua were used to fit a logis-
tic curve that allowed to calculate the perceptual boundary location for VOT. The VOT boundary 
was placed at the 50% crossover point in the curve; that is, in the place where half of the partici-
pants’ responses indicated a voiced sound and the other half the voiceless one. This procedure was 
done in RStudio (RStudio Team, 2019, version 2024.04.2) using the quickpsy package (Linares & 
López-Moliner, 2016). Figure 5 visualizes the curves fitted for identification scores for voiceless 
stops, together with mean VOT boundaries marked with a vertical line. The explicit values of mean 
VOT boundaries across continua, languages, and groups can be found in Table 3.

Taking into consideration the experimental group, the /b-p/ continuum yielded the lowest values 
(around 0 ms) for the perceptual boundary location. The lowest, below-zero, boundary was found 
in L1 Polish, whereas L3 Norwegian turned out to have the highest boundary between /b/ and /p/. 
In the /d-t/ continuum, the lowest value for the perceptual boundary location could be observed in 
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Figure 5. Logistic curves fitted for mean identification responses and VOT boundaries, separately for 
each language, continuum, and group.

Table 3. Mean Perceptual Boundary Locations for VOT Across Continua, Languages and Groups.

Continuum Language Group n M SD

b-p English Experimental 30 1.125 14.604
b-p Norwegian Experimental 30 6.603 13.409
b-p Polish Experimental 30 −3.732 10.653
d-t English Experimental 30 17.930 5.089
d-t Norwegian Experimental 30 21.455 5.441
d-t Polish Experimental 30 20.458 10.520
g-k English Experimental 30 25.475 5.198
g-k Norwegian Experimental 30 25.605 7.311
g-k Polish Experimental 30 31.184 7.727
b-p English Control 18 9.456 14.970
b-p Norwegian Control 10 18.461 7.805
b-p Polish Control 21 −1.281 7.965
d-t English Control 18 18.309 4.749
d-t Norwegian Control 10 24.006 2.611
d-t Polish Control 21 15.419 7.791
g-k English Control 18 25.100 9.607
g-k Norwegian Control 10 28.729 13.023
g-k Polish Control 21 33.956 6.114
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L2 English, whereas the highest was in L3 Norwegian. Finally, the boundary between /g/ and /k/ 
was the lowest for L3 Norwegian and the highest for L1 Polish.

As far as the control group is concerned, the perceptual boundary locations between voiced and 
voiceless stops in Polish turned out to be the lowest out of the three languages in the /b-p/ and /d-t/ 
continua. At the same time, the Polish controls yielded the highest, out of the three languages, 
boundary in the /g-k/ continuum. English values were in-between those found in Polish and 
Norwegian controls in /b-p/ and /d-t/ continua and the lowest for the /g-k/ continuum. Norwegian 
controls appeared to place the boundary between voiced and voiceless stops the highest in the /b-p/ 
and /d-t/ continua, whereas the boundary in the /g-k/ continuum was almost identical to the English 
one.

Compared with the control group, it can be seen that the boundaries in the experimental group 
are closer together irrespective of the continua. The biggest differences between the groups can be 
noticed in the Norwegian /b-p/ continuum, where the mean perceptual boundary location is consid-
erably higher in the control groups, as well as in the Polish /d-t/ continuum, where the mean 
boundaries are greater in the experimental group.

4.2 Statistical modeling
To address the research questions, a Bayesian mixed-effects logistic regression model was fitted 
using the brms package (Bürkner, 2017) in R. The model used the default “treatment” or “dummy” 
coding scheme in R for the model’s variables. It predicted binary response outcomes (coded as 0 
indicating a voiced stop and 1 indicating a voiceless stop) using a Bernoulli likelihood with a logit 
link to assess the effects of VOT (scaled), language (Polish, English, and Norwegian), PoA (labial, 
coronal, and velar), and group (experimental vs. control), including all possible interactions among 
these predictors. Random effects included by-participant varying intercepts, as well as correlated 
slopes for VOT_scaled, PoA, and their interaction, specified as (1 + VOT_scaled * PoA | partici-
pant). All continuous predictors were standardized prior to analysis, using the scale() function in R. 
The model employed weakly informative priors to facilitate convergence and prevent overfitting. 
Specifically, the prior for the VOT_scaled coefficient was set to Normal(0, 2), other fixed effects 
were assigned Normal(0, 2), the intercept followed a Normal(0, 2) prior. Bayesian estimation was 
performed using Hamiltonian Monte Carlo with four chains, each run for 4,000 iterations (2,000 
warm-up). Convergence was assessed via Rˆ statistics (all ≈ 1.00) and effective sample sizes. 
Pairwise comparisons were obtained using the emmeans package (Lenth, 2023). The outcome 
from the model can be found in Supplementary Files. Following standard Bayesian inference cri-
teria, an effect was considered credible when the 95% highest posterior density (HPD) interval 
excluded zero.

4.2.1 Across-group comparisons. The first research question was whether multilinguals experience 
CLI in VOT perception, which should be visible in comparison with the control groups. Figure 6 
depicts an estimated probability of categorizing a stop as voiceless (response = 1) across the VOT 
continuum in two groups (control vs. experimental), plotted separately for three languages and 
three places of articulation.

The multilingual group showed a tendency for more voiceless responses overall, implying a 
perceptual boundary shifted to a later point on the VOT continuum. This general difference com-
pared with the control groups, however, was not credible (estimate = −0.25, 95% HPD = [−0.65, 
0.16]). Credible evidence of CLI was, nonetheless, found in subsequent pairwise comparisons, 
where the direction and magnitude of the effect varied by language and PoA.
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As far as the /b-p/ continuum is concerned, in English, the multilingual group responded with 
credibly higher voiced stop choices than the controls (estimate = −0.53, 95% HPD [−1.00, −0.10]), 
suggesting the boundary placement earlier in the continuum and toward the Polish values. A simi-
lar, even stronger, pattern can be observed in Norwegian (estimate = −1.01, 95% HPD = [−1.62, 
−0.36]). In Polish, however, no credible difference between the two groups was found (esti-
mate = 0.03, 95% HPD = [−0.42, 0.51]), indicating that multilinguals approximate native Polish-
like perception in this case.

In the /d-t/ and /g-k/ continua, on the contrary, neither of the contrasts across the three languages 
shows credible differences between groups, as their HPD intervals include 0.

4.2.2 Multilingual group. The second research question specifically concerns the performance of the 
multilingual group. RQ2 asked about the directionality of CLI in the linguistic repertoire of the 
multilinguals and the role of the PoA in VOT perception by multilingual speakers. To investigate 
that, the model-estimated logit-transformed probabilities of choosing a voiceless stop across three 
languages and three PoAs in the multilingual group were examined. A Bayesian estimated mar-
ginal means analysis revealed patterns of CLI that varied depending on both language and PoA. 
Figure 7 presents the predicted probability of categorizing a stop as voiceless (response = 1) across 
the VOT continuum separately for three languages and places of articulation.

In the /b-p/ continuum, the estimated log-odds of a voiceless response differed credibly across 
the three languages. The results for Polish (emmean = 0.14) show a higher probability of categoriz-
ing VOT stimuli as voiced, followed by English (emmean = −0.15) and Norwegian (emmean = −0.54). 
Pairwise comparisons revealed credible differences between English and Norwegian (esti-
mate = 0.39, 95% HPD = [0.22, 0.56]), between English and Polish (estimate = −0.28, 95% 
HPD = [−0.45, −0.11]), as well as between Norwegian and Polish (estimate = −0.67, 95% 
HPD = [−0.84, −0.49]).

Figure 6. Estimated probability of categorizing a stop as voiceless across the VOT continuum in two 
groups (control vs. experimental) plotted separately for three languages and PoAs.
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A similar pattern was observed for the categorization of the /d-t/ continuum, although the mag-
nitude of differences was greater. Polish, again, showed the highest probability of voiced stop 
categorization (emmean = −1.42), followed by English (emmean = −1.75) and Norwegian 
(emmean = −2.61). All pairwise contrasts were credibly different, that is, English versus Norwegian 
(estimate = 0.86, 95% HPD = [0.58, 1.18]), English versus Polish (estimate = −0.32, 95% 
HPD = [−0.53, −0.11]), and Norwegian versus Polish (estimate = −1.19, 95% HPD = [−1.48, 
−0.91]).

In contrast, no credible differences were found among the three languages for the /g-k/ contin-
uum. Posterior estimates minimal differences across English (emmean = −2.88), Norwegian 
(emmean = −2.91), and Polish (emmean = −3.09), with all contrasts yielding HPD intervals that 
included zero.

4.3 Individual variation
The results presented so far have been focused mainly on means and their comparisons. Although 
they are quite telling, they still do not reflect individual differences that may arise for each partici-
pant, which was the focus of RQ3. Figure 8 shows VOT boundaries for every participant in the 
three languages and continua. Even though identifying specific patterns that would fit several 
participants might pose a challenge, an attempt has been made to classify the trends into some 
categories that would reflect possible scenarios of CLI. They include the following observations 
featuring participants’ codes that illustrate particular scenarios:

•• Language-specific patterns of VOT categorization in the /b-p/ continuum, while the 
boundaries in the other two continua overlap—the /b-p/ differs across languages by at 
least ~10 ms (i.e., one step of the continuum), this pattern reflects the results based on 

Figure 7. Predicted probability of categorizing a stop as voiceless across the VOT continuum separately 
for three languages and places of articulation in multilingual group.
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average boundary locations: MG7325AR, MŻ7511UL PB8212ME, PH7206AT, PP7929LA, 
RP6525LO, and TM6326AT.

•• L1-L2-L3 overlap—VOT boundaries in the three continua and languages are close to one 
another (i.e., the difference across the three languages is smaller than 10 ms): JW8022AR, 
KK8018UL, PG7422AR, SG7731AR, SM7125UL, and TD7001AU.

•• L1 drift—VOT boundaries for L1 Polish exceed those in L2 English and L3 Norwegian:
○ In /b-p/ and /d-t/1: MK7615DA and MU7314GN.
○ Only in /b-p/: RP6525LO and SŚ6728AR.
○ Only in /d-t/: AM7219AR, PG7422AR, PP7929LA, and TD7001AU.

•• L2-L3 overlap—VOT boundaries for L2 English and L3 Norwegian are comparable and 
different from L1 Polish (this pattern does not apply to all three continua):
○ In /b-p/ and /d-t/: LS6709ME and TD7001AU.
○ In /b-p/ and /g-k/: KP7204AK.
○ Only in /b-p/: KŻ6110ER and SG7731AR.
○  Only in /d-t/: BC7313IK, JS7002OA, MG7325AR, MU7314GN, PB8212ME, 

PP7929LA, and RP6525LO.
○ Only in /g-k/: KW7322LE, LB7829OG, MK7615DA, TM6326AT, and TS7428AT.

•• L1-L2 overlap—VOT boundaries for L1 Polish and L2 English are comparable and differ-
ent from L3 Norwegian (this pattern does not apply to all three continua):
○ Only in /b-p/: KK8018UL, KW7322LE, and PS8626UZ.
○ Only in /d-t/: MW7619ME and MŻ7511UL.
○ Only in /g-k/: BC7313IK and ŁG7906ER.

