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1. Introduction

The understanding of second language (L2) speech perception persists to be one of the
important concerns in linguistics, namely in the domains of phonetic and phonology.
Individual listeners commonly encounter difficulties in perceiving and producing certain
speech contrasts in their second language (Best, 1995; Flege, 1995; Escudero, 2005). Those
challenges raise two key questions - how the ability to process speech sounds vary across
individuals, and what role do factors such as native language background, language exposure,
and cognitive characteristics play in this process.

An important factor in L2 speech perception is believed to be the speaker’s native
language (L1) (Escudero & Bion, 2007). Prior research brings evidence that the sound system
of an individual's native language shapes how people perceive and categorise sounds in their
second language. When learners encounter vowel contrasts which do not exist in their L1
inventories, they often struggle to distinguish them. This is believed to happen due to their
attempt to fit new English vowels into categories that already exist in their native language.

The present study investigates how first language background influences the
perception of English vowel contrasts in adult L2 speakers of English by conducting a vowel
categorisation experiment, while also examining the extent to which individual listeners
within each L2 group differ in sensitivity to acoustic variation. In following experiment two
groups of participants were examined and compared: native speakers of Standard Dutch
(relatively large vowel inventory containing /i/~/1/ and /u/~/u/ contrasts) and native speakers
of European Portuguese (relatively small vowel inventory lacking the /1/ and /u/ contrasts).
The cross-linguistic difference between these two groups gives an opportunity to investigate

how the L1 vowel inventory affects the L2 vowel perception.



2. Theoretical Background
2.1 Speech Perception in an L2

Speech perception is referring to the process in which listeners interpret and
categorise spoken sounds (Mattys, 2013). Speech perception in a second language, in
particular, brings new challenges in comparison to the first language perception. Investigating
how L2 speakers perceive and process speech input provides additional evidence of how
sounds are represented in human cognition and offers insight into language learning (Kuhl,
2000; Escudero, 2005).

The traditional phonological models such as the TRACE model (McClelland &
Elman, 1986), Two-step models (Church, 1987) and Generative phonology (Chomsky &
Halle, 1968) propose that perceived sounds are classified into discrete phoneme categories.
This process is called phoneme mapping and takes place in the brain at the phonological level
in human cognition. It allows for speech sounds to be interpreted and further organised into
phonemes which are then put together as meaningful parts of speech. Those models treat
phonemes as the basic sound units of classification in a language. The traditional
phonological models are supported by the evidence from categorical perception experiments,
in which listeners exhibited sharp perceptual boundaries when identifying sounds along a
continuum. Such experiments were conducted by Liberman, Harris, Hoffman, and Griftith
(1957) and were focused on assessing boundaries between phonetic categories in
discrimination of stop-consonants.

More recent Exemplar and Usage-Based models such as the Exemplar Theory
(Johnson, 1997; Pierrehumbert, 2001), Usage-Based Theory (Tomasello, 2009; Behrens,
2009) and Exemplar Semantics (Croft, 2004) offer a different perspective in this regard.
Those broader models of language learning and representation, when they are applied to

speech perception, suggest that it is largely influenced by individual differences, language



exposure, frequency and experience. According to these models, perception is more of a
gradient process, in which sounds are not classified into phonemes based on strict category
boundaries. Both traditional categorical models and Exemplar-Based models share the same
idea of the existence of some kind of mapping between speech sounds and stored
representations in memory. Regardless of the theoretical framework, the way those
representations are categorised and stored plays a critical role in L2 perception.

The Perceptual Assimilation Model (PAM) and the Speech Learning Model (SLM)
are among the most influential L2-specific frameworks. Those models bring evidence that .2
speakers of English often face difficulties when it comes to distinguishing sound contrasts
which do not exist in their native language (Best, 1995; Flege, 1995). This lack of contrast in
the native phonological inventory leads to a miscategorisation of speech sounds. These
difficulties influence not only the speech comprehension, but also the production since the L2
language system is significantly influenced by the speaker's L1 experience (Best, 1995;
Flege, 1995).

A recent study conducted by Hu et al. (2019) focused on the distinctiveness and
assimilation of vowel perception in a second language. In this research, the L2 English vowel
perception of native Mandarin Chinese speakers was investigated. The results showed
different patterns for different English vowels: Chinese listeners performed significantly
worse compared to the native speakers of English in identifying 12 English monophthongs,
with particular difficulty distinguishing vowels like /1/, /o/, /a/, /A/, and /u/. The study
investigated the /i/-/1/ contrast, where Chinese listeners showed four different patterns:
"Established Two" (both vowels distinctively established), "Established Neither" (neither
established), "Established /i/ only", and "Established /1/ only".

The ability to correctly perceive English vowels depended on the distance between an

English vowel and its closest Mandarin counterpart (Mandarin has /i/ as the counterpart to



English /i/, but lacks one for English /1/), as well as the distance between adjacent English
vowels. Those findings support the idea that second language perception is highly influenced
by the native language. However, the research of Drozdova et al. (2014) brought evidence
that L1 Dutch learners of L2 English could retune their perception of the English /1/—/t/
contrast after exposure to a modified short story with enhanced acoustic cues, which shows
that L2 speech perception is flexible and can adapt through brief exposure despite L1
influence.

Apart from the influence of an L1, there are other factors which play a role in speech
perception, as an example would be the recent auditory experience with specific speech
sounds. Hay et al. (2006) tested exemplar priming in speech perception. The results
confirmed that listeners' perception is, indeed, influenced by recently heard exemplars. The
listeners were exposed to social cues suggesting a particular dialect (they were told that the
speaker is Australian or a New Zealander), and as a result this exposure shaped the
interpretation of ambiguous front vowels such as /I/, /&/, and /E/. This clearly shows that
exposure and frequency also influence the subsequent perception of English vowels.

Furthermore, interesting results were brought by the investigation of a phonological
short-term memory and nonverbal intelligence affecting the discrimination of second
language vowel contrasts. The results highlighted the significant individual differences
between the L2 learners when discriminating English vowels, namely in terms of accuracy.
While phonological short-term memory did not show an effect, learners with stronger
cognitive abilities tended to show better discrimination of vowel contrasts. This brings

evidence of speech perception being influenced by individual cognitive processing abilities.



2.2 The Present Study

The research reviewed above demonstrates that speech perception is shaped by
multiple factors, with the native language playing an important role (Best, 1995; Flege, 1995;
Hu et al., 2019). While traditional categorical models account for sharp perceptual boundaries
through abstract phoneme categories, Exemplar-based models propose that detailed
information about particular speech instances remains stored in memory, which gives
speaker-specific variations such as individual differences, language exposure, and frequency
more of a central role in L2 perception. This study examines how first-language background
influences the perception of English vowel contrasts in adult L2 speakers of English, while
also taking into consideration individual differences in sensitivity to acoustic variation.

Prior studies investigating L2 speech perception have focused primarily on accuracy
rates or categorisation patterns. They mainly aimed to find the answer to whether listeners
correctly identify vowels, rather than examining how listeners process acoustic variation
which is resembled by the boundary steepness. While Escudero & Bion (2007) and Hu et al.
(2019) found evidence for gradient or categorical patterns, the specific role of boundary
steepness as a measure of L1 influence remains underexploited.

Furthermore, individual differences in phonetic sensitivity and processing have been
acknowledged (Georgiou et al., 2024), but their interaction with speaker-specific factors, such
as language exposure and frequency alongside L1 vowel inventory effects has not been
systematically examined. Additionally, the most analogous previous research has compared
Dutch with Spanish learners (Escudero & Bion, 2007), but no study has explicitly compared
European Portuguese and Dutch L2 speakers. This fact has left a gap in understanding
whether Portuguese learners exhibit similar gradient patterns to Spanish learners. This study
aims to address this unexplored area by examining not only accuracy but also boundary

steepness as a measure of how L1 vowel inventory structure shapes L2 vowel processing.



For the current research, two groups of English speakers as their second language
were selected to participate - native speakers of Standard Dutch and native speakers of
European Portuguese. Those two groups exhibit important differences in their native
language vowel inventories. Dutch has a relatively rich vowel system with 15 vowels (12
monophthongs and three diphthongs, including contrasts such as /i/~/1/ and /u/—/v/), which are
similar to English distinctions. In contrast, European Portuguese has a smaller vowel
inventory with seven monophthongs (/i, e, €, a, 0, 0, u/) and lacks near-close vowels such as
/1/ and /u/ (Veloso, 2022; Sluijter, Heuven & Schreuder, 1997).

The selection of European Portuguese being compared with the Standard Dutch was
inspired by the research of Escudero & Bion (2007) who compared Dutch and Spanish. In
this research the cross-linguistic difference was described by investigating English vowel
perception in Dutch and Spanish learners. They focused on contrasts such as /i/-/1/ and /u/-/v/
because those contrasts in particular are present in the Dutch vowel inventory and absent in
the Spanish one. Their findings showed that Dutch learners, whose vowel system is more
similar to English, exhibited more categorical perception, while Spanish learners showed
greater variability and less sharply defined category boundaries. This was linked to the
Spanish vowel system, which lacks contrasts such as /1/—/u/ and instead contains fewer, more
peripheral vowels.