•• L1-L3 overlap—VOT boundaries for L1 Polish and L3 Norwegian are comparable and 
different from L2 English, but the differences are much smaller than in the case of other 
patterns (this pattern does not apply to all three continua):
○ Only in /d-t/: MK7615DA and TS7428AT.
○ Only in /g-k/: DZ7709DA, LS6709ME, PP7929LA, and PS8626UZ.

5 Discussion
The aim of this study was to examine the perception of word-initial fortis and lenis stops by trilin-
gual speakers of L1 Polish, L2 English, and L3 Norwegian across their three languages. The first 
research question was whether VOT perception in multilinguals is subject to CLI and in what way 
it might differ from native speaker perception. It was expected to find cross-linguistic interactions 
between languages in the multilinguals’ repertoire and, especially, different values for the percep-
tual boundary locations in the multilingual experimental group versus control native speakers, 
particularly in their L2 English and L3 Norwegian.

Statistical testing revealed credible differences between the two groups, suggesting that multi-
linguals perceive VOT differently than the controls, which might possibly be due to CLI in trilin-
gual participants. This tendency is also evident in the descriptive statistics, where it appears that the 
multilingual group might have placed their perceptual boundaries across languages closer together 
than the control groups. Pairwise comparisons showed that group differences in the perception of 
the VOT continua varied depending on the language and PoA, revealing context-specific instances 
of CLI rather than a uniform transfer. That is, differences between the two groups were attested 
only in the /b-p/ and /g-k/ continua, while the identification of the /d-t/ continuum by the multilin-
gual group did not differ credibly from the controls.

In the /b-p/ continuum, the multilinguals maintained Polish-like identification patterns in their 
three languages, which suggests considerable L1 Polish influence on the remaining languages. 
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A possible explanation for this is that it might be challenging for the participants to notice the dif-
ferences between languages in the /b-p/ continuum. In the process of equivalence classification 
proposed in the SLM (Flege, 1995), these sounds might be perceived by the multilinguals as simi-
lar, leading them to form a single perceptual category for the bilabial stops in all three languages, 
and, as a result, they experience CLI in this continuum stemming from L1 Polish.

On the contrary, the lack of differences across the two groups in the /d-t/ continuum and, there-
fore, native-like categorization patterns of stops in the three languages, may result from greater 
perceptual salience. Coronal stops differ notably across the three languages: they are dental in 
Polish (Dukiewicz & Sawicka, 1995), alveolar in English (Roach, 2009), and highly variable in 
Norwegian (Kristoffersen, 2000). This articulatory variation may make the across-language con-
trasts more perceptible to the participants, thereby leading to the formation of separate phonetic 
categories for the stops in the three languages.

The results for the /g-k/ continuum also point to the CLI effect. However, in this case, partici-
pants appeared to rely more on longer VOT in the stop identification, possibly due to the relatively 
long VOT values of velar fortis stops in all three languages. No credible group differences were 
observed between the multilinguals’ identification patterns and the native norms in all three lan-
guages, which might suggest that the multilingual group maintained native-like categorization 
patterns in this continuum. However, taking into account relatively small differences between cat-
egory boundaries in the controls’ identification patterns and rather long VOT in velar fortis stops 
in the three languages, it might also be possible that the participants, in fact, perceive velar stops 
the same way in all three languages. Exposure to languages with long-lag VOT in velar stops may 
have reinforced participants’ sensitivity to longer VOT durations, causing a shift in their perceptual 
boundaries toward the voiceless end of the continuum. Therefore, there is a possibility that the 
multilinguals possess a merged perceptual category of velar stops for all three languages. Across-
language comparisons might provide more insight into this category.

The second research question focused on the directionality of CLI across the languages of L1 
Polish-L2 English-L3 Norwegian speakers and how its presence is modulated by different places 
of articulation of stops. It was hypothesized that all three languages would interact, but to a differ-
ent extent, depending on several factors such as typological proximity, settings of acquisition, 
foreign language effect, or cross-linguistic similarity across the three languages. Although the 
descriptive statistics showed relatively small differences between languages in all three places of 
articulation, the statistical analysis revealed interesting patterns with credible differences found in 
the /b-p/ and /d-t/ continua.

First, even though credible differences between the three languages have been attested in the 
identification patterns of the /b-p/ continuum, the magnitude of differences was rather small, and, 
in addition, the boundary locations turned out to be placed early in the continuum. This finding, 
together with group differences in English and Norwegian described above, suggests a heavy reli-
ance on L1 Polish when it comes to bilabial stop perception. A possible explanation is that the 
multilinguals might not have noticed the difference between /b-p/ continua in the three languages 
just yet and, therefore, perceive them as similar in line with the equivalence classification (Flege, 
1995). As the boundaries in the three languages are around 0 ms, it can be concluded that there is 
no L1 drift, but rather L2 English and L3 Norwegian are influenced by L1 Polish, whose boundary 
is considered to be lower in the continuum. This finding, although rather unexpected in our study, 
aligns with the main predictions of the L2 speech models, which assume a general reliance on L1, 
especially at the initial stages of L2 acquisition, as well as with previous findings regarding bilabial 
stop perception by multilinguals (J. Liu et al., 2019; Stan, 2024; Zeng, 2024).

In the /d-t/ continuum, the across-language differences in the multilingual group turned out 
to be larger than for the bilabial continuum, and, as mentioned above, there were no 

102:8267859073



Cal 19

credible differences between control and multilingual groups. Because of that it can be stated that 
multilinguals managed to maintain separate language systems in coronal stops due to possible 
greater perceptual salience stemming from the variability in the PoA of these stops across the three 
languages under investigation.

With regard to the /g-k/ continuum, however, we did not observe any credible differences across 
the languages. This outcome suggests the previously mentioned possibility of maintaining one 
merged category for velar stops in the three languages. However, unlike in the predictions, it was 
L1 Polish that was possibly the most affected by this process, compared with L2 English and L3 
Norwegian, as voiceless stop identification was the highest for multilinguals in this language. 
Nevertheless, VOT in the Polish voiceless velar stop is rather long compared with the other places 
of articulation, and adding L3 Norwegian, which is yet another language with a long-lag VOT, to 
the system might have resulted in shifting the perceptual boundary toward the voiceless part of the 
continuum, possibly leading to the L1 drift effect. L2 English also seemed to be affected by CLI, 
which may be attributed to the closer typological relationship between English and Norwegian 
compared with Polish, as the former two languages come from the same family of Germanic 
languages.

Recapitulating, our results partially confirm the first hypothesis, that is, they show that trilingual 
speakers do experience CLI in their perception of stop continua, but its presence and directionality 
depend on the PoA of a stop. The second hypothesis was also confirmed only partially. Overall, the 
general prediction that all languages will interact can be corroborated; however, we did not find an 
unequivocal confirmation of any of the predicted scenarios. We found evidence of CLI in both 
directions, namely L1-induced CLI emerged in the perception of bilabial stops, which is consistent 
with previous findings (J. Liu et al., 2019; Stan, 2024; Zeng, 2024) and thereby confirms the H2.2 
scenario. However, in the case of this study, both foreign languages were affected by CLI, not only 
L3, which might point to the lower stability of the L2 English system in multilinguals. At the same 
time, L3-induced CLI was observed in velar stops. This outcome, on the contrary, confirms the 
H2.1 scenario. Yet, in this case, again, both L1 Polish and L2 English were affected by CLI, sug-
gesting possible L1 drift effect caused by an extensive L2 and L3 exposure. In contrast, the percep-
tion of coronal stops was not affected and the participants maintained separate language systems. 
The H2.3 scenario was, thus, also partially confirmed, as each PoA was affected by CLI in a differ-
ent manner. However, the magnitude of this effect differed from the predictions, and we did not 
find the expected gradual increase in the amount of CLI with respect to the further back the PoA. 
It can be, thus, concluded that the patterns of CLI vary across the three places of articulation and 
seem to be conditioned by cross-linguistic similarity, perceptual salience, and typological relations 
between languages, thus indirectly testifying to the complex nature of phonological acquisition in 
multilinguals that calls for more nuanced predictions and interpretations.

The third research question addressed individual variation among participants in terms of VOT 
perceptual boundary placement. The general prediction was to expect considerable intra- and inter-
individual differences across the participants. The obtained data pointed to the foreseen variability 
among the multilinguals and revealed some interesting patterns of boundary placement across the 
languages and continua, which seems to be consistent with the findings reported by Wrembel et al. 
(2022) and Gut et al. (2023). This observation could be attributed to individual perceptual differ-
ences that the participants exhibit in the group, which may differ across individuals. The factors 
that might play a role in this study concern especially some variation in the level of L2 and L3 
proficiency, but also the actual frequency of use of particular languages as well as language apti-
tude or auditory sensitivity. It seems important to further scrutinize these factors in future studies 
to better understand the observed variability and the role that individual differences play in percep-
tual boundary location. In the current contribution, we identified potential individual patterns, in 
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line with previous rare studies (e.g., Wrembel et al. 2022), in the attempt to integrate this approach 
more firmly into L3 acquisition research as advocated by some researchers (e.g., Gut et al. 2023).

Despite the valuable insights provided by this study, it is not without limitations. The study 
would benefit from a larger sample size, both in terms of the multilingual group and the controls. 
Moreover, the stimuli design needs to avoid a potential influence of secondary voicing cues on the 
perception of VOT across the three languages under investigation. Although the present study 
addressed this issue by adjusting F0 values, further attention to this aspect would likely enhance 
the validity and interpretability of future findings. Further investigations should focus on the acqui-
sition of stops in different places of articulation perceived by speakers of various linguistic reper-
toires to corroborate the findings provided herein. What is more, it could also account for the 
variability in participants’ L2 and L3 proficiency levels, especially when it comes to the individual 
learners’ outcomes. Other individual differences could also be taken into consideration as well as 
the development of perception trajectory over time.

6 Conclusion
This study aimed to explore how trilingual speakers of L1 Polish, L2 English, and L3 Norwegian 
perceive word-initial fortis and lenis stops in their three languages. In particular, the goal was to 
establish whether the obtained perceptual boundary locations between voiced and voiceless plo-
sives for the trilingual speakers are subject to CLI, and what the directionality of this process is. 
The novelty of the study is twofold; it provided a deeper insight into the field of multilingual per-
ception by presenting the analysis of all three places of articulation of stops in all three languages 
of the speakers together with the native controls of the respective languages. In addition, the study 
offered an overview of individual variation, which is still a rare practice in the field.

All in all, the results demonstrated that L1 Polish-L2 English-L3 Norwegian speakers experi-
ence CLI, but its nature was rather complex, and the directionality and magnitude depended on the 
PoA of stops. That is, it was found that in bilabial stops, the participants undergo an L1-induced 
CLI; in coronal stops, they maintain separate perceptual systems; whereas in velar stops, they 
demonstrate an L3-driven merged perceptual category. The analysis of individual variation revealed 
various patterns of VOT categorization, confirming the complex nature of CLI, at the same time 
highlighting the need for future research.

Finally, the study has the potential to further inform the existing models of foreign language 
speech acquisition by expanding the discussion to the third language acquisition perspective and 
providing new evidence for a more nuanced formulation of predictions related to the nature and 
directionality of CLI in multilingual speakers.
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Note
1. The /g-k/ continuum was not taken into account here, because the values obtained from the Polish control 

group for /g-k/ already exceeded those for English and Norwegian.
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Article

Is L2 the Least Stable System? The Dynamics of VOT Trilingual
Production in Polish–English–Norwegian Read and
Spontaneous Speech
Zuzanna Cal

Department of Contemporary English and Multilingualism, School of Languages and Literatures, Faculty of
English, Adam Mickiewicz University, 60-780 Poznań, Poland; zuzanna.cal@amu.edu.pl

Abstract

This study analyses the production of voiceless and voiced plosives (/p, t, k, b, d, g/)
in both read and spontaneous speech produced by L1 Polish, L2 English, L3 Norwegian
multilingual learners and native control speakers. The goal is to examine whether L2/L3
learners maintain distinct phonological categories in all their languages or exhibit cross-
linguistic influence, as well as to identify which voicing series and places of articulation
are most susceptible to the interference. Moreover, the study seeks to integrate acoustic
data with extralinguistic factors, such as proficiency, exposure, frequency of use and age
of acquisition, to provide a deeper understanding of the dynamic coexistence of three
phonological systems both in controlled and more authentic environments. The study
reveals significant L1 and L3 influence on L2 stop production, especially in the voiced series
of stops, and more target-like L1 and L3 production.

Keywords: voice onset time; cross-linguistic influence; multilingualism; read speech;
spontaneous speech; speech modes

1. Introduction
The acquisition of stop consonants by multilingual learners has been the focus of

increasing attention in recent L3 speech acquisition research (e.g., Sypiańska, 2013; Wrem-
bel, 2015; Llama & López-Morelos, 2016; Gabriel et al., 2018; Amengual, 2021; Geiss et al.,
2022; Nelson, 2022; Zhang et al., 2023; Cal & Wrembel, 2025). Stop production, quantified
primarily using voice onset time (VOT), provides a robust acoustic metric for compar-
ing interaction across multiple phonetic systems of a speaker. While L3 phonological
research has predominantly examined the voiceless series of stops (e.g., Sypiańska, 2013;
Wrembel, 2015; Llama & López-Morelos, 2016; Amengual, 2021), more recent studies have
extended this inquiry to the voiced counterparts (e.g., Gabriel et al., 2018; Geiss et al.,
2022). Nonetheless, the area remains rather underexplored, as the current literature seems
to offer several different perspectives regarding how a multilingual repertoire interacts.
There is an ongoing debate concerning the source and directionality of cross-linguistic
influence (CLI) during L3 acquisition. The extant literature offers conflicting evidence that
points alternatively to L1 dominance (e.g., Bandeira & Zimmer, 2012; Llama & Cardoso,
2018), L2 dominance (e.g., Llama et al., 2010; Tremblay, 2007), or a combined effect of both
prior languages (e.g., Sypiańska, 2017; Wrembel, 2014; Zhang, 2022). Furthermore, while
some holistic studies document progressive and regressive CLI across the three languages
(e.g., Liu, 2016; Sypiańska, 2017), others find evidence of separate phonetic systems (e.g.,
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Amengual, 2021; Geiss et al., 2022). Consequently, further empirical work is required to
clarify these contradictory findings, particularly from a perspective that accounts for both
voicing series and all languages within the speaker’s repertoire.

Adding to this complexity, VOT and CLI patterns are also realised differently depend-
ing on speech styles and task types, with spontaneous speech data yielding considerably
more variability than read utterances (e.g., Baran et al., 1977; Yao, 2009). However, phonetic
CLI has rarely been examined simultaneously across the contrasting speech modalities.
The present contribution, thus, aims to address this gap and lay the foundations for further
research by examining the trilingual repertoire of L1 Polish, L2 English and L3 Norwegian.
These languages were chosen due to their complementary VOT patterns, allowing for a
systematic analysis of CLI and language acquisition patterns. As the third instalment in a
research series exploring this specific trilingual repertoire, the current study builds directly
upon the previous work that includes a longitudinal investigation of VOT production (Cal
& Wrembel, 2025) and a subsequent study on VOT perception (Cal, 2026). For this reason,
this paper will additionally evaluate whether the longitudinal acquisition and CLI patterns
observed in the first study hold robustly across a new cohort and different experimental
conditions.

The paper is structured in the following manner. Firstly, the research on VOT ac-
quisition and cross-linguistic influence is described, specifically delving into elicitation
tasks and speech modes used across studies, together with their effect on VOT variability
and CLI patterns. Secondly, attention is drawn to the existing models of third language
acquisition with a particular focus on the Natural Growth Theory of Acquisition (NGTA;
Dziubalska-Ko!aczyk & Wrembel, 2022, 2024) and the rationale behind embedding this
work in the NGTA framework. The next part of the paper is devoted to the methods used
in the study; that is, the aim, research questions and hypotheses, followed by an in-depth
description of the participant pool and procedure. This is succeeded by the discussion of
the results and conclusions.

2. CLI in VOT Production in Multilinguals
The body of research on VOT production in multilinguals has been growing quite

extensively in the past two decades. Undoubtedly, VOT is an easily measurable and
ubiquitous parameter that offers reliable and relatively fast across-language analyses.
Therefore, it has been widely chosen to provide understanding of how CLI functions in
multilingual speakers. While bilingual research offers comprehensive insights into phonetic
interactions between L1 and L2, the extant multilingual studies usually solely focus on
the L3 acquisition (e.g., Bandeira & Zimmer, 2012; Llama & Cardoso, 2018; Llama et al.,
2010; Tremblay, 2007; Wrembel, 2011, 2014, 2015); however, there also exists an increasing
amount of work on regressive CLI (e.g., Sypiańska, 2013; Nelson, 2022), as well as some
research dealing with all three languages simultaneously (e.g., Cal & Wrembel, 2025; Geiss
et al., 2022; Amengual, 2021; Liu, 2016). Moreover, the primary focus of the research to date
has been voiceless stops, leaving the domain of the voiced counterparts and the comparison
thereof rather underexplored. Yet, adopting such a holistic perspective is highly warranted,
as previous research has pointed to an interesting asymmetry in the acquisition of the two
voicing series, both in bilingual (e.g., Zając, 2015; Schwartz et al., 2020; Sypiańska, 2021;
Wojtkowiak, 2022) and multilingual speakers (e.g., Cal & Wrembel, 2025, Zhang et al., 2023;
Nelson, 2022).

Existing studies on VOT acquisition are frequently based on the Speech Learning
Model (SLM; Flege, 1995) and the revised Speech Learning Model (SLM-r; Flege & Bohn,
2021) to explain cross-linguistic interactions. Grounded in the premise that L2 learners
experience phonetic influence from their native language, this framework also accounts for
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regressive CLI. The model proposes that L2 sound learning is dependent on how learners
perceive the distance between L2 and L1 sounds. That is, distinct L2 sounds are more
easily acquired because they do not fall within the equivalence classification. Conversely,
similar sounds pose a greater challenge, as they trigger equivalence classification with
established L1 phonetic categories, resulting in a merged category that leads to bidirectional
cross-linguistic interference. A vast body of research, within the framework of second
language acquisition, has used these claims to investigate VOT production in the two
languages. As far as the population of L1 Polish-L2 English bilinguals is concerned,
previous research shows an asymmetry between voiced and voiceless series of stops (e.g.,
Zając, 2015; Schwartz et al., 2020; Sypiańska, 2021; Wojtkowiak, 2022). That is to say, the
results show that the participants experience problems suppressing prevoicing in voiced
stops in the L2, but manage to produce voiceless plosives with aspiration. The pattern
was reversed in the case of L1, where the bilinguals produced fewer prevoiced items and
maintained the Polish-like voiceless stops. In this sense, it can be concluded that the voiced
sounds in the two languages were perceptually assimilated to a single, shared category, and
therefore, were subject to CLI. It is generally believed that aspiration is a more salient feature
that learners pay attention to and acquire more easily and early on (Sypiańska, 2021), while
prevoicing is hardly noticeable and more difficult to suppress. Phonologically speaking,
it is claimed that fortis and lenis stops have different status, meaning that aspiration in
voiceless stops is a phonological feature, while prevoicing is said to be a phonetic detail (cf.
Schwartz et al., 2020).

The analysis of CLI in multilingual speakers is devoted to determining the possible
source of influence on the third language; that is, whether it is L1, L2, or the two combined
that shape the development of the L3. The existing data points to mixed results. First of all,
some investigations identify the L1 as the main source of CLI (e.g., Bandeira & Zimmer,
2012; Llama & Cardoso, 2018). On the other hand, some studies also point to L2 as a
predominant source of CLI on L3 (e.g., Llama et al., 2010; Tremblay, 2007). The greatest
number of investigations, however, suggest the combined effect of L1 and L2 on L3 VOT
values (e.g., Zhang, 2022; Sypiańska, 2017; Wrembel, 2011, 2014, 2015; Wunder, 2010). For
example, Wrembel (2014) analysed VOT production of L1 Polish, L2 English and L3 French
multilinguals and found that L3 French values for /p, t, k/ were in between L1 and L2
mean VOT.

Recent investigations tend to employ a more holistic, multilingual approach towards
CLI that not only seeks any traces of L3 influence, but also explores a potential impact
on L2, as well as L1 drift or attrition (e.g., Cal & Wrembel, 2025; Zhang et al., 2023; Geiss
et al., 2022; Nelson, 2022; Zhang, 2022; Amengual, 2021; Sypiańska, 2017; Liu, 2016). Yet,
contradictory findings were established in this approach as well. On the flip side, some
studies reported progressive and/or regressive CLI. For example, Sypiańska (2017), in
her study on L1 Polish, L2 Danish, L3 English speakers, revealed that not only did the
multilinguals experience progressive CLI towards their L3 English, but the acquisition of
L3 also led to the shifts in their L1 and L2. Similar results for regressive CLI were obtained
by Liu (2016) for voiceless stops, and Nelson (2022) in younger learners. Conversely, there
are also investigations that show separate VOT patterns for the three languages, meaning
that CLI did not occur in the data. For instance, Geiss et al. (2022), in their study on
heritage speakers of Italian speaking German as a majority language and English as a third
language, found evidence for three separate language systems. Similar findings were also
reported by Amengual (2021) for the voiceless velar plosive /k/. Yet another outcome was
obtained by Liu (2016) suggesting a separate L3 system and interaction between L1 and L2
for the voiced series.

https://doi.org/10.3390/languages11090182112:1076974685
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The research described so far predominantly focuses on VOT production in voiceless
stops. Only more recent investigations have dealt with voiced stops and their production
in the multilingual context. The results point to the aforementioned asymmetry, with
voiced stops being more susceptible to CLI and the voiceless series being produced more
accurately. This was observed, for example, by Cal and Wrembel (2025) in their longitudinal
study investigating L1 Polish, L2 English, L3 Norwegian speakers. This language triad
is characterised by a complementary distribution of VOT values: Polish is a true voicing
language, English is an aspirating language and Norwegian combines prevoiced stops,
like Polish, and aspirated voiceless stops, as in English. The research showed different
patterns of VOT production and its asymmetric development across the two voicing series
of plosives. That is, in voiceless stops, multilinguals maintained separate patterns for
the three languages that did not change significantly over time, whereas in the voiced
plosives significant changes with time were observed by means of shorter prevoicing and
an increased number of unvoiced items across the sessions. These findings confirmed
previously stated conclusions from the second language acquisition research referring to a
different behaviour of the two series of stops (e.g., Wojtkowiak, 2022; Schwartz et al., 2020;
Bless, 2015).