Spanish and Portuguese are closely related Iberian Romance languages with highly
comparable vowel systems. Both languages lack near-close vowels like /1/ and /u/ and instead
rely on a smaller set of more distinct vowel categories. Even though Portuguese is
typologically similar to Spanish, they still remain as two different languages. Examining
Portuguese learners allows us to test whether the perceptual pattern reported for Spanish
speakers also extends to another closely related Iberian Romance language with a

comparable, but not identical, vowel system. The following comparison provides additional



insight into whether the effects observed for Spanish represent a broader property of Iberian
Romance vowel systems or are only specific to Spanish.

In response to prior research, the present study investigates how native language
background influences the categorization of English vowel contrasts in adult L2 speakers of
English through a vowel categorisation experiment. The study addresses the following

research questions:

RQI1: How does native language background influence the categorisation of English vowel

contrasts in Dutch and Portuguese L2 speakers?

RQ2: To what extent do individual listeners within each L2 group differ in sensitivity to

acoustic variation?

As a stimuli two vowel contrasts were selected for this study, the /i/-/1/ from the front
vowel space and /u/-/u/ from the back vowel space. Testing those contrasts allows for more
comprehensive investigation of L1 influence on vowel speech perception and tests whether
the L1 vowel inventory structure shapes perception patterns. By examining both contrasts,
this study can determine whether the pattern of L1 influence is consistent across different
regions of the vowel space or whether it differs between front and back vowels (Escudero &
Bion, 2007).

The acoustic parameters manipulated in the continua were the formant frequencies
(F1 and F2). These cues are well documented in prior vowel perception research as being
important for L2 English learners and also allow for precise acoustic manipulation (Iverson et
al., 2005; Darcy & Kriiger, 2019; Georgiou & Giannakou, 2024). The comparison of front

versus back vowel perception makes it possible to examine whether L1 influence differs



across vowel space and to investigate the role of L1 vowel inventory in L2 speech perception
(Escudero & Bion, 2007). For the stimuli creation, a synthesised speech continuum instead of
naturally recorded stimuli was used since it provides more precise and equal acoustic spacing
between tokens, minimising the influence of uncontrolled variation that would be present in
natural human speech recordings (Darcy & Kriiger, 2019; Iverson et al., 2005).

Participants completed a phoneme categorisation task in this experiment. This task in
particular, was chosen as a method based on prior vowel perception studies, which show that
categorisation tasks provide clear evidence of category boundary shape and enables us to
clearly measure and analyse phoneme categorisation (Drozdova, Van Hout, & Scharenborg,
2014; Georgiou & Giannakou, 2024; Darcy & Kriiger, 2019). Although alternative methods,
such as AX discrimination tasks, were considered, categorisation is preferred because AX
tasks measure sensitivity to acoustic differences rather than the perceptual category boundary
itself, which may confound L2 phoneme category analysis (Iverson, Hazan, & Bannister,
2005).

The phoneme categorisation task used isolated vowels rather than embedding
phoneme continua in words, as in Drozdova et al. (2014), or in sentences, as in Hay et al.
(2006). Embedding phoneme continua in words or utterances can provide listeners with
lexical and contextual cues, allowing for more naturalistic perception, but it unables to
maintaine experimental control and consistent phonetic context. Therefore, presenting
isolated vowels ensures that listeners’ perception is based solely on acoustic cues, without
lexical or semantic context biasing the results (Georgiou & Giannakou, 2024; Darcy &
Kriiger, 2019; Iverson et al., 2005).

By examining category boundary location (the point where participants switch from
one vowel category to another) and the boundary steepness (how sharply the transition

occurs), this study aims to determine whether listeners from different language backgrounds
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show different patterns in L2 vowel perception and whether the L1 vowel inventory affects
the categorisation of English vowels. Moreover, the present study investigates individual

variability in perception, reflecting differences in phonetic sensitivity and processing abilities.

2.3 Hypotheses and Predictions

Based on the theoretical background and prior research mentioned above three main
hypotheses were formulated for the current study.

H1: Dutch speakers will show sharper category boundaries for the tested contrasts

Dutch native speakers are expected to show sharper category boundaries for both, the
/i/-N/ and /u/—/v/ contrasts, because those contrasts are present in their L1 vowel inventory,
unlike in European Portuguese. The previous research shows that L2 vowel contrasts are
harder to perceive and acquire when there is no equivalent in the speaker’s L1 (Escudero,
2005; Escudero & Bion, 2007; Iverson et al., 2005). The contrasts /i/-/1/ and /u/-/v/ chosen for
this research enable to investigate L1 influence on the English vowel perception since they
allow for a clear comparison between the Dutch with closer phonological matches, and
Portuguese with the lack of those particular distinctions. Dutch has a relatively rich vowel
system including such vowel contrasts and therefore Dutch speakers are more likely to be
able to map English vowels onto existing L1 categories and show more of a categorical
perception.

I predict that Dutch speakers will exhibit clearer and sharper vowel categories, in a
sense that their responses will change more abruptly across the vowel continua and show less
variability around the category boundary. In other words, the switch from one category to the
other will occur at a relatively specific point along the continua. When it comes to a visual
representation of the results the percentage of one category responses against the other will be

steep and resemble the S-shape.
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H?2: Gradual response patterns for Portuguese speakers

Portuguese speakers are expected to show a more gradient perception, which means
that they will exhibit greater variability in labeling tokens along the continuum. This would
be most visible for the intermediate stimuli, reflecting sensitivity to fine acoustic detail. This
pattern may be linked to the European Portuguese having smaller vowel inventory than
English. European Portuguese has nine vowels /i e € a 0 o u e #/ and lacks near-close vowels
such as /1/ and /v/, therefore listeners may have less direct support from their L1 categories
when categorising these English contrasts (Veloso, 2022).

Previous research on Spanish learners (Escudero & Bion, 2007), whose vowel system
is highly comparable to Portuguese, showed greater variability and less sharply defined
category boundaries, which was due to the Spanish vowel system lacking contrasts such as
/1/-/v/. Portuguese speakers are, therefore, likely to experience similar perceptual difficulties.
In a visual representation, the proportion of responses for one category versus the other is
expected to show a shallower slope. This would be consistent with the absence of the relevant
contrast in the L1, which may make categorisation of the L2 vowels less direct and more
difficult.

H3: Individual differences

A substantial variation is expected among participants, reflecting differences in
phonetic sensitivity and processing. Some speakers will categorise more sharply than others
and respond inconsistently to a certain extent. This reflects individual differences in phonetic
sensitivity, auditory processing, and experience, as supported by Georgiou et al. (2024), who
found that L2 learners differ significantly in accuracy when discriminating English vowel

contrasts.
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3. Methodology
3.1 Design

In this study, a mixed design of within- and between-participant factors was used, as
summarised in Table 1. The language background of the participants was the between-subject
independent variable ( Dutch L2 speakers of English and Portuguese L2 speakers of English).
As the within-subject independent variable served the continuum type, which included two
levels: the front-vowel contrast /i/—/1/ and the back-vowel contrast /u/—/v/. The position of
stimuli along each vowel continuum was represented by seven tokens in each experiment.
The two vowel continua served as separate stimulus conditions within the same
categorisation task. Each participant completed both continua, therefore the continuum type
was a within-subjects factor in the design.

The raw dependent variable was the participant’s categorical response on each trial (/i/
vs. /1/ or /u/ vs. /u/). These responses were entered into a mixed-effects logistic regression,
from which the fixed effects of continuum step and language background provide insight into
the location and steepness of the category boundary. The estimated category boundary
location indicated the point along the continuum at which responses switched from one
category to the other. The estimated boundary steepness reflected how abrupt or gradual that

switch was. Table 1 summarises the experimental design and dependent measures.
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Between-subjects IV

Language background

Dutch, Portuguese

Within-subjects [V

Continuum type

Front /i/ vs /1/ vs back /u/

vs /u/

Within-subjects IV

Stimulus position

7 continuum steps per

experiment

Raw dependent variable

Categorisation response

/i/ vs /1/ and v/ vs /v/

Derived dependent measure 1

Category boundary

location

Estimated from the logistic

regression response curve

Derived dependent measure 2

Boundary steepness

Estimated from the logistic

regression slope

Experimental Design and Dependent Measures

3.2 Participants

The study consisted of adult second language (L2) speakers of English from two

groups: native speakers of Dutch and native speakers of Portuguese. Participants were

recruited through personal networks from university and work, resulting in a relatively

balanced sample in terms of social and educational backgrounds. In order to participate all

participants had to have normal hearing and no history of speech or language disorders,

possessed sufficient level of English proficiency and were under 40 years of age. The age

restriction was required in order to minimise potential confounds due to age-related hearing

decline, which can subsequently affect the perception of speech sounds (Gordon-Salant &

Fitzgibbons, 1993). All participant information was drawn from a questionnaire that
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participants completed before the data collection. The participants were asked to fill in their
age, place of birth and gender, as well as self-evaluate their language proficiencies (0 being to
lowest and 10 being the highest) and language use (0 indicated no use at all and 10 indicated
an everyday use).