Some studies also employed a longitudinal design to explore the development of
plosive acquisition in multilinguals (e.g., Cal & Wrembel, 2025; Zhang et al., 2023; Nelson,
2022). Both Cal and Wrembel (2025) and Zhang et al. (2023) showed the asymmetrical
behaviour of the two series of stops, confirming that it is the voiced series that is more
susceptible to changes over time and, as a result, CLI. On the other hand, Nelson (2022)
focused on regressive CLI in the production of voiceless stops only; however, the results
pointed to an increasing influence of L3 on L1 and L2 with time in adult learners.

To sum up, the interest in CLI in VOT production has developed significantly in recent
years. The earlier investigations focused mostly on L3 acquisition of voiceless plosives,
which laid the groundwork for more complex and holistic approaches concerning the
multilingual system as a whole; that is, expanding the analyses into voiced stops and
employing longitudinal designs.

3. Speech Modes in VOT Production Research
VOT has been shown to be influenced by speech styles, or, in other words, the task

type. Building on the work of Labov (1972), speech styles are often conceptualised as a
continuum defined by the speaker’s level of self-monitoring. While this spectrum ranges
from highly controlled word lists to casual conversation, spontaneous speech is further
influenced by situational context and communicative intent (Beckman, 1997). Speech
modes are also characterised by their degree of spontaneity and preparation (Fujisaki, 1997;
Swerts et al., 1996). Based on this, Koch (2008) grouped speech styles into three categories;
that is, a reading category consisting of single utterances, read speech, and spontaneous
speech. Experimental data shows that in comparison to read speech, spontaneous modality
is characterised by reduced spectral space (Nakamura et al., 2008).

It was observed that VOT has considerably more variability when it is produced in
spontaneous speech, rather than from read utterances (e.g., Stuart-Smith et al., 2015; Yao,
2009; Syrdal, 1996; Baran et al., 1977). What is more, the rate of speech, together with word
frequency and other contextual factors, is believed to have an effect on VOT patterns (Yao,
2009). The existing literature, including the comparison of speech modes in bilinguals,
reports shorter VOT values in less formal tasks including spontaneous speech compared
to the citation forms of elicitation (e.g., Jerotijević Ti"ma, 2019; Gósy, 2001); that is, when
speech becomes faster and more spontaneous, VOT gets shorter.
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The comparison of different speech modes in multilingual research on VOT acquisition
remains rather unexplored, as the studies usually seem to be focused on one task only.
The most prominently used tasks include: word reading elicited in isolation (e.g., Cal
& Wrembel, 2025; Zhang et al., 2023; Zhang, 2022; Llama & Cardoso, 2018; Wrembel,
2014; Llama et al., 2010), words in a carrier sentence (Bondarenko et al., 2022; Amengual
et al., 2019) or a picture-naming task (e.g., Dittmers et al., 2017), as well as text reading
(e.g., Zhang et al., 2023). In turn, Geiss et al. (2022) and Sypiańska (2017) examined
spontaneous speech by means of picture-cued storytelling and structured interviews,
respectively. Yet, the results of the two studies seem rather contradictory, with the former
reporting language-specific patterns of VOT realisation and the latter pointing to combined
CLI. This inconsistency of the findings makes research on VOT production in spontaneous
speech worth further exploration.

4. L3 Speech Acquisition Modelling
CLI can be analysed from different perspectives. A considerable body of literature

explores the process of acquisition and development of an L3. More specifically, it aims to
find any potential sources of influence on this language and factors that might affect this
process. The need for systematising and predicting the development of the L3 led to the
establishment of certain models that take into account various linguistic and psycholinguis-
tic factors that might play an important role in the process of acquiring a third language,
such as language typology, psychotypology, L2 status, among others. The five prominent
frameworks for modelling L3 acquisition include the Cumulative-Enhancement Model
(Flynn et al., 2004), which assumes that CLI is strictly cumulative and facilitative, alongside
models that allow for both facilitative and non-facilitative influence, such as the L2 Status
Factor Model (Bardel & Falk, 2007, 2012), the Typological Primacy Model (Rothman, 2011,
2015), the Linguistic Proximity Model (Westergaard et al., 2017), and the Scalpel Model
(Slabakova, 2017). However, the assumptions of these models, namely that L3 acquisition
is driven by factors such as structural proximity, typological similarity, or L2 status, are
largely based on morphosyntactic and lexical data but not phonological ones. Although
some attempts have been made to apply these models to phonetic data, predominantly
focusing on the L2 Status (e.g., Llama et al., 2010; Wrembel, 2010), further investigations
fail to corroborate these assumptions (e.g., Llama & Cardoso, 2018; Wrembel, 2011, 2014,
2015). Thus, these models might be of limited use while establishing specific predictions
regarding L3 speech.

A framework that aims to reconciliate the aforementioned models and take the speech
domain into consideration is the Natural Growth Theory of Acquisition (NGTA; Dziubalska-
Ko!aczyk & Wrembel, 2022, 2024). This theory offers a holistic approach that explains
multilingual phonological development as a gradual, dynamic emergence of language
systems. It integrates the functionalist, preference-based approach of Natural Phonology,
which views phonological processes as reflecting real, phonetically motivated constraints
on speaker perception and production (Donegan & Stampe, 2009; Stampe, 1979), with the
non-linear, self-organising principles of Complexity Theory, which treats language as a
dynamic system where stable patterns and generalisations emerge post-factum from usage
and experience (Kretzschmar, 2015; Mitchell, 2009). The NGTA theory takes into account
the dynamics and individual nature of the acquisition process as well as its dependence
on a variety of external variables that may facilitate or inhibit acquisition. This approach
defines multiple non-competing scenarios that are viewed as commensurate pathways
reflecting the complexity of language acquisition.

According to the NGTA, the acquisition process is believed to depend on a wide range
of relevant linguistic and extralinguistic variables which are hierarchised based on their
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importance in the learning process. Central to the NGTA is the distinction between two
levels of processing: Level 1, which is automatic and involves articulatory routines and
phonetic constraints, and Level 2, which is conscious and manifested through metalinguistic
awareness. The linguistic factors include the first language and languages other than L1
(including L2, L3, and further languages together with their language-specific systems
and typological properties), as well as preferability generalisations (both deductive and
inductive). At the same time, the external variables, also referred to “the acquisition
situation” comprise the stages of acquisition, frequency of input and use, age of acquisition,
proficiency level, metalinguistic awareness and individual factors. Figure 1 illustrates the
proposed influential variables (after Dziubalska-Ko!aczyk & Wrembel, 2022).

Figure 1. Linguistic and extralinguistic variables in NGTA (Dziubalska-Ko!aczyk & Wrembel, 2022).

As the current investigation is centred on speech acquisition specifically and aims
to explore the dynamics and complexity of the process of multilingual acquisition, this
framework was chosen to serve as the theoretical embedding of the study and to provide
a bigger picture of how the process of acquisition is modulated by external factors in an
attempt to provide their hierarchy of importance in this particular acquisition situation.

5. Current Study
5.1. Aim

The aim of this study is to investigate how trilingual speakers produce stop conso-
nants in their languages across two speech modalities. Specifically, the goal is to explore
potential cross-linguistic interactions across all three languages of L1 Polish, L2 English, L3
Norwegian speakers. To this end, the study analyses VOT in both voiceless (/p, t, k/) and
voiced (/b, d, g/) stops to determine whether the learners maintain separate phonological
categories or whether CLI emerges, and if so, which voicing series, languages and places of
articulation are the most susceptible to this process. The measurements are conducted in
both read and spontaneous speech, comparing the results across the speakers’ languages
and against control values obtained from native speakers of the respective languages. The
study also aims at analysing extralinguistic factors that might condition VOT acquisition as
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well as the presence, absence and the degree of CLI using the NGTA (Dziubalska-Ko!aczyk
& Wrembel, 2022, 2024) as the framework of reference.

The languages under investigation, namely Polish, English and Norwegian, are com-
plementary in terms of the characteristics of their stop consonants in word-initial stressed
onset position. Polish is a true voicing language that has prevoicing in the voiced series
of stops and short-lag VOT in voiceless stops (e.g., Keating et al., 1981; Jassem, 2003).
English, on the other hand, is an aspirating language in which /b, d, g/ are, in principle,
partially voiced and /p, t, k/ are aspirated (e.g., Lisker & Abramson, 1964; Docherty, 1992).
In Norwegian the voiced stops are prevoiced, similarly to the Polish ones, whereas the
voiceless stops are aspirated and resemble those in English (e.g., Halvorsen, 1998; Ringen
& van Dommelen, 2013). Figure 2 depicts approximate VOT ranges of stops in the three
languages under investigation based on the literature. For the sake of comparison, this
study will provide reference values for VOT in each language taken from native speakers
performing the same tasks as the experimental group.

Figure 2. Reference values for VOT in Polish, English and Norwegian (based on Keating et al.,
1981, Lisker & Abramson, 1964, and Ringen & van Dommelen, 2013, respectively). Specific values,
measured for control speakers of the three languages, are presented in Sections 6.1 and 6.2 for read
and spontaneous speech, respectively.

5.2. Research Questions and Hypotheses

The study is guided by the following research questions and corresponding hypotheses:

RQ1. Do multilingual speakers of L1 Polish—L2 English—L3 Norwegian exhibit CLI in
the production of stops? Are there any differences in their VOT production compared to
native control speakers?

H1. Based on previous research on VOT acquisition in multilinguals (Sypiańska, 2013; Wrembel,
2015; Geiss et al., 2022; Cal & Wrembel, 2025), we predict CLI to take place in the L1 Polish—L2
English—L3 Norwegian speakers as well. This would be manifested in the differences in VOT values
across the multilingual group and native controls.

RQ2. How is CLI in VOT production of stops manifested across the three languages of L1
Polish—L2 English—L3 Norwegian speakers? Is it dependent on the place of articulation
of stops and/or voicing?

https://doi.org/10.3390/languages11090182116:1921471761
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H2. It is expected that all three languages in the repertoire of multilingual speakers will interact, but
the interaction will be manifested differently depending on the language pair, place of articulation
and voicing series.