The Dutch group included 19 native speakers of Standard Dutch from which 10 male
and 9 female, with a mean age of 24.95 years and the age range between 19 and 39 years.
Their mean proficiency in Dutch was 9.40 (speaking: 9.16, understanding: 9.82 and reading:
9.21) and mean use of Dutch was 9.89. The mean of English proficiency was 8.42 (speaking:
8.11, understanding: 8.68, reading: 8.47) and mean use of English language was 8.37. The
Portuguese group consisted of 19 native speakers of European Portuguese (13 male, 5 female
and 1 non-binary. The mean age was 25 years with the age range being between 20 and 38
years. Their mean proficiency in Portuguese was 9.96 with speaking: 9.89, understanding:
10.00 and reading: 10.00, and mean use of Portuguese was 9.42. For English, the mean
proficiency turned out to be 9.11 (speaking: 8.84, understanding: 9.11, reading: 9.37) and the
mean use of English was 9.42. The overall age range was between 19 and 40 years.

The two groups were balanced in terms of sample size, and the mean ages were highly
similar which minimises the potential confounding variable of age between the two groups.
The proficiencies and language use in both L1 and L2 were comparable across the two
groups, with mean differences of less than 1 point on the 10-point scale. The questionnaire
used for this study was an adaptation of the Language Experience and Proficiency
Questionnaire (LEAP-Q) developed by Marian et al. (2007). The original LEAP-Q is
provided in Appendix A and its adaptation in Appendix B. This self-report questionnaire was
designed to collect information about the language background and experience and it is
widely used in L2 speech perception studies (Escudero & Bion, 2007; Hu et al., 2019).

Before the experiment started the Information brochure (See Appendix C) and the
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Informed-consent form (See Appendix D) were presented to each participant and their
consents collected. This study was approved by the research ethics committee of the Faculty

of Humanities of the University he thesis Fast Track procedure FGW-8978 2026.

3.3 Materials

As a stimuli two vowel contrasts were chosen, one in the front vowel space, namely
the front-close /i/-/1/ and one in the back vowel space, namely the back-close /u/-/v/. Each
continuum consisted of seven tokens, following the step size used in prior vowel perception
and categorisation studies (Iverson et al., 2005; Georgiou & Giannakou, 2024). The endpoint
vowels are characterised by the following acoustic values:
The approximate mean values for the /i/~/1/ continuum:
Endpoint /i/: F1 = 266.74 Hz, F2 =2475.92 Hz
Endpoint /1/: F1 =399.50 Hz, F2 =2060.37 Hz
The mean values for the /u/~/v/ continuum:
Endpoint /u/: F1 =346.74 Hz, F2 = 1201.36 Hz
Endpoint /u/: F1 =421.03 Hz, F2 =995.19 Hz

The main acoustic parameters manipulated were the formant frequencies (F1 and F2).
Inspiration for the stimuli creation came from Iverson, Hazan, and Bannister (2005) and
Darcy and Kriiger (2019). In order to obtain source recordings for both endpoint vowels and
the fillers I used the audio IPA Vowel Chart on Wikimedia Commons (Wikipedia, n.d.),
which provides phonetic realizations of the sounds /i/, /1/, /u/, and /u/ as established by the
International Phonetic Association (1999). Those recordings were selected to serve as
phonetically representative endpoint tokens for the targeted English vowels. The stimuli were
then created in Praat (Boersma & Weenink, 2025), a professional software with

multi-functional linguistics tools (Boersma, 2014), and the WORLD vocoder, a speech
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analysis and resynthesis tool that allows for precise manipulation of spectral properties
(Morise et al., 2016).

The stimuli were created using source-filter resynthesis with Praat and the WORLD
vocoder (Morise et al., 2016). The endpoint vowels were first analysed into their acoustic
components, and the resulting spectral parameters were then linearly interpolated across
seven steps to generate the intermediate tokens. In other words, the spectral envelope,
including the formant structure, was blended gradually between the two endpoints, while the
excitation source was resynthesised from the extracted acoustic information.

The original stimulus synthesis script was developed with assistance from A. Alysari.
Additional troubleshooting support was provided during code debugging (Perplexity Al,
2026). Furthermore, all tokens were normalised to an equal duration within each continuum
(/i/=Nn/: 575 ms; /u/~/v/: 675 ms) and the amplitude was balanced to ensure comparable
loudness across the continuum (Iverson et al., 2005; Darcy & Kriiger, 2019). The detailed
stimuli creation process and the stimuli synthesis code is attached in Appendix E. Table 2.
represents the filler vowels used in the experiment. The endpoints and intermediate token

values are presented in Table 3. below. All mean values are representative approximations.

Table 2.
Token type Vowel F1 (Hz) F2 (Hz) Duration (ms)
Filler 1 /a/ 878.43 1330.64 584
Filler 2 /e/ 573.94 1900.06 656
Filler 3 /o/ 418.87 853.10 584

Acoustic Values of Filler Vowels



Table 2.
Continuum | Token number | Token type | F1 (Hz) F2 (Hz) | Duration (ms)
-/ 1 Endpoint /i/ | 266.74 2475.92 | 575
=/ 2 Intermediate | 304.01 2110.59 | 575
=/ 3 Intermediate | 325.84 2099.36 | 575
fil-/ 4 Intermediate | 343.12 2084.33 | 575
i/ 5 Intermediate | 358.88 2078.73 | 575
fil-I/ 6 Intermediate | 376.28 2074.31 | 575
/= 7 Endpoint 1/ | 399.50 2060.37 | 575
/vl 1 Endpoint /u/ | 346.74 1201.37 | 675
/vl 2 Intermediate | 357.49 1006.45 | 675
/vl 3 Intermediate | 364.80 999.70 | 675
/vl 4 Intermediate | 371.06 997.79 | 675
/vl 5 Intermediate | 378.69 996.58 | 675
u/—/o/ 6 Intermediate | 399.47 996.19 | 675
h/-/v/ 7 Endpoint /u/ | 421.03 995.19 | 675

Acoustic Values of Endpoint and Intermediate Tokens

17
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The visualisation of the continuum of the front vowel space (/i/~/1/) with visible

spectograms is shown in Figure 1. The continuum of the back vowel space (/u/~/v/) with

visible spectrograms is represented in Figure 2.
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Figure 1. Spectrograms of the Front Vowel Continuum
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3.3 Procedure

During the experiment, participants completed a phoneme categorisation task. On
each trial, they listened to an isolated vowel stimulus and selected one of two response boxes
corresponding to the endpoint vowels in the continuum. The task was programmed in Praat
using the ExperimentMFC format, with the code for all tasks included in Appendix F
(Boersma, 2025). Participants heard each vowel through Galaxy Buds 3 Pro headphones with
a noise-cancellation function, which improved the quality of the auditory input and
minimised background noise. After each stimulus presentation, they categorised the sound by
selecting one of the two response options displayed on the researcher’s laptop screen. The
response options were displayed using IPA symbols in combination with orthographic
examples - “ /i/ as in sheep” versus “/1/ as in ship” for the front vowel continuum, and “/u/ as
in food” versus “/u/ as in put” for the back vowel continuum.

The experiment began with a short practice block of four trials. It included one token
of each endpoint vowel from both continua (/i/, /1/, /u/, and /u/) to familiarise participants
with the task structure and response format. The practice experiment was followed by two
main experiments, with the /i/~/1/ continuum presented first and the /u/~/v/ continuum
presented afterwards for all participants. Each experiment contained seven vowel stimuli and
two filler items (the first experiment included vowels /a/ and /¢/, and the second experiment
included /a/ and /0/) to reduce participant expectancy and attentional bias. The filler sounds
were randomised along the original continuum to keep natural unpredictability and prevent
pattern learning.

Each token was presented 5 times, following previous L2 vowel perception studies
(Darcy & Kriiger, 2019; Georgiou & Giannakou, 2024; Iverson et al., 2005). This resulted in
45 trials per experiment (7 continuum tokens x 5 repetitions = 35 trials + 2 fillers x 5

repetitions = 10 trials = 45 trials total) and 90 trials in total across both experiments. Stimuli
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were fully randomized across the continuum for each participant, not randomized per block.
A short break was included after 27 trials to reduce fatigue and help participants maintain
attention throughout the task. The exact experiment files, including the code used to program
the task, is included in Appendix F.

A replay option was only available in the trial experiment and allowed participants to
replay the stimulus if needed. Participants were given the option to click on the button
“replay” to replay the stimulus before making their response. The practice experiment is
demonstrated by Figures 3 and 4. The visualisation of the initial page of the first and second
tasks is shown in Figure 5. and the remaining pages of the first task and second tasks are

represented by Figures 6. and 7.

This is a practice before the experiment.
You will hear 4 clear example vowels.
Click the option that best matches the vowel you hear.