Predictions based on language pairing

We foresee more interaction taking place between L2 English and L3 Norwegian,
because of their typological proximity, a similar setting of acquisition (i.e., via classroom
instruction), as well as the foreign language effect (e.g., Hammarberg & Hammarberg,
2009). These factors would cause our participants to rely more on L2 values as a reference
point while acquiring the L3 and, therefore, they would experience progressive CLI from
L2 to L3. Similarly, if the L2 was treated as similar to the L3, regressive CLI would take
place from L3 to L2. This would be reflected by longer VOTs in voiceless stops in both L2
and L3, as well as similar realisation of voiced stops in the two languages, across these two
systems, with the presence of prevoicing modulated by the directionality of CLI.

Predictions based on voicing series

Based on previous research (e.g., Gabriel et al., 2018; Geiss et al., 2022; Cal & Wrembel,
2025), we hypothesise that more CLI will be attested in the voiced series of stops, while VOT
values in the voiceless stops will manifest themselves as more target-like. This prediction
rests on the premise that aspiration is a more salient, phonological feature that is more
easily acquired early on (Sypiańska, 2021), whereas prevoicing behaves as a less noticeable
phonetic detail that is harder to suppress (cf. Schwartz et al., 2020). Therefore, similar
realisation of voiced stops in the three languages is anticipated, with the presence of
prevoicing dependent on the directionality of CLI. We also expect to find facilitative CLI
between L2 English and L3 Norwegian regarding the production of voiceless stops, and
between L1 Polish and L3 Norwegian when it comes to the voiced counterparts.

Predictions based on places of articulation

It is predicted that CLI will be present in all three places of articulation of stops, but to
a different extent. We expect to observe more CLI in voiceless stops that have higher VOT
and voiced stops with the shortest prevoicing, such as the velar stops /k/ and /g/, as their
VOT values are the most similar across languages, leading to equivalence classification.
Therefore, according to the SLM (Flege, 1995), in these stops which are not sufficiently
dissimilar the participants are more likely to form a single category for their three languages.
We also hypothesise that we will find the least amount of CLI in coronal stops, as their
place of articulation differs considerably across the three languages; that is, /t/ and /d/
are dental in Polish (Dukiewicz & Sawicka, 1995), alveolar in English (Roach, 2009) and
their place of articulation varies in Norwegian (Kristoffersen, 2000). This might trigger
dissimilatory CLI and, consequently, the formation of separate categories for coronal stops.

RQ3. What is the difference in VOT produced in read vs. spontaneous speech? Are CLI
patterns attested to an equal extent in the read speech reflected in spontaneous speech?

H3. Based on the existing literature, we predict more carefully monitored speech in read mode.
As a result, we expect the read speech to be characterised by more accurate VOT production and
longer VOT in L2 English and L3 Norwegian voiceless stops, as well as fewer prevoiced stops in L2
English compared to L1 Polish and L3 Norwegian. We also expect to see less individual variation,
as the recording process is strictly timed. Conversely, in spontaneous speech we foresee finding
shorter VOT in L2 English and L3 Norwegian voiceless stops (e.g., Gósy, 2001; Jerotijević Ti!ma,
2019), but also more prevoiced items in L2 English. Furthermore, we expect VOT values to be
highly dependent on speech rate, resulting in more variation across participants (e.g., Syrdal, 1996;
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Stuart-Smith et al., 2015). Consequently, we predict that more CLI will be found in spontaneous
speech, as it is less controlled than the read speech (Jerotijević Ti!ma, 2019).

RQ4. What is the impact of extralinguistic factors on the production of stops by L1 Polish,
L2 English, and L3 Norwegian speakers? Which factors (and to what extent) affect the
presence or absence, as well as the degree of CLI?

H4. Based on the NGTA assumptions (Dziubalska-Ko"aczyk & Wrembel, 2022, 2024), the following
extralinguistic factors are expected to influence the process of VOT acquisition in multilinguals in
this specific acquisition situation to varying extents:

• L2 and L3 proficiency—The level of proficiency in both L2 and L3 was shown to affect
speech acquisition (e.g., Cal & Sypiańska, 2020; Sypiańska & Cal, 2020); thus, it is
predicted that higher levels of proficiency in L2 and L3 will trigger more accurate
target-like VOT productions and language-specific category formation.

• Mode of speech (read vs. spontaneous)—The highly monitored nature of a read speech
task is expected to minimise phonetic variation and, as a result, yield more target-like
productions. Conversely, unmonitored spontaneous speech is predicted to exhibit a
significantly higher rate of non-target-like productions, including assimilatory CLI.

• Frequency of use of L1, L2, L3—We foresee more target-like VOT production in the
three languages with higher frequency of use of the respective languages.

• Amount of exposure to L2 and L3—Higher exposure to L2 and L3 is hypothesised to
be a better predictor of more target VOT production in these languages.

• Age of acquisition of L2 and L3—The lower the age of acquisition (AoA), the more
probable target-like VOT production. Within the NGTA framework, a younger age of
acquisition is associated with less complex cross-linguistic interactions, which limits
the multi-directional CLI (both assimilatory and dissimilatory) from affecting the
target categories.

Based on our data and the NGTA assumptions, we aim to propose a hierarchy of predic-
tors valid in this specific acquisition situation (cf. Dziubalska-Ko!aczyk & Wrembel, 2024).

5.3. Participants

The present study involved 37 L1 Polish, L2 English, L3 Norwegian multilingual learn-
ers and, in total, 50 native controls of the three languages. To collect the data regarding their
language history and use, the participants completed the Language History Questionnaire
(Li et al., 2020). The experimental group additionally completed standardised proficiency
tests in L2 English and L3 Norwegian, while L1 Polish and L1 Norwegian controls were
asked to fill in a proficiency test in L2 English. We used adapted versions of the English and
Norwegian written placement tests that assessed proficiency up to the C1 and B2 levels,
respectively. The participants received gift cards for their involvement in the study, and the
ethics committee approval was obtained prior to the study. The sections below provide
detailed profiles of the two groups.

5.3.1. Experimental Group

There were 37 L1 Polish–L2 English–L3 Norwegian speakers in the experimental
group, aged 21.28 (sd = 1.98). The group included 33 females, 3 males and 1 nonbinary
person. All speakers were students or graduates of Norwegian studies at two Polish univer-
sities (in Poznań and Szczecin). The pool consisted of 15 first-year students, 12 second-year
students and 10 students at the third-year level or above. The proficiency test results classi-
fied them on average as B2 (upper-intermediate) speakers of English (mean score = 77.3%,
sd = 13.9%) and B1 (intermediate) speakers of Norwegian (mean score = 82.9%, sd = 16.3%),
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according to the Common European Framework of Reference for Languages. All of the par-
ticipants attended Norwegian practical courses including speaking, grammar, writing and
pronunciation; additionally, their curriculum included a general English course oriented
towards integrated skills. The participants reported limited knowledge of other foreign
languages, particularly German (N = 15) and French (N = 5), learnt by means of prior formal
instruction. A few students claimed to have lived in a foreign speaking country (England,
Norway and Germany) for a period of 3–12 months. Detailed biodata information about
the experimental group (i.e., data regarding their foreign language exposure and use) can
be found in the OSF repository1.

5.3.2. Control Groups

The study involved 3 subgroups of control speakers that consisted of native speakers
of Polish, English and Norwegian respectively. There were 20 L1 Polish speakers, 18 L1
English speakers and 12 L1 Norwegian speakers. We aimed to match the profiles of the
control speakers to our experimental group in terms of their age and education. Thus, all
three subgroups comprise young and educated individuals, most of whom were students
or graduates of non-linguistic majors.

The L1 Polish controls included native speakers of Polish, consisting of 18 females and
2 males. Their mean age was 21.77 (sd = 2.2). They all reported having learnt English or
other foreign languages at school, but they claimed not to have a regular contact with any
of the foreign languages.

There were 18 L1 English controls residing in Bangor (UK), whose mean age was 23.6
(sd = 3.8). The group included 11 females and 7 males. Some of the participants indicated
limited proficiency in Romance languages (French, Spanish or Italian) and Welsh, but at
the time of the study they reported not using foreign languages on a daily basis.

The L1 Norwegian controls consisted of 9 females and 3 males, who were aged 25
(sd = 3). They resided in Tromsø (Norway). All of them were advanced (C1-C2 level)
speakers of English who started learning the language approximately at the age of 6.6
(sd = 2.7). We decided to include speakers of such a linguistic profile in the experiment, as
a monolingual group would have been rather difficult to find due to the relatively high
level of English proficiency among the Norwegian population.

5.4. Procedure

In this study the experimental group performed two production tasks including read
and spontaneous speech separately for Polish, English and Norwegian. Firstly, they took
part in a reading task, in which they were presented with sentences on a computer screen,
one sentence per slide, and asked to read them in a natural manner. The slides were
changed at a steady, controlled pace. The sentences included target words containing word-
initial stops /p, t, k, b, d, g/ in a stressed onset position that was controlled for vocalic
context. There were 60 sentences per language, each list targeted voiced and voiceless
stops and the three places of articulation in an equal number. Thus, there were 10 target
words per sound. The list of sentences for each language can be found in OSF repository
(see Note 1 above). The second task targeted the production of spontaneous speech. In
this task, the participants were asked to talk for about 2 min on a given topic that was
varied across the three languages. In the Polish block, the participants talked about their
childhood in Poland, in the English block the topic was summer vacation abroad, while in
Norwegian they were asked to talk about free time in Norway. To avoid a language mixing
effect, the language sessions were conducted on different days. Additionally, a specific
language mode was introduced before each session, by means of a task that required them
to watch a short 3 min video in a particular language and then to retell the story in this
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language. The control speakers participated in the same tasks, but in one language block
only, corresponding to their native language.

The recordings were made using a Shure SM-35 unidirectional cardioid head-worn
condenser microphone and a Marantz PMD620 recording device with the microphone
positioned approximately 6 cm away from the participant’s mouth.

The recordings were then transcribed with the use of an ASR tool and force-aligned
using WebMAUS (Kisler et al., 2017). Based on the aligned TextGrid files, a Python (version
3.12.4) script was used to find target words and sentences. In the spontaneous speech
recordings, the script targeted only word-initial voiced and voiceless stops that were
followed by a vowel and preceded by a word ending with a vowel. After that, VOT
boundaries in the targeted sounds were manually corrected in Praat (Boersma & Weenink,
2023). Measurements for voiced stops captured the entire prevoicing interval, extending
from the initial pulse of voicing up to the point of articulatory release. Neither the burst nor
release noise was included in this interval. For voiceless stops, the measurements included
the positive VOT interval from the release burst to the onset of the subsequent vowel. In
all cases, the acoustic markers were placed at the zero-crossing points of the waveform.
The tokens were verified to include only the items with full acoustic closure. Any stops
exhibiting lenition or non-standard articulation were discarded from the analysis. Finally,
the VOT durations (in milliseconds) were extracted using another Python script. This
procedure was chosen, as it allowed us to extract as many VOT durations as possible in the
quickest possible time, yet we still faced some data loss due to speakers’ mispronunciation
or forced-alignment issues.

We obtained a total of 8462 tokens from read speech, within which 5845 tokens were
produced by the experimental group and 2617 by the control group. For the spontaneous
modality, the dataset yielded 2088 tokens, out of which the experimental group accounted
for 911 tokens, while the control group contributed 1177 tokens. A relatively smaller number
of tokens was obtained from the spontaneous speech recordings, due to the uncontrolled
nature of the task. As the task for spontaneous speech was not experimentally controlled
for specific target items, several participants did not produce any stop-initial words within
the required phonological contexts. Therefore, the study includes data only from a subset
of participants from the experimental group (N = 27) and all of the control speakers.

6. Results
Having obtained the VOT durations, we employed Linear Mixed-Effects Models

(LMMs) and Generalised Linear Mixed-Effects Models (GLMMs), as implemented in the
lme4 package (Bates et al., 2015) in R. The models were run separately for the two speech
modes and included the full factorial interaction between the fixed effects. Additionally,
speech rate operationalised as the number of actually pronounced phonemes per second
(see van Dommelen, 2006) was included as a covariate in the model concerning spontaneous
speech. The code for the analysis as well as the models’ outputs can be found in the OSF
repository (see Note 1 above).

The duration analysis was conducted to measure the effect of sound, language and
group on VOT duration (ms). The dependent variable was scaled using the inverse hy-
perbolic sine (IHS) transformation prior to the analysis using the asinh() function in R, in
order to improve residual normality. Random effects included participant and token. The
following formula was implemented to run the model: VOT_scaled ~ sound * language *
group + (1 | participant) + (1 | token).

The prevoicing analysis was done using a Logistic GLMM with a binomial distribution.
The model tested the effects that sound, language and group have on the presence or
absence of prevoicing (coded as 1 = presence, 0 = absence thereof), with participant and

https://doi.org/10.3390/languages11090182120:1031355146

https://doi.org/10.3390/languages11090182


Languages 2026, 11, 182 12 of 28

token as random effects. The model formula was as follows: prevoicing ~ sound * language *
group + (1 | participant) + (1 | token). To avoid convergence issues, the model was specified
with the following control parameters: control = glmerControl(optimizer = “optimx”,
optCtrl = list(method = “L-BFGS-B”, maxit = 10,000)). Table 1 summarises the variables
and factors that were tested in the two types of models.

Table 1. Factors and variables used in the statistical analyses.

Model Dependent Variable Scale Fixed Effects Random Effects

Model 1:
VOT duration

VOT_scaled_ihs
(in milliseconds)

Continuous
(crosses zero)

Sound (/p, t, k, b, d, g/);
Language (Polish, English,

Norwegian);
Group (Experimental, Control)

Random intercept of
participant;

Random intercept of
token word

Model 2:
Prevoicing

Prevoicing
presence/absence

Binary
(0 = absent,
1 = present)

Sound (/b, d, g/ subset);
Language (Polish, English,

Norwegian);
Group (Experimental, Control)

Random intercept of
participant;

Random intercept of
token word

Furthermore, to analyse the effect of extralinguistic factors on VOT duration, as
provided in RQ4, we conducted a Random Forest Regression using the randomForest
package (Liaw & Wiener, 2002) in RStudio (version 2026.01.0+392; Posit Team, 2025). VOT
duration (IHS-transformed) was used as the outcome variable, while predictor variables
included: L2 proficiency (%), L3 proficiency (%), exposure to L3 (years), speech mode
(read vs. spontaneous), AoA in L2 and L3 (years), and frequency of use in L1, L2, L3
(7-point Likert scale). The model formula was as follows: VOT_ms ~ sound + language
+ participant + voicing + L2_prof + L3_prof + exposure_L3 + speechmode + AoA_L2 +
AoA_L3 + frequency_L2 + frequency_L3. Alongside the Random Forest analysis, LMMs
were run with the same predictors as a validation step to check for linear relationships.

6.1. Read Speech

The first objective of this study was to determine whether multilingual speakers
of L1 Polish, L2 English, L3 Norwegian exhibit CLI in their production of stops (RQ1),
which could be assessed in comparison to control values. Table 2 presents mean VOT
values and standard deviations for both the multilingual group and the control speakers
across all three languages, separately for each stop. As can be seen in Polish, the greater
differences across the two groups can be observed in the voiced series of stops, where
multilingual participants produced stops with shorter prevoicing than baseline values
obtained from control speakers of L1 Polish. When it comes to English, the multilingual
group produced voiceless stops with considerably shorter VOT, and voiced stops with
much longer prevoicing than L1 English controls. As far as Norwegian is concerned, VOT
durations in the multilingual group were shorter for /p/ and /t/, and slightly longer for
the three voiced stops compared to the control group.

The results of the statistical analysis revealed significant main effects of Sound (F(5,
167.71) = 3628.56, p < 0.0001), Language (F(2, 222.09) = 149.08, p < 0.0001), and Group (F(1,
83.93) = 57.57, p < 0.0001). Crucially, the analysis showed a significant three-way interaction
between Sound, Language and Group (F(10, 8210.07) = 58.70, p < 0.0001), which indicates
that the differences in VOT production between the multilingual and control groups were
not uniform across languages or places of articulation. To further explore these interactions,
post hoc pairwise comparisons were performed using the emmeans package (Lenth &
Piaskowski, 2026) in R. Figure 3 depicts the distribution of VOT values for voiceless stops
/p, t, k/ across the three languages and two speaker groups. Although the distribution
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of Polish VOT values seems comparable across the two groups, suggesting highly stable
phonetic targets for voiceless stops, the multilinguals showed wider and more diffuse
distributions in English and Norwegian with their peak lower than in the controls. The
post hoc analysis revealed significant differences between the two groups in English /p/
(z = 2.95, p = 0.003) and English /t/ (z = 3.66, p = 0.0003).

Table 2. Descriptive statistics for VOT (in ms) in read speech across two groups.

Language Sound Mean VOT (sd)
Multilingual Group

Mean VOT (sd)
Control Groups

Polish

p 23.59 (12.7) 22.33 (9.22)
t 28.24 (11.93) 26.66 (11.17)
k 42.15 (13.75) 39.08 (10.88)
b →66.06 (19.21) →73.01 (24.07)
d →53.98 (17.75) →62.17 (20.87)
g →46.71 (18.73) →55.24 (19.21)

English

p 45.14 (25.98) 59.69 (19.61)
t 50.54 (25.85) 75.29 (21.04)
k 69.5 (26.29) 73.97 (21.43)
b →61.67 (34.73) →6.67 (17.86)
d →47.08 (30.66) →8.19 (16.82)
g →36.37 (32.15) →7.39 (14.27)

Norwegian

p 42.52 (28.18) 48.2 (17.42)
t 41.5 (21.61) 50.02 (17.35)
k 57.95 (22.1) 55.67 (14.98)
b →66.53 (30.41) →60.02 (26.83)
d →48.09 (27.97) →41.14 (27.85)
g →50.47 (30.27) →43.39 (32.59)

Figure 3. VOT for voiceless stops (/p, t, k/) in read speech across Polish, English and Norwegian for
the control and multilingual (experimental) groups. * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 4 shows corresponding across-group comparisons for the voiced stops. The
greatest difference between the two groups can be noticed in English, where the multilin-
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gual group exhibited a wide range of negative VOT values which are not present in the
control data. The difference was significant for all three voiced stops, that is, /b/ (z = 24.49,
p < 0.0001), /d/ (z = 18.90, p < 0.0001) and /g/ (z = 14.39, p < 0.0001). Furthermore, multilin-
gual speakers produced the Polish stops with shorter prevoicing; however, the difference
reached significance only for the velar stop /g/ (z = →2.71, p = 0.007). In Norwegian, on
the other hand, the multilingual group produced the voiced stops with slightly longer
prevoicing than the control group. This difference turned out to be significant for /d/
(z = 3.33, p = 0.0009) and /g/ (z = 3.44, p = 0.0006).

Figure 4. VOT for voiced stops (/b, d, g/) in read speech across Polish, English and Norwegian for
the control and multilingual (experimental) groups. * p < 0.05; ** p < 0.01; *** p < 0.001.

Given the substantial variability and the high frequency of unvoiced realisations ob-
served in the voiced stop categories (see Figure 4), we decided to conduct a categorical
analysis of the pre-voicing presence versus absence in the data to determine whether CLI
in multilingual speakers manifests itself as a shift in duration or a categorical change
in the voicing lead. The GLMM analysis revealed significant main effects of language
(χ2(2) = 111.43, p < 0.0001) and group (χ2(1) = 14.89, p = 0.0001). These effects were modu-
lated by a significant three-way interaction between sound*language*group (χ2(1) = 16.48,
p = 0.002), which indicates that not only did the probability of producing a voicing lead
depend on language, but it also varied significantly by the place of articulation and group.
Figure 5 presents predicted probabilities of producing prevoicing in the three languages
across the two groups under investigation. As the figure demonstrates, the most notable
differences across the groups can be found for English, where the control group was signifi-
cantly less likely to produce prevoicing in all three places of articulation of stops compared
to multilingual speakers (i.e., /b/ (z = →9.07, p < 0.0001), /d/ (z = →7.11, p < 0.0001), /g/
(z = →5.03, p < 0.0001)). In Norwegian, the multilingual group turned out to produce voiced
stops with a slightly higher probability of prevoicing compared to the controls, but the
difference was significant only for /d/ (z = →2.34, p = 0.02). When it comes to Polish, the
probability of producing prevoicing was the highest in the two groups, reaching almost
100%. No statistically significant differences across the groups were found.
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Figure 5. Predicted probability of producing prevoicing in voiced stops in the three languages across
two groups—control and multilingual (experimental). * p < 0.05; ** p < 0.01; *** p < 0.001.

The second research question dealt with the directionality of CLI in VOT production
of stops across the three languages; thus, it concerns the multilingual group’s performance
only. Figure 6 shows mean VOT for each stop across the three languages in the multilingual
group. In voiceless stops, it can be observed that the multilingual group produced all three
plosives with the shortest VOT value in L1 Polish, while the longest values were found in
L2 English. L3 Norwegian VOT was found to be in between those of L1 and L2. Post hoc
across-language comparisons revealed statistically significant differences between mean
VOT durations in L1 Polish and L2 English in all three places of articulation (i.e., /p/:
t = →3.23, p = 0.004; /t/: t = →2.95, p = 0.009; /k/: t = →2.52, p = 0.03). Additionally, for
/p/, a statistically significant difference was found between L1 Polish and L3 Norwegian
(t = →2.66, p = 0.02). As far as the voiced series of stops is concerned, the mean length
of prevoicing seems to be rather homogenous across the three languages; however, a
greater variation in length, but also the presence or absence of prevoicing can be seen in
L2 English and L3 Norwegian. The post hoc analysis pointed to significant differences
between the VOT realisations in L1 Polish and L2 English in all three stops, that is, /b/
(t = →3.58, p = 0.001), /d/ (t = →4.2, p = 0.0001), and /g/ (t = →7.015, p < 0.0001). Moreover,
statistically significant differences were also found between VOT in L1 Polish and L3
Norwegian /d/ (t = →2.47, p = 0.04), as well as between L2 English and L3 Norwegian /g/
(t = 5.99, p < 0.0001).