Click to start

Figure 3. Initial Page of the Practice Task
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Figure 4. Remaining Pages of the Practice Task

Figure 5. Initial Page of the First and Second Main Tasks
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Figure 6. Remaining Pages of the First Main Task

Figure 7. Remaining Pages of the Second Main Task
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3.4 Data Analysis

The categorisation data obtained in the experiment were analysed using a generalised
linear mixed-effects model (GLMM) with a binomial link function (logit) in R (R Core Team,
2024). As the dependent variable served the binary categorisation response which was coded
as 1 for lax-vowel responses (/1/ or /u/) and 0 for tense-vowel responses (/i/ or /u/). This
coding decision follows standard practice in logistic regression analyses of categorical speech
data, where one category is coded as 0 being the reference and the other as 1 (Bates et al.,
2015). Tense vowels (/i/, /u/) are more peripheral and acoustically stable and therefore they
represent more of a prototypical category in many vowel systems and were coded as 0, while
lax vowels (/1/, /v/) are the centralised and less peripheral vowels, so they were coded as the
non-reference category 1 (Stevens, 1998).

The fixed effects in the model were: token position (1-7), the L1 (Dutch vs.
Portuguese), continuum type (front vs. back), and the interactions between those predictors
(token x L1, token x continuum, L1 x continuum, and token X L1 x continuum). The model
included random effects with both random intercepts and several random slopes. The random
intercepts for participants accounted for baseline response tendencies and the random slopes
for token position by participant accounted for individual differences in boundary steepness.
The random slopes for continuum type by participant and random slopes for the token x
continuum interaction by participant were also included. This full random-eftects structure
enabled to control for repeated observations from the same individuals and modeled
individual variation between listeners.

The token position was centred around its mean (token c = token — mean(token)) in
order to improve model interpretability. L1 and continuum type were coded using sum
contrasts (contr.sum(2)), with each factor represented by the two values - 0.5 and + 0.5. In the

model output, L7/ is the coefficient for the L1 factor which represents the estimated average
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difference between Dutch and Portuguese under sum coding. Similarly, the continuuml is the
coefficient for the continuum factor, representing the average difference between the front
(/i/~/1/) and back (/u/—/v/) continua. In the logistic regression framework, the intercept reflects
response bias where a positive intercept indicates bias toward the response coded as 1, and a
negative intercept indicates bias toward the response coded as 0. The slope of token c
represents the boundary steepness showing how rapidly response probabilities change along
the vowel continua. The actual category boundary location on the x-axis is determined by
both the intercept and the slope of token c, because it is the point where the model switches
from one response to the other. Lastly, the interaction between token position and L1
indicates whether the two groups differ in steepness.

The full model was run in RStudio and converged using the bobyqa optimiser (with
maxfun = 100000). The model included 2,660 observations from 38 participants. In order to
proceed with statistical analysis the fixed-effects estimates and random-effects variance
components were extracted from the model. To visualise the results, the response proportions
were calculated by grouping the data by participant and stimulus, from which were

subsequently created category curves for each group based on these proportions.

4. Results
4.1 Descriptive results: Mean Response Curves

After the data were processed and organised in Praat, two response curves were
derived in order to provide a clear visual summary of the results (The detailed procedure of
creating the response curves including the R code is attached in Appendix G). Figure 8.
shows the average proportion of lax-vowel responses across the two token continua for Dutch
and Portuguese listeners. The curves showed different response patterns across token position

for Dutch and Portuguese listeners. Dutch listeners showed a clearer increase in lax-vowel
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responses across the continua, while the Portuguese listeners showed a less consistent pattern,
especially for the front continuum. The four curves indicated a boundary region in the middle
of the continua, however the exact steepness differed across the groups. Dutch listeners
showed a steeper curve indicating more categorical responses compared to Portuguese

listeners, who showed a shallower curve representing more of a gradient response pattern.

Vowel category boundaries

Dutch /1/ Dutch /u/ =@= Portuguese /1/ =@ Portuguese /u/

1.00 /u/ = dashe
/1/ = solid

Proportion of lax vowel responses
=
1
|
1
|
A

1 2 3 4 5 6 7
Token on /1/—/1/ and /u/—/v/ continua

Figure 8. Mean response curves for Dutch and Portuguese listeners

4.2 Inferential statistics: Fixed Effects from the Mixed-Effects Model
The fixed-effects estimates generated by the mixed-effects model are summarised in
Table 4. below, which provides a reference for reading the result. The full mixed-effects

model specification together with the R code, are provided in Appendix H..
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Table 4.

Predictor Estimate SE z-value p-value
Intercept 0.058 0.188 0.306 759
Token position 0.284 0.080 3.558 <.001
L1 0.130 0.188 0.693 488
Continuum type 0.034 0.106 0.322 747
Token x L1 0.298 0.080 3.743 <.001
Token x Continuum -0.031 0.043 -0.725 469
L1 x Continuum 0.072 0.106 0.681 496
Token x L1 x Continuum 0.031 0.042 0.727 468

Fixed-effects Estimates From the Mixed-effects Model

The results of the mixed-effects model showed a significant positive main effect of the

token position along the continua, b =0.28, SE =0.08, z=3.56, p <.001. This positive

coefficient indicates that as the token position increases (moves from the tense endpoint

towards the lax endpoint), the probability of lax-vowel responses increases. Those changes

were systematic and indicated that the token position strongly influenced the chosen vowel

category. Additionally, the interaction between token position and the L1 also showed a

significant positive effect, b =0.30, SE = 0.08, z=3.74, p<.001. The interaction between the

token and the native language is the most relevant to the research question since it shows the

slope difference in the categorisation decisions between Dutch and Portuguese listeners. The
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positive coefficient shows that the Dutch group exhibited a steeper increase in lax-vowel
responses across the continuum compared to Portuguese listeners. In other words, the two
groups differed in how rapidly their responses changed along the continua. This supports the
idea of the native language influencing the steepness of category boundaries in English vowel
perception.

In contrast, the main effect of L1 did not provide evidence for a difference in overall
responses between Dutch and Portuguese listeners, b=0.13, SE=0.19, z=0.69, p = .49.
This means that there was no clear evidence that the Dutch and Portuguese groups differed in
their overall proportion of lax responses once token position was not taken into account. The
main effect of continuum was also not significant, b= 0.03, SE=0.11,z=0.32, p=.75,
which provides no evidence for a difference between the front and back vowel continua
overall. The remaining interactions also did not provide evidence for an effect. The
token-by-continuum interaction was not significant, p = .47, the continuum-by-L1 interaction
was not significant, p = .50, and the three-way interaction between the token position, L1,
and continuum was not significant, p = .47. Overall, there was no evidence for or against the

L1 effect differing across the front and back vowel continua.

4.3 Inferential statistics: Random Effects From the Mixed-Effects

Table 5 presents the random-effects estimates, while the full random-effects structure
code is provided in Appendix H. These estimates show that participants varied in their
baseline tendency to choose the lax-vowel response option. The random-intercept variance
was 1.234 (SD = 1.111), indicating that participants differed in their baseline tendency to
choose the lax-vowel response option. Apart from those tendencies, the participants also
showed variability in sensitivity to the individual tokens, which indicates that participants

differed in the steepness of their responses (token slope: Var = 0.210, SD = 0.458).
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Furthermore, the random slopes for continuum type and the token-by-continuum interaction
indicate that participants varied in how strongly these predictors affected their responses
(continuum slope: Var = 0.321, SD = 0.567; token x continuum slope: Var = 0.040, SD =

0.199; see Table 5).

Table S.

Random effect Variance SD Correlation (1)

By-Participant intercept 1.234 1.111 -

By-participant Token slope 0.210 0.458 r = 0.64 (with intercept)

By participant Continuum 0.321 0.567 r = 0.25 (with intercept)

slope r=0.18 (with token)

By-participant Token x 0.040 0.199 r = 0.29 (with intercept)

Continuum slope r = 0.07 (with token)
r=0.44 (with
continuum)

Random-effects Variance Components and Correlations

The correlation between the random intercept and token slope was moderately
positive (r = 0.64) which indicates that the participants that have higher baseline tendency to
respond with the lax vowels also show steeper increase in lax-vowel responses across the
continua. The correlations between the intercept and continuum slope (r = 0.25) and between
token slope and continuum slope (r = 0.18) were weaker, and the correlation involving the

token x continuum interaction slope was small (r = 0.07 to 0.44).
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The random-effects estimates indicate individual differences between listeners beyond
the language-background difference. In particular, the variation in the random intercept
shows that participants differed in their overall tendency to choose the lax-vowel response
option, and the random token slope shows that listeners differed in how sharply they
responded across the continuum. The additional random slopes for continuum type and the
token-by-continuum interaction further suggest that the size of these effects varied across

listeners.

5. Discussion
5.1 Summary of the Main Findings

The present study examined how native language background shapes the
categorisation of English vowel contrasts in Dutch and Portuguese L2 listeners. The central
question addressed in this research concerns cross-linguistic influence in speech perception,
more specifically how an individual’s native language shapes vowel categorisation in a
second language. To investigate this, the present study examined how L1 background
influences the categorisation of English vowel contrasts in L2 speakers by comparing native
speakers of Standard Dutch and European Portuguese. The study addressed two research

questions:

RQI1: How does native language background influence the categorisation of English vowel

contrasts in Dutch and Portuguese L2 speakers?