Figure 7 shows predicted probabilities of prevoicing realisation in the three languages
and places of articulation of voiced stops for the multilingual group. As shown on the
graph, the probability of producing prevoicing is the lowest in L2 English, followed by
L3 Norwegian and L1 Polish, which reached almost 100% probability of producing stops
with a voicing lead. Statistically significant differences in the probability of prevoicing
realisation were found between L1 Polish and L2 English in all three places of articulation
of stops, that is, /b/ (t = 4.34, p < 0.0001), /d/ (t = 4.03, p = 0.0002), and /g/ (t = 4.82,
p < 0.0001). What is more, significant differences were also found between L1 Polish and L3
Norwegian realisation of voiced stops in /b/ (t = 2.72, p = 0.02) and /d/ (t = 2.42, p = 0.04).
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Another statistically significant difference was also revealed between the L2 English and L3
Norwegian in the velar stop /g/ (t = →2.9, p < 0.0001).

Figure 6. Mean VOT for voiceless and voiced stops across L1 Polish, L2 English, L3 Norwegian in the
multilingual group. * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 7. Predicted probability of producing prevoicing in multilingual group shown separately for
three stops and languages. * p < 0.05; ** p < 0.01; *** p < 0.001.

6.2. Spontaneous Speech

The third research question investigated whether the CLI patterns observed in the
read speech data were mirrored in spontaneous production. To ensure comparability, the
spontaneous speech data were subjected to the same statistical modelling and categorical
analysis as previously described for the read speech. Descriptive statistics for mean VOT
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values and their corresponding standard deviations across all stop categories, languages
and groups, specifically for spontaneous speech, are summarised in Table 3. Compared to
the read speech, shorter VOT values can be observed in the spontaneous speech in both
the experimental and control groups. Differences between the two groups are attested
especially in English in both series of stops; however, they appear smaller than those in the
read speech data. Moreover, slightly greater variation in the data can also be observed in
both groups in spontaneous speech compared to read speech.

Table 3. Descriptive statistics for VOT (in ms) in spontaneous speech across the two groups.

Language Sound Mean VOT (sd)
Multilingual Group

Mean VOT (sd)
Control Groups

Polish

p 29.42 (13.93) 32.82 (14.85)
t 27.47 (12.1) 27.84 (10.45)
k 47.2 (13.46) 51.82 (15.09)
b →60.99 (23.88) →63.44 (24.54)
d →55.32 (29.31) →52.76 (21.87)
g →41.26 (29.55) →58.34 (39.4)

English

p 49.58 (26.94) 56.71 (23.26)
t 64.66 (32.1) 73.68 (25.06)
k 55.44 (25.87) 61.56 (22.77)
b →70.9 (28.58) →8.9 (20.99)
d →50.72 (26.25) →4.03 (11.84)
g →54.5 (31.19) →4.37 (13.16)

Norwegian

p 45.08 (17.29) 42.06 (16.65)
t 61.07 (26.79) 55.85 (21)
k 59.62 (24.71) 54.89 (18.2)
b →68.9 (26.61) →57.44 (29.97)
d →47.98 (34.66) →43.94 (24.31)
g →53.54 (37.1) →38.09 (21.69)

Statistical analysis revealed significant main effects of sound (F(2, 245.89) = 2722.98,
p < 0.0001), language (F(2, 226.22) = 65.57, p < 0.0001) and group (F(1, 111.63) = 44.31,
p < 0.0001), together with a significant three-way interaction between the three variables
(F(10, 1347.13) = 26.75, p < 0.0001). Figures 8 and 9 show mean VOT for voiceless and
voiced stops, respectively, produced in spontaneous speech. In voiceless stops, the most
substantial differences between the groups were found for English. VOT productions in the
other two languages are rather comparable across the two groups. Post hoc comparisons
did not reveal any statistically significant differences between control and multilingual
speakers. As far as the voiced series of stops is concerned, the most notable differences
between the groups can be seen in English, in which the control speakers produced very
few tokens preceded by prevoicing, compared to the multilinguals. Post hoc comparisons
showed significant differences between the two groups in English in all three places of
articulation, that is, /b/ (t = 16.78, p < 0.0001), /d/ (t = 15.06, p < 0.0001), and /g/ (t = 14.95,
p < 0.0001). Another statistically significant difference was attested for the Norwegian
coronal stop /d/ (t = →2.09, p = 0.04), where multilinguals produced the stop with slightly
longer voicing lag on average, but also with higher variation.

With regard to across-language comparisons in the multilingual group, it can be ob-
served that the participants produce L1 Polish voiceless stops with the shortest VOT, while
L2 English and L3 Norwegian exhibit rather comparable, longer values. In the case of the
voiced stops, however, the prevoicing length seems to be quite similar across the languages.
These comparisons are presented in Figure 10. Post hoc testing pointed to significant
differences between the languages in coronal stops in both voiceless (/t/, English–Polish:
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t = 3.83, p = 0.0004, Norwegian–Polish: t = 3.25, p = 0.004) and voiced series (/d/, English–
Norwegian: t = →3.14, p = 0.005, Norwegian–Polish: t = 2.86, p = 0.01), as well as in the velar
stop /g/ (English–Norwegian: t = →2.4, p = 0.04). The categorical analysis of prevoicing
was also performed, but it did not point to any statistically significant differences in the
probability of prevoicing realisation in the three languages. The multilingual participants
produced voiced stops in all three languages with a very high probability of prevoicing.

Figure 8. VOT in voiceless stops /p, t, k/, produced in spontaneous speech across two groups—
control and multilingual (experimental).

Figure 9. VOT in voiced stops /b, d, g/, produced in spontaneous speech across two groups—control
and multilingual (experimental). * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 10. Mean VOT for voiceless and voiced stops across L1 Polish, L2 English, L3 Norwegian in
the multilingual group produced in spontaneous speech. * p < 0.05; ** p < 0.01; *** p < 0.001.

Finally, Figure 11 shows the comparative distributions of VOT for voiceless and voiced
plosives across Polish, English and Norwegian between read and spontaneous speech
modes in the multilingual group. The data reveals a divergence in VOT between the speech
modes across all three languages. For the voiceless stops, spontaneous speech consistently
showed higher variation compared to the read condition, as evidenced by the increased
vertical elongation of the violin plots. While the mean VOT for English and Norwegian
voiceless stops remained relatively stable across the modes, the spontaneous speech yielded
a higher frequency of more extreme values. In contrast, the voiced stops exhibited a distinct
trend towards the reduction in prevoicing, particularly within the Polish data. Overall,
while read speech maintained a more unified production of stops, spontaneous speech was
characterised by a broader range of values and a general trend towards the shortening
of prevoicing.
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Figure 11. Distribution of VOT in the multilingual (experimental) group by language, stop sound,
and speech mode.

6.3. Random Forests Analysis of Extralinguistic Factors

A Random Forest regressor was trained to predict VOT duration (ms) using 12 lin-
guistic and extralinguistic predictors, i.e., language (L1 Polish, L2 English, L3 Norwegian),
sound (/p, t, k/, /b, d, g/), speech mode (read, spontaneous), L2 and L3 proficiency (%),
L2 and L3 age of acquisition (AoA; in years), as well as L1, L2 and L3 frequency of use
and L3 exposure (years). The model for voiced stops accounted for 30.16% of the variance,
while the voiceless model accounted for 50.32%, indicating a moderate fit for the data.

The variable importance hierarchy is presented in Figure 12. It was revealed that
Language and Sound were the most influential factors for both stop series. However, while
Language was a primary predictor for voiceless stops (IncMSE = 239.16%), its influence
was substantially reduced for voiced stops (IncMSE = 97.47%). This suggests that language-
specific realisations are more strictly maintained in the voiceless category.

For voiced stops, L2 proficiency (IncMSE = 78.28%), L2 age of acquisition
(IncMSE = 69.06%) and the frequency of L3 use (IncMSE = 62.39%) turned out to be among
the top five predictors, while in the voiceless series the main predictors included L2 age
of acquisition (IncMSE = 91.22%), L3 proficiency (IncMSE = 72.16%) and language mode
(IncMSE = 71%).

In the LMMs, however, the only variable that turned out to be significant was speech
mode (χ2(1) = 16.649, p < 0.0001) in voiceless stops. It was revealed that, on average,
voiceless stops were produced with significantly longer VOT in the spontaneous speech
mode (average VOT = 46.1 ms, SD = 25.6), compared to read speech (average VOT = 44 ms,
SD = 25.1). Figure 11 visualises the differences between speech modes separately for
language and place of articulation.
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Figure 12. The variable importance hierarchy for voiced and voiceless stops. The top 5 influential
variables are highlighted in red.

7. Discussion
This study aimed to investigate how trilingual speakers produce stop consonants

in their languages across two speech modalities. The overarching goal was to explore
potential cross-linguistic interactions across all three languages of multilingual speakers, as
well as selected extralinguistic factors that might condition VOT acquisition as well as the
presence, absence and the amount of CLI.

The first research question enquired whether multilingual speakers of L1 Polish—L2
English—L3 Norwegian exhibit CLI in the production of stops, which would be manifested
in the differences in VOT values compared to control speakers. It was hypothesised that
CLI would indeed manifest across the multilingual group. The results revealed existing
differences between the groups, thus corroborating the hypothesis; however, the magnitude
of the effect, as well as its presence, varied with respect to the language, place of articulation
and voicing. In both series of stops, the most notable differences between the groups were
attested in L2 English, in which multilinguals produced more Polish-like VOT, which was
shorter in the voiceless series and prevoiced in the voiced one. This finding points to L1-
driven influence on L2 English. In turn, in L1 Polish and L3 Norwegian, the voiceless stops
were produced in a target-like manner, suggesting separate patterns of VOT realisation. In
the voiced series, the L1 Polish velar stop /g/ was realised by the multilinguals with shorter
prevoicing, which could indicate the influence of L2 English; however, as the probability
of prevoicing realisation in this sound almost reached a ceiling effect, it might as well
have been the effect of coarticulation or the rate of speech. Furthermore, Norwegian /d/
was found to have longer and more probable prevoicing, suggesting, again, a possible L1
Polish-driven influence. This effect might be attributed to the varying place of articulation
of Norwegian /d/ (Kristoffersen, 2000), which could have been assimilated to the L1 Polish
sound by the speakers. To sum up, the across-group comparisons showed a potential L1
Polish effect on both series of stops in L2 English as well as the L3 Norwegian voiced
plosives, which confirms earlier findings from the research on CLI in L3 (e.g., Llama &
Cardoso, 2018; Bandeira & Zimmer, 2012).

The second research question was devoted to the directionality of CLI in VOT pro-
duction of stops across the three languages of L1 Polish—L2 English—L3 Norwegian
speakers and its dependence on the place of articulation of stops and/or voicing. It was
predicted that all three languages would interact, but the interaction would be mediated by
a given language pair, the place of articulation and voicing series. In the voiceless stops,
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the participants managed to produce target-like L1 Polish stops, but their VOT was longer
in L2 English and L3 Norwegian compared to the L1. Although in L3 Norwegian their
pronunciation was close to a target, meaning it did not significantly differ from the control
group, in English their VOT was significantly longer than in L1 Polish, but still too short to
reach the target realisation of native English speakers. This across-language comparison
adds up to the picture, creating the possibility of not only L1 Polish, but also L3 Norwegian
influence on the L2 English realisations. To support this claim, we juxtaposed the current
findings with those from a previous investigation examining stop production in speakers
with the same linguistic repertoire (Cal & Wrembel, 2025). Cal and Wrembel (2025) provide
a longitudinal perspective on VOT acquisition across three testing times, with the first one
(T1) acting as a proxy for a control group condition by providing VOT data from L1 Polish—
L2 English bilinguals at the very beginning of learning L3 Norwegian. The participants
demonstrated relatively high VOT values in L2 English voiceless stops at the beginning of
L3 learning at T1. Interestingly, the L2 English VOT durations increased even more with
time (at T2 and T3), most likely as the result of intensive learning of L3 Norwegian, while
the exposure to L2 English was limited. This effect may be interpreted as a cumulative
effect of learning L3. Thus, we might assume a similar trend in this investigation. What is
more, it is possible that the multilinguals noticed the similarity between L2 and L3 stops
and therefore assimilated values in the two languages, or, conversely, that they are not able
to reach the target realisation, because of being accustomed to short-lag stops in their L1.
Both outcomes have been already observed in the literature (cf., e.g., Llama & Cardoso,
2018; Bandeira & Zimmer, 2012; Zając, 2015 for L1-driven CLI; Aoki & Nishihara, 2013 for
L3-to-L2 CLI). The prevalence of CLI in L2 English might be caused by the lack of phonetic
training in L2 English, as the multilinguals attended Norwegian pronunciation classes
in their Norwegian studies programme, but did not receive any explicit pronunciation
training in L2 English, which could have led to smaller awareness of English pronunciation
rules. As far as the voiced series of stops is concerned, our results showed an extensive
use of prevoicing in all three places of articulation and in all three languages, suggesting a
target-like realisation of L1 Polish and L3 Norwegian and facilitative CLI between the two.
However, in L2 English the prevoicing was significantly shorter and, what is more, the
probability of its realisation was also significantly lower. This finding suggests that the par-
ticipants may have subconsciously noticed the difference between voiced stops in English
vs. the remaining two languages, but knowing two prevoicing languages and not having
L2 pronunciation instruction might make it difficult for them to lose this feature completely.
Interestingly, we also found that the participants are less likely to produce prevoicing in L3
Norwegian compared to L1 Polish, which might suggest a possible L2 English influence,
which has been shown in some previous studies (e.g., Llama et al., 2010; Tremblay, 2007).
The asymmetry between the two series of stops in terms of their susceptibility to CLI could
be attributed to a greater perceptual salience of voiceless stops. It is easier to notice the
difference between short-lag and long-lag stops than between prevoicing and lack thereof
in the voiced series. Moreover, the participants received phonetic instruction only in L3
Norwegian, which distinguishes between prevoicing in voiced stops and aspiration in
the voiceless ones, therefore no instruction was given on how to suppress the voicing.
What is more, previous research (Zhang, 2022; Zhang et al., 2023) showed an opposite
pattern, that is, the speakers experienced greater difficulty establishing a negative VOT
category (i.e., prevoicing) than adjusting long-lag VOT to shorter positive VOT values.
The production of prevoicing, thus, seems to be more subconscious and demanding, as
it allows a specific articulatory gesture involving laryngeal voicing and an oral closure.
From a phonological standpoint, prevoicing is also considered to be a phonetic detail, while
aspiration is an easier-to-notice phonological feature (Schwartz et al., 2020). Summarising,
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the results regarding RQ2 pointed to a possible effect of both L1 and L3 on L2 English in
the two series of stops. Moreover, in voiced stops, the possibility of L2-driven CLI on L3
Norwegian was attested, especially in /b/ and /d/.

In the third research question we sought to establish any potential differences in VOT
production between read and spontaneous speech and to test whether CLI patterns remain
consistent across both speaking modes. The hypothesis posited that read speech would
result in more careful, target-like, and less variable VOT productions, whereas spontaneous
speech would be characterised by more variation and higher levels of CLI due to the nature
of the task. We confirmed the prediction only partially, as we found that the participants
managed to distinguish between short- and long-lag VOT in L1 Polish vs. L2 English and
L3 Norwegian, which could suggest more target-like realisations of voiceless stops. As
in the previous research question, relatively more CLI was attested in the voiced series of
stops, compared to the voiceless counterparts. We observed high occurrence of prevoicing
in all three languages even though L2 English turned out to be produced with significantly
shorter voicing lag. This might result from a lower level of control that the participants
have over their pronunciation while producing spontaneous speech, which was also shown
by Jerotijević Ti"ma (2019). What is more, the multilinguals managed to produce voiceless
stops close to the target, or sometimes with VOT longer than in controls. This outcome
could have also been boosted by two foreign languages sharing the same feature. However,
it is also important to notice that longer VOT values are found specifically in L3 Norwegian,
which is the language that the participants know for the shortest time and largely at the
lowest level. This could have led to the production of speech at a lower rate and, therefore,
caused the elongation of VOTs. At the same time, control speakers speaking in their native
languages could have a higher speech rate, leading to VOT compression in casual speech.
Therefore, further research would be needed to investigate the influence of speech rate on
VOT production in multilinguals.

The fourth research question explored the impact of extralinguistic factors on the
presence and degree of CLI in the production of stops by trilinguals. Based on the NGTA
framework, it was hypothesised that higher L2 and L3 proficiency, increased frequency
of use, greater exposure, and a lower AoA in the L2 and L3 would all correlate with
more target-like VOT productions and a reduction in CLI. The results of the Random
Forest analysis provide partial support for these hypotheses. The model showed that the
influence of extralinguistic factors is not uniform across the voicing series of stops. That
is, for voiceless stops, a higher importance of language indicates that language-specific
patterns of stop realisations are more strictly maintained in the voiceless category. However,
the inclusion of L2 AoA and L3 proficiency in the top five predictors confirms that the
target-likeness of aspiration is indeed modulated by the speaker’s developmental history,
as predicted by the NGTA. Interestingly, the findings also point to the high ranking of
speech mode, which suggests that the realisation of voiceless stops is also task dependent.
This was demonstrated in relation to RQ3, where the learners produced voiceless stops
with longer VOT in the spontaneous task. The output from the LMM pointed only to the
significant relation between speech mode and VOT production with longer VOTs found in
spontaneous speech. However, this finding could have been masked by potential lower
speech rate in the production of foreign languages. In contrast, the voiced stop model
offers a different picture. As the relative weight of language dropped, the importance of
extralinguistic variables increased. Specifically, L2 proficiency, L2 AoA and L3 frequency of
use turned out to affect the VOT duration the most. This suggests that for voiced stops,
which are often more prone to CLI, the speaker’s individual linguistic profile becomes the
dominant force in speech production. The fact that L3 frequency of use was a top-five
predictor only for voiced stops suggests that L3 Norwegian, together with L1 Polish as
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both are characterised by a voicing lead, may exert an effect on the realisation of voiced
stops, potentially leading to increased CLI. These data also point to the dynamicity of
the multilingual system specified in the NGTA (Dziubalska-Ko!aczyk & Wrembel, 2022,
2024), which is modulated by a hierarchy of external factors, as discussed earlier. To
synthesise how these variables prioritise themselves within the present study’s context,
the resulting hierarchy of external factors is visualised in Figure 13. Although these
factors largely lack a significant linear relationship with VOT duration, the Random Forest
analysis captured their subtle non-linear interactions across the global dataset, proving that
individual variation in multilingual speakers still shapes the overall acquisition of VOT.

Figure 13. A proposed hierarchy of external factors for the “acquisition situation” in trilingual stop
production.

This study has some possible limitations. First of all, it would benefit from a more
balanced number of observations across the two speech modes, which would allow for
more comprehensive comparisons and greater statistical power. The elicitation task for
spontaneous speech could then be changed to, for example, a picture storytelling task tar-
geting more precisely the words and sounds of interest. Both read and spontaneous speech
measurements could also be supplemented by more extensive rate of speech comparisons.
The pool of control speakers could be enriched with L1 Polish L2 English speakers, which
could help isolate the source of CLI. What is more, a future cross-sectional study could
extend the participant pool to include a greater number of participants matched for specific
extralinguistic factors, such as level of proficiency, frequency of use, amount of exposure,
among others. It could also look at individual variation among these speakers.

8. Conclusions
The aim of this study was to explore the production of stop consonants by trilingual

speakers across two modalities of speech. What is more, the goal was to investigate po-
tential cross-linguistic interactions across all three languages of L1 Polish, L2 English, L3
Norwegian speakers as well as selected extralinguistic factors that might condition VOT
acquisition as well as the presence, absence and the amount of CLI. The investigation pro-
vides new insights into the research on CLI, as it offers a holistic approach to the dynamics
and interactions between all three languages and places of articulation in two voicing se-
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ries. Additionally, the study provides benchmark measurements taken from native control
speakers of particular languages performing the same tasks as the experimental group,
which allows for greater reliability of the comparisons. All the above-mentioned procedures
and practices have been rarely applied in the field to date.

The results of the study demonstrated a great deal of influence stemming from L1 on
L2 in both series of stops, which was further enhanced by a newly learnt L3. The findings
also point to the asymmetry between the two series of stops in terms of their susceptibility
to CLI. It was found that the voiced series is more prone to undergo assimilative CLI, while
the voiceless stops are easier to acquire. What is more, it was shown that in spontaneous
speech, multilinguals can produce voiceless stops with longer VOTs in all three languages,
while they experience problems with suppressing prevoicing in the voiced series. The data
also pointed to the dynamicity and complexity of the multilingual system in a specific
acquisition situation, as specified in the NGTA (Dziubalska-Ko!aczyk & Wrembel, 2022,
2024), which is modulated by a hierarchy of extralinguistic factors.
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Zhang, L. (2022). ¿Pollo o Bollo? Acquisition of voicing contrast by Chinese learners of L3 Spanish. Hispania, 105(4), 595–613. [CrossRef]
Zhang, L., Morales-Front, A., & Sanz, C. (2023). Dynamics in cross-linguistic influence: Evidence from VOT development of Mandarin-

English bilingual learners of L3 Spanish. In M. Brown, S. Flynn, & É. Fernández-Berkes (Eds.), L3 development after the initial state
(pp. 121–149). John Benjamins. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/languages11090182137:5563546754

https://doi.org/10.1515/opli-2021-0016
https://doi.org/10.18778/1731-7533.18.1.06
https://doi.org/10.21437/ICSLP.1996-117
https://doi.org/10.1177/1367006916648859
https://doi.org/10.1080/14790710902972263
https://doi.org/10.5070/P76dd1x6cs
https://doi.org/10.1353/hpn.2022.0118
https://doi.org/10.1075/sibil.65.06zha
https://doi.org/10.3390/languages11090182