RQ2: To what extent do individual listeners within each L2 group differ in sensitivity to

acoustic variation?
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Based on the prior research it was predicted that Dutch speakers will show sharper
category boundaries due to a greater similarity between Dutch and English vowel systems.
Specifically that Dutch /i/—/1/ and /u/—/v/ contrasts would map more directly onto English
categories, while Portuguese speakers were expected to show more gradual response patterns,
reflecting less direct mapping of English vowel categories to the L1 vowel categories
(Escudero & Bion, 2007; Iverson et al., 2005). In addition, individual variation between
participants was expected because of differences in phonetic sensitivity and cognitive
processing (Georgiou et al., 2024).

The main findings that were related to the first research question showed that Dutch
speakers exhibited steeper category boundaries than Portuguese speakers. Those findings
extend previous work by focusing on boundary steepness rather than only accuracy or
categorical identification patterns, which provides a more fine-grained view of how listeners
process acoustic variation across a vowel continuum. This also demonstrates that native
language background influences the steepness of category boundaries in L2 vowel
perception. Furthermore, such findings align with Escudero and Bion's (2007) study of Dutch
and Spanish learners of English, who also found that Dutch learners (with larger vowel
inventories similar to English) exhibited more categorical perception, while Spanish learners
(with smaller inventories) showed more gradient response patterns.

Moreover, studies on L2 learners with small vowel inventories such as Spanish and
Japanese learning English typically show greater perceptual difficulty and more gradient
categorisation, while learners with larger inventories such as Dutch, German show sharper
boundaries (Best et al., 2001; Escudero and Bion, 2007). By applying this focus to
Portuguese learners, the present study also fills a gap in the literature, because previous work
had compared Dutch and Spanish learners but had not directly examined Dutch and European

Portuguese learners of English.



31

The finding that Portuguese speakers showed more gradient response patterns than
Dutch speakers is consistent with Best’s (1995) Perceptual Assimilation Model and Flege’s
(1995) Speech Learning Model, which predict greater difficulty in distinguishing L2 sounds
that map less directly onto L1 categories. In this study, that difficulty was reflected in less
steep response curves for the Portuguese listeners, suggesting more gradual categorisation
across the continua. However, boundary steepness and miscategorisation are closely related,
so these results should not be interpreted as fully separate outcomes.

The outcome of the experiment also showed substantial individual variability in
boundary steepness and baseline response tendencies, which connects to the second research
question. Participants differed in how sharply they categorised tokens and in the tendency to
choose lax versus tense vowels overall. This supports the conclusions of Georgiou et al.
(2024) that L2 learners differ in the ability to discriminate English vowel contrasts and it
shows variations in sensitivity to phonetic detail and categorisation strategies. The present
study also adds to this line of work by showing that such individual differences are well
captured through a full random-effects structure, which provides a more detailed account of
listener variability than models with only fixed effects or random intercepts. These findings
are important because they suggest that individual differences should be considered in future
L2 speech perception research alongside the main effects.

There was no evidence for or against a response bias difference between Dutch and
Portuguese learners. The non-significant main effect of L1 indicates that we cannot determine
whether one group showed a general tendency to choose lax vowels more often than the other
when token position was controlled. The main effect of continuum was not significant, so the
data do not provide clear evidence that response patterns differed between the front (/i/—/1/)
and back (/u/~/v/) vowel continua. This partially differs from Hu et al.’s (2019) findings on

Mandarin listeners, whose performance varied across vowel contrasts depending on how
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closely English vowels mapped onto Mandarin categories and how far they were from
adjacent vowels. In the present study, the L1 effect on boundary steepness was comparable
across both continua.

In the present study, the L1 effect on boundary steepness was comparable across both
continua. One explanation could be that Portuguese has a small, symmetric vowel inventory
(41, e, €, a, 0, 0, u/) with similar gaps in both front and back spaces, whereas Chinese has a
more complex and asymmetric vowel system. This symmetry in Portuguese may lead to
evenly distributed perceptual difficulty across front and back vowels, resulting in no
significant continuum-by-L1 interaction. Taken together, these findings suggest that the
present study contributes not only a Dutch—Portuguese comparison, but also a more detailed
understanding of how the structure of an L1 vowel inventory relates to sensitivity to acoustic
differences across continua.

Overall, the results showed that native language shapes how listeners process acoustic
variation rather than simply shifting category boundaries. This conclusion should be followed
up in future research. Additional information such as direct measures of L1 vowel inventory
size and acoustic-phonetic similarity to English should be taken into consideration to test

whether inventory size predicts boundary steepness systematically.

5.2 Limitations

The present study has several limitations that should be acknowledged when
interpreting the results. First, the total sample size of 38 participants is relatively small for
the mixed-effects analysis, which may limit statistical power and the generalisability of the
findings. It could have limited the precision with which we estimate effects. Looking at the
pattern of non-significant effects (continuum-by-L1 interaction, three-way interaction), the

effect sizes were small (b = 0.03-0.07), suggesting that a larger sample meaning more
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precision in estimation, might have been needed to detect these effects if they exist. However,
the main finding of steeper boundaries in Dutch than Portuguese (token x L1 interaction, b =
0.30, p <.001) was robust. Therefore, we can still conclude that L1 background influences
boundary steepness, even if we cannot confidently conclude whether L1 effects differ
between front and back continua.

Furthermore, the use of isolated synthesised vowels eliminates lexical, semantic, and
prosodic cues (Darcy & Kriiger, 2019), but may limit generalisability to natural speech
perception. Previous research has shown that synthetic stimuli can produce slightly different
boundary locations than natural stimuli (Iverson et al., 2005), though the overall pattern of L1
effects typically remains similar. However, it is unclear whether synthetic stimuli would
affect boundary steepness specifically, or whether natural speech with lexical context might
reduce or increase the observed steepness difference between Dutch and Portuguese. Future
research should test whether boundary steepness differences persist with natural speech.

Additionally, participants were tested in different environments (home, university,
work) with varying background noise levels and even though high-quality noise-canceling
headphones were used this could affect the precision of the measurements. Background noise
could potentially blur acoustic cues, which may be especially noticeable for intermediate
tokens near the category boundary because these tokens are already more ambiguous. This
could flatten boundary steepness for both groups, especially for the Portuguese speaker,
because they exhibited much flatter response curves than Dutch speakers. If testing had been
conducted in a more controlled speech-lab setting, the response curves might have shown
clearer separation between groups. This limitation means we cannot rule out that
environmental variation contributed to some of the individual differences observed.

Lastly, the self-reported language background and proficiency (adapted LEAP-Q) may

not accurately reflect actual language experience and therefore affect the group
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comparability. If the Portuguese and Dutch groups differed in unmeasured aspects of English
proficiency, this could have affected how sharply they categorised the vowel continua,
independent of L1 vowel inventory. More objective proficiency measures, such as
standardised tests, would strengthen the group comparison. Despite these limitations, a
number of methodological strengths support the conclusions.

The mixed-effects logistic regression with full random-effects structure accounts for
individual variability and repeated measures, which is consistent with the current practices in
L2 speech perception research (Bates et al., 2015; Matuschek et al., 2020). Previous studies
such as Escudero and Bion (2007) and Drozdova et al. (2014) have often relied on more
simple statistical models, such as fixed-effects models or random-intercepts-only models,
which do not estimate individual variation in slopes. As a result, variation between listeners
in how they respond across a vowel continuum may not be fully captured by those models.
By contrast, the present study used a full random-effects structure, which provides more of a
robust test of the fixed effects by accounting for variation between listeners. This is
particularly important in L2 vowel perception research, where individual differences are
theoretically relevant (Best, 1995; Flege, 1995; Matuschek et al., 2017)

Presenting both continua per participant (the within-subject design) combined with
comparing two groups of participants between each other (the between-subject design)
increased statistical power and allowed for direct group comparison while allowing
individual differences to be accounted for in the analysis.The design choice was inspired by
previous L2 perception research (Escudero & Bion, 2007; Drozdova et al., 2014). In short,
future studies comparing L2 groups should use mixed designs to maximise the statistical

power and control for individual variation.
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5.3 Future research

Future research on L2 boundary steepness should address several key aspects. It
would be valuable to systematically examine whether L1 vowel inventory structure predicts
boundary steepness across different L2 language pairs. This is particularly relevant in light of
the present study, because European Portuguese has a richer vowel system than Spanish,
including a larger set of oral vowel contrasts and additional nasal vowel distinctions (Veloso,
2022; Sluijter et al., 1997), even though it still lacks near-close vowels such as /1/ and /v/
(Veloso, 2022). Therefore, comparing Portuguese with Dutch helps test whether boundary
steepness is linked not only to the absence of specific contrasts, but also to a broader
difference in vowel-system structure (Escudero, 2005; Escudero & Bion, 2007). This could
be achieved by comparing L1 groups with different vowel-system structures and directly
measuring inventory size and acoustic similarity to English to test whether they predict
steepness.

Furthermore, the ecological validity of boundary steepness findings could be
enhanced by testing whether L1 influence on steepness persists with natural speech. By
embedding stimuli in words or sentences it would be able to clarify whether boundary
steepness differences are context-dependent or are the same across different perceptual
contexts. In addition to this, additional vowel contrasts should be investigated to determine
whether the observed patterns can be generalised across the vowel space or are specific to
near-close vowels (/1/—/1/, /u/—/v/). Comparing contrasts that are more similar to the
Dutch—Portuguese comparison, such as /e/—/¢/ or /o/—/a/, and contrasts that are more distant,
such as /a/~/a/ or /i:/-/e1/, would test whether the pattern extends across the vowel space.

Moreover, considering longitudinal design of a research would provide important
insights into how individual differences and L1 effects on boundary steepness develop over

time. Implementing the longitudinal design could reveal whether steepness differences occur
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early in L2 learning or develop gradually with increased exposure, and whether individual
differences in phonetic sensitivity predict learning trajectories. In addition, future researchers
should explicitly model individual differences in their analyses by including random slopes
rather than treating them only as noise.

The current study provides evidence that the individual differences amongst
individuals exist, but to fully understand their sources and theoretical significance further
investigation is needed. Lastly, comparing languages with different phonetic inventory
properties across multiple vowel continua would systematically describe the correlation
between L1 inventory characteristics and L2 boundary steepness. This would address whether
L1 influence on boundary steepness differs for different types of vowels or for different

L1-L2 combinations.

6. Conclusion

This study looked at how native language affects the way Dutch and Portuguese
speakers of English categorise English vowel contrasts. The outcome of this experiment
clearly showed that Dutch speakers showed steeper category boundaries compared to the
European Portuguese speakers. The results suggest that the structure of a learner’s native
vowel system shapes how they perceive English vowels. The present study also found
individual variations amongst individual participants, highlighting that accounting for speaker
differences is important in L2 speech perception research. The overall findings also support
the idea that native language background plays a role in L2 speech perception and that

individual differences are an important part of how English vowels are categorised.
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Appendix A. The LEAP-Q Questionnaire

Northwestern Bilingualism & Psycholinguistics Research Laboratory
Please cite Marian, Blumenfeld, & Kaushanskaya (2007). The Language Experience and Proficiency Questionnaire (LEAP-Q):

Assessing language profiles in bilinguals and multilinguals. Journal of Speech Language and Hearing Research, 50 (4), 940-967.

Language Experience and Proficiency Questionnaire (LEAP-Q)

Last Name First Name Today’s Date

Age Date of Birth Male [] Female [

(1) Please list all the languages you know in order of dominance:

L1 [ 2 [3 [ 4 [5

(2) Please list all the languages you know in order of acquisition (your native language first):

L1 [ 2 [3 [ 4 [ s

(3) Please list what percentage of the time you are currently and on average exposed to each language.
(Your percentages should add up to 100%):

List language here:

List percentage here:

(4) When choosing to read a text available in all your languages, in what percentage of cases would you choose to read it in
each of your languages? Assume that the original was written in another language, which is unknown to you.
(Your percentages should add up to 100%):

List language here

List percentage here:

(5) When choosing a language to speak with a person who is equally fluent in all your languages, what percentage of time
would you choose to speak each language? Please report percent of total time.
(Your percentages should add up to 100%):

List language here

List percentage here:

(6) Please name the cultures with which you identify. On a scale from zero to ten, please rate the extent to which you
identify with each culture. (Examples of possible cultures include US-American, Chinese, Jewish-Orthodox, etc):

List cultures here

(7) How many years of formal education do you have?
Please check your highest education level (or the approximate US equivalent to a degree obtained in another country):

0  Less than High School I Some College 0  Masters
1 High School I College (0 Ph.D./M.D./I.D.
1  Professional Training 0  Some Graduate School 1  Other:

(8) Date of immigration to the USA, if applicable
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If you have ever immigrated to another country, please provide name of country and date of immigration here.

(9) Have you ever had a vision problem [, hearing impairment [, language disability [, or learning disability [] ?
(Check all applicable). If yes, please explain (including any corrections):

This is my language.

All questions below refer to your knowledge of

(1) Age when you...:

began acquiring

became fluent
in :

began reading
in__:

1n

became fluent reading

(2) Please list the number of years and months you spent in each language environment:

A country where  is spoken
A family where is spoken

Years

Months

A school and/or working environment where is spoken

(3) On a scale from zero to ten, please select your level of proficiency in speaking, understanding,

and readin from the scroll-down menus:
Speaking Understanding spoken Reading
language

(4) On a scale from zero to ten, please select how much the following factors contributed to you

learning

Interacting with friends

Language tapes/self instruction

Interacting with family

Watching TV

Reading

Listening to the radio

(5) Please rate to what extent you are currently exposed to

in the following contexts:

Interacting with friends

Listening to radio/music

Interacting with family

Reading

Watching TV

Language-lab/self-instruction

(6) In your perception, how much of a foreign accent do you have in ~ ?
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(7) Please rate how frequently others identify you as a non-native speaker based on your accent in

This is my language.

All questions below refer to your knowledge of

(1) Age when you...:

began acquiring became fluent began reading became fluent reading
: in : in_: in :

(2) Please list the number of years and months you spent in each language environment:

Years Months
A country where  is spoken
A family where is spoken

A school and/or working environment where is spoken

(3) On a scale from zero to ten please select your level of proficiency in speaking, understanding,
and readin from the scroll-down menus:

Speaking Understanding spoken Readin
language g

(4) On a scale from zero to ten, please select how much the following factors contributed to you

learning
Interacting with friends Language tapes/self instruction
Interacting with family Watching TV
Reading Listening to the radio

(5) Please rate to what extent you are currently exposed to in the following contexts:

Interacting with friends Listening to radio/music
Interacting with family Reading
Watching TV Language-lab/self-instruction

(6) In your perception, how much of a foreign accent do you have in ~ ?

(7) Please rate how frequently others identify you as a non-native speaker based on your accent in
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Appendix B. The Adapted Questionnaire

The language background questionnaire
Language Experience and Proficiency Questionnaire

Initials ...l Gender  ............... Country of Birth ................

Have you ever had a vision problem |, hearing impairment |, language disability , or learning
disability  ?

Those questions are about Portuguese/Dutch
On a scale zero to ten, please select your level of proficiency in speaking, understanding, and reading:
Speaking ..................... Understanding spoken language............... Reading................

On a scale zero to ten, please select how often do you use this language in everyday life (0 - you do
not use it, 10- you use it every day)

Those questions are about English
On a scale zero to ten, please select your level of proficiency in speaking, understanding, and reading:
Speaking ..................... Understanding spoken language............... Reading................

On a scale zero to ten, please select how often do you use this language in everyday life (0 - you do
not use it, 10- you use it every day)
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Appendix C. Information Brochure

UNIVERSITEIT VAN AMSTERDAM
X

Information brochure for
the research by student Eliska Spilkova
within the Bachelor thesis in the BA Linguistics

Dear participant,

You will be taking part in the study by Eliska Spilkova which is performed under the
supervision of their teacher Dr. A.T. (Titia) Benders in the context of the Bachelor thesis of
the Bachelor Programme in Linguistics at the University of Amsterdam. Before the study can
begin, it is important that you read about the procedures we will be applying. Make sure to
read this brochure carefully.

Purpose of the research project
This study explores how people hear and respond to sounds in their non-native language.

Who can take part in this research?

We are inviting adult speakers of English as their second language to take part in this
research. You can take part in this research project if you speak English well and your native
language is either Dutch or Portuguese.

Instructions and procedure

You will be sitting alone behind the researcher’s computer. You will participate in a digital
survey designed by the researcher. You will first complete a short practice experiment and
after that two main experiments will follow. You will then hear a sequence of sounds over
either your headphones or a loudspeaker, at a clearly audible but not too loud volume. At the
same time, you will see two boxes on your screen, for instance one box with the letter “u”
and one box with the letter “o”. You will click on the box with the letter that you think you
just heard, and after that a new sound will be played, with two new boxes, and you click
again on the letter you think you heard, and so on, until all of the sounds have passed by. This
task will take approximately 10 minutes with short pauses during the process.

Voluntary participation

You will be participating in this research project on a voluntary basis. This means you are
free to stop taking part at any stage. This will not have any personal consequences and you
will not be obliged to finish the procedures described above. You can always decide to
withdraw your participation later on. If you decide to stop or withdraw your consent prior to
the moment the student hands in their research results (on the 31st of May 2026), all the
information gathered up until then will be permanently deleted. However, if information has
been anonymised, it cannot be deleted because it is not possible to trace back the information
to individual participants.
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Discomfort, Risks & Insurance

The risks of participating in this research are no greater than in everyday situations at home.
Previous experience in similar research has shown that no or hardly any discomfort is to be
expected for participants. For all research at the University of Amsterdam, a standard liability
insurance applies.

Confidential treatment of your details

The information gathered over the course of this study will be used only by the student Eliska
Spilkova for the Bachelor thesis in May and June 2026. This student may present the
anonymized results to their teacher and fellow students. Your personal details will not be used
in the report they write, and we guarantee that you will remain anonymous under all
circumstances.

The data gathered during the research (i.e. a list of the boxes you clicked on) will be
encrypted until anonymization, and stored separately from your personal details. These
personal details and the encryption key are accessible only to Eliska Spilkova. Anonymized
research data are not secret, and may be kept by the student and/or supervisor for any length
of time, as they see fit. The non-anonymized data (i.e. your contact details, namely your
email address) will only be stored as long as is necessary for the research and will be deleted
as soon as possible.

Data subject rights according to the GDPR
Participants can request more information from the researcher at any time about their rights
as data subjects under the EU privacy law, the GDPR.

Reimbursement
You will receive no reimbursement for taking part in the research project. If you wish, the
student can send you the resulting report.

Further information

For further information on the research project, please contact Eliska Spilkova (phone
number: +31 616 716 189; email: eliska.spilkova@student.uva.nl) or Dr. A.T. (Titia) Benders
(email: a.t.benders@uva.nl; Spuistraat 134, 1012VB Amsterdam, room 6.33).

If you have any complaints regarding this research project, you can contact the
secretary of the Ethics Committee of the Faculty of Humanities of the University of
Amsterdam, commissie-ethiek-fgw(@uva.nl; Binnengasthuisstraat 9, 1012 ZA Amsterdam,
The Netherlands.



48

Appendix D. Informed-Consent Form
UNIVERSITEIT VAN AMSTERDAM
X

Informed-Consent Form

‘I hereby declare that I have been clearly informed about the research project Bachelor thesis
experiment of the Bachelor Programme in Linguistics at the University of Amsterdam,
conducted by Eliska Spilkova under the supervision of Dr. A.T. (Titia) Benders as described
in the information brochure. My questions have been answered to my satisfaction.

I consent to participate in this research on an entirely voluntary basis. I retain the right to
revoke this consent without having to provide any reasons for my decision. I am aware that I
am entitled to discontinue the research at any time, and that I can withdraw my consent after
the research has ended. If I decide to stop or withdraw my consent, all the information
gathered up until then will be permanently deleted.

If my research results are used in student papers or made public in any other way, they will be
fully anonymised. My personal information may not be viewed by third parties without my
express permission.

If I need any further information on the research, now or in the future, I can contact Eliska
Spilkovéa (phone number: +31 616 716 189; email: eliska.spilkova@student.uva.nl) or Dr.
A.T. (Titia) Benders (email: a.t.benders@uva.nl; Spuistraat 134, 1012VB Amsterdam, room
6.33).

If T have any complaints regarding this research, I can contact the secretary of the Ethics
Committee of the Faculty of Humanities of the University of Amsterdam; email:
commissie-ethiek-fgw(@uva.nl; Binnengasthuisstraat 9, 1012 ZA Amsterdam, The
Netherlands.

I consent to:

- participate in this research [yes / [Ino
- my contact details to be stored until the 31st of October 2026 [lyes / [no
Signed in duplicate:

Email address participant Date Signature
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‘I have explained the research in further detail. I hereby declare my willingness to answer any
further questions on the research to the best of my ability.’

Name researcher Date Signature
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Appendix E. Stimuli Creation Process and the Stimuli Synthesis Code
The process:

The recordings which served as endpoints to my continuums were sourced from the
audio IPA Vowel Chart on Wikimedia Commons (Wikipedia, n.d.). The audio files were
downloaded as .ogg format and converted to .wav using the pydub library in Python. Before
synthesising the vowels, each endpoint recording was inspected and adjusted using Praat
(Boersma & Weenink, 2025). The first two formants (F1, F2) and the duration were
generated, and the fundamental frequency/pitch (FO) was preserved and interpolated during
this process. Each continuum consisted of 7 tokens, representing equal acoustic steps from
one vowel category to the other. This resulted in two continua: front vowel continuum from
/i:/ (token 1) to /1/ (token 7), and a back vowel continuum from /u:/ (token 1) to /u/ (token 7).

The synthesis was carried using the WORLD vocoder, implemented via the pyworld
Python library (Morise et al., 2016). The WORLD vocoder split the speech signal into three
components: the FO contour, the spectral envelope, and the aperiodicity. This allowed for
resynthesis with acoustic control. For each continuum step, the spectral envelope and FO were
linearly interpolated between the two endpoints. All tokens were subsequently normalised to
an equal duration within each continuum (/i/~/1/: 575 ms; /u/~/v/: 675 ms) using linear
time-stretching, and the RMS amplitude normalisation was applied to ensure equal perceived
loudness across tokens as in prior vowel perception research (Iverson et al., 2005; Darcy &

Kriiger, 2019).

The code:
python
install pyworld pydub numpy scipy soundfile

import numpy as np

import pyworld as pw

import soundfile as sf

from pydub import AudioSegment
import os



def convert ogg to wav(ogg path, wav path):
audio = AudioSegment.from ogg(ogg path)
audio = audio.set channels(l).set frame rate(16000)
audio.export (wav_path, format="wav")

convert ogg to wav("i long.ogg", "vowel i.wav")
convert ogg to wav("i short.ogg", "vowel I.wav")
convert ogg to wav("u long.ogg", "vowel u.wav")
convert ogg to wav("u short.ogg", "vowel U.wav")

def load and analyse (path):
x, fs = sf.read(path)
x = x.astype (np.float64)
f0, sp, ap = pw.wav2world(x, fs)
return f0, sp, ap, fs, len(x)

def normalize duration(arr, target len):
original len = arr.shape[0]
if arr.ndim ==
return np.interp (
np.linspace (0, original len - 1, target len),
np.arange (original len), arr
)
else:
result = np.zeros((target len, arr.shapel[l]))
for 1 in range(arr.shape[l]):
result[:, i] = np.interp(
np.linspace (0, original len - 1, target len),
np.arange (original len), arr[:, i]
)

return result

def rms normalize(signal, target rms=0.1):
rms = np.sqgrt (np.mean(signal ** 2))
if rms ==
return signal
return signal * (target rms / rms)

def generate continuum(wav_a, wav_b, output dir, prefix, n_ tokens=7,
target duration ms=200) :

f0 a, sp_a, ap_a, fs, _ = load and analyse(wav_a)

f0 b, sp b, ap b, , = load and analyse(wav_b)

target samples = int(fs * target duration ms / 1000)
frame period = 5.0 # ms (WORLD default)

n frames = int(target duration ms / frame period)

f0_a = normalize duration(f0_a, n_ frames)
f0 b normalize duration(f0 b, n_ frames)
sp_a = normalize duration(sp_a, n_frames)
( )
( )

sp b normalize duration(sp b, n frames
ap_a normalize duration(ap a, n_ frames

os.makedirs (output dir, exist ok=True)

for i, alpha in enumerate(np.linspace (0, 1, n tokens)):
sp_interp = (1 - alpha) * sp a + alpha * sp b
fO _interp = (1 - alpha) * f0 a + alpha * f0 b

ap_interp = ap a.copy ()
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y = pw.synthesize (f0_interp, sp interp, ap interp, fs,
frame period=frame period)

if len(y) > target samples:
y = yl:target samples]
else:
y = np.pad(y, (0, target samples - len(y)))

y = rms_normalize(y, target rms=0.1)

out path = os.path.join(output dir, f"{prefix} token {i+1:02d}.wav")
sf.write (out path, y, fs)
print (f"Saved: {out path}")

generate continuum (
wav_a="vowel i.wav",
wav_b="vowel I.wav",
output dir="output/continuum i I",
prefix="i I"

)

generate continuum (
wav_a="vowel u.wav",
wav_b="vowel U.wav",
output dir="output/continuum u U",
prefix="u U"



Appendix F. The Experiment File

The code for the practice task:

"ooTextFile"
"ExperimentMFC 7"

blankWhilePlaying? <no>

stimuliAreSounds? <yes>

stimulusFileNameHead = "C:/PraatTest/Stimuli/"
stimulusFileNameTail = ".wav"
stimulusCarrierBefore = ""
stimulusCarrierAfter = ""
stimulusInitialSilenceDuration = 0.5 seconds
stimulusMedialSilenceDuration = 0
stimulusFinalSilenceDuration = 0.5 seconds
numberOfDifferentStimuli = 4

wiqm wn

nigw own

ngm e

"u7 wonn

numberOfReplicationsPerStimulus = 1
breakAfterEvery = 0
randomize = <PermuteBalancedNoDoublets>

startText = "This is a practice before the experiment.

You will hear 4 clear example vowels.

Click the option that best matches the vowel you hear.

Click to start"

runText = "Which vowel does this sound match best?"
pauseText = ""

endText = "Practice complete. Main task starts next."
maximumNumberOfReplays = 1

replayButton = 0.4 0.6 0.72 0.84 "Replay" "Replay"
okButton = 0 0 0 0 "mw nn
oopsButton = 0 0 0 O "™ "™

responsesAreSounds? <no> "" "™ "w . n"®m g (0 0
numberOfDifferentResponses = 4

0.20 0.40 0.58 0.73 "/i/ as in sheep™ 24 "™ "i"
0.60 0.80 0.58 0.73 "/1/ as in bit" 24 "" "1"
0.20 0.40 0.30 0.45 "/u/ as in food" 24 "" "u"
0.60 0.80 0.30 0.45 "/u/ as in put" 24 "" "y"
numberOfGoodnessCategories = 0

Code for the first main task with the front vowel continuum /i/~/1/ :

"ooTextFile"
"ExperimentMFC 7"
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blankWhilePlaying? <no>

stimuliAreSounds? <yes>

stimulusFileNameHead = "C:/PraatTest/Stimuli/"
stimulusFileNameTail = ".wav"
stimulusCarrierBefore = ""
stimulusCarrierAfter = ""
stimulusInitialSilenceDuration = 0.5 seconds
stimulusMedialSilenceDuration = 0
stimulusFinalSilenceDuration = 0.5 seconds
numberOfDifferentStimuli = 9

"il" mww

"i2" nw

wigw ww

migw wn

"i5" mnww

"i6" nw

wigm o wn

wEn

wEom

numberOfReplicationsPerStimulus = 5

breakAfterEvery = 27

randomize = <PermuteBalancedNoDoublets>

startText = "This is a listening experiment.

You will hear a set of English vowels.

Click on the button which you think matches the vowel you hear the best.

Some of the sounds may sound weird, just try to choose the vowel which is the
closest.

Click to start."
runText = "Which vowel does this sound match best?"
pauseText = "Short break.

Click when ready to continue."

endText = "Thank you! Experiment complete."
maximumNumberOfReplays = 0

replayButton = 0 0 0 0 "™ ""

okButton = 0 0 0 0 "™ ""

oopsButton = 0 0 O O "™ ""

responsesAreSounds? <no> "" "" "™ "v (o 0 0
numberOfDifferentResponses = 2

0.20 0.40 0.58 0.73 "/i/ as in sheep" 24 "" "i"
0.60 0.80 0.58 0.73 "/1/ as in bit" 24 "™ "r"
numberOfGoodnessCategories = 0

Code for the second main task with the back vowel continuum /u/~/v/:

"ooTextFile"
"ExperimentMFC 7"

blankWhilePlaying? <no>
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stimuliAreSounds? <yes>

stimulusFileNameHead = "C:/PraatTest/Stimuli/"
stimulusFileNameTail = ".wav"
stimulusCarrierBefore = ""
stimulusCarrierAfter = ""
stimulusInitialSilenceDuration = 0.5 seconds
stimulusMedialSilenceDuration = 0
stimulusFinalSilenceDuration = 0.5 seconds
numberOfDifferentStimuli = 9

ngln me

"u2 " mww

n3m we

nggn me

nggn mn

"u6 " mnww

nggn ome

wEgm

" f3 " mww

numberOfReplicationsPerStimulus = 5

breakAfterEvery = 27

randomize = <PermuteBalancedNoDoublets>

startText = "This is a listening experiment.

You will hear a set of English vowels.

Click on the button which you think matches the vowel you hear the best.

Some of the sounds may sound weird, just try to choose the vowel which is the
closest.

Click to start."
runText = "Which vowel does this sound match best?"
pauseText = "Short break.

Click when ready to continue."

endText = "Thank you! Experiment complete."
maximumNumberOfReplays = 0

replayButton = 0 0 0 0 "™ ""

okButton = 0 0 0 0 "™ ""

oopsButton = 0 0 O O "™ ™"

responsesAreSounds? <no> "" "" "w "w (g 0 0
numberOfDifferentResponses = 2

0.20 0.40 0.30 0.45 "/u/ as in food" 24 "™ "u"
0.60 0.80 0.30 0.45 "/u/ as in put" 24 "" "y"

numberOfGoodnessCategories = 0
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Appendix G. Plot Construction File
The process:

In order to create the line plot representing the final results, the data file was prepared
in PRAAT. The result table was selected and the stimuli rows were extracted, then the data
were grouped by the subject and condition in order to be summarised per participant for each
token. Subsequently, the rows were collapsed to obtain one single value per subject and
condition and saved as a text file. This text file was then imported in Rstudio and the filler
stimuli 1, f2, and f3 were removed. Afterwards, the language variables were created by
identifying which subject is part of which language group (Dutch or Portuguese) and the
token number from each stimulus was extracted to form the x-axis values. Each stimulus was
then coded in order to distinguish the two vowel continua.

As a next step the mean proportion of the rightHand responses were calculated for
each combination of token, language and vowel category (the rightHand responses represent
the lax vowel option). Since the rightHand was coded as a binary response it was divided by
5 and averaged across it to generate the proportion value for each condition. Those values
were used to plot the category boundaries across the continua. To distinguish the four curves
in the graph a combination of different shades of grey, shapes and line type was used to group
the language groups together. All of those markers are clearly described in the legend of the

plot to make the mapping explicit.

The code:

r

new data <- read.delim("C:/Users/elisk/Downloads/resultsPlot.txt", sep =
"\t", header = TRUE)

new data <- new data[!new dataSstimulus %in% c("f1", "f2", "£3"), ]



57
new dataSgroup <- ifelse(grepl("Du", new data$subject), "Dutch",
"Portuguese")
new dataS$x val <- as.numeric(gsub("[*0-9]", "", new data$stimulus))
new dataSvowel <- ifelse(grepl(""i", new data$stimulus), "i", "u")

final means <- aggregate (rightHand/5 ~ x val + group + vowel, new data, mean)

names (final means) [names (final means) == "rightHand/5"] <- "mean prop"

ggplot (final means, aes(

x = x val,

y = mean_prop,

group = interaction (group, vowel),
color = interaction(group, vowel),
linetype = vowel
))
geom line(linewidth = 1.2) +
geom point (size = 3) +
scale color manual (
values = c(

"Dutch.i" = "grey80",

"Dutch.u" "grey60",

"Portuguese.i" = "grey40",

"Portuguese.u" "greylQ"
) s

breaks = c("Dutch.i", "Dutch.u", "Portuguese.i", "Portuguese.u"),

labels = c(
"Dutch.i" = "Dutch /z1/",
"Dutch.u" = "Dutch /u/",

"Portuguese.i" "Portuguese /1/",

"Portuguese.u" "Portuguese /u/"



)

+

scale linetype manual (

.annotate("text"
size

.annotate("text",
size = 3.5, family

scale x continuous (breaks

scale y continuous (limits

values = c(

"i'l = llsolid"’
"u" = "dashed"
),
guide = "none"

5,.y = 0.97, label = "/u/

= 6.43, dashed", hjust = 0,
"serif™) +

= 3.5, family

5,.y = 0.91, label

= 6.45, "/1/ = solid", hjust = 0,
"serif") +

1<

1:7, limits = c(1, 7)) +

I
o
S
<
c
+

labs (
title = " Vowel category boundaries",
x = "Token on /i/-/1/ and /u/-/uv/ continua",
y = "Proportion of lax vowel responses",

color = NULL,

linetype = NULL

) +
theme minimal (base size = 14) +
theme (
text = element text(family = "serif"),
legend.position = "top",
legend.text = element text(size = 10, family = "serif"),
axis.title = element text(family = "serif"),
axis.text = element text (family = "serif"),
plot.title = element text (family = "serif"),

panel.grid.minor = element blank()
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Due to difficulties with using the relative path in R, an absolute file path was used to
ensure access to the data file. In order to replicate this code, the data file should be stored in a
data/ subfolder within the project directory, and the file path in the code should be changed

to:
r

new data <- read.delim("data/resultsPlot.txt", sep = "\t", header = TRUE)
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Appendix H. Mixed-Effects Model and Random-Effects Structure File

The mixed-effects model code:

r
data <- datal!grepl (""f", data$stimulus), ]

data$continuum <- ifelse(grepl(""i", data$stimulus), "i", "u")
dataScontinuum <- as.factor (dataScontinuum)

data$token <- as.numeric(gsub("["0-9]", "", dataSstimulus))
data$response_bin <- ifelse(data$response %in% c("1", "u"), 1, 0)

data$lLl <- as.factor(dataS$SLl)
data$subject <- as.factor(data$subject)

table (data$continuum, dataSresponse bin)
head(data[, c("stimulus", "response", "response bin", "token", "continuum",
"Ll") J )

head (data, 100)
data$token c <- scale(dataS$token, center = TRUE, scale = FALSE)
data$token_c <- as.numeric (scale (dataStoken, center = TRUE, scale = FALSE))

data$lLl <- factor (datas$Ll)
contrasts (data$Ll) <- contr.sum(2)

data$continuum <- factor (dataScontinuum)
contrasts (data$continuum) <- contr.sum(2)

str(data[, c("token", "token c", "L1", "continuum")])

contrasts (data$Ll)

contrasts (data$continuum)

head(data[, c("stimulus", "response", "response bin", "token", "token c",
"L1", "continuum")])

head (data[data$continuum == "u", c("stimulus", "response", "response bin",
"token", "token c", "L1", "continuum")], 10)

library (1lmed)

data$subject clean <- gsub (""Experiment[12]", "", data$subject)
dataSsubject clean <- factor(data$subject clean)

model <- glmer (

response bin ~ token ¢ * L1 * continuum + (1 + token ¢ * continuum |
subject clean),

family = binomial,

data = data,



control = glmerControl (optimizer = "bobyga", optCtrl = list (maxfun =
100000))
)

summary (model)

The summary of the mixed-effects model:

Generalized linear mixed model fit by maximum likelihood (Laplace
Approximation) [glmerMod]
Family: binomial ( logit )
Formula:
response bin ~ token ¢ * L1 * continuum + (1 + token c * continuum |
subject clean)

Data: data
Control: glmerControl (optimizer = "bobyga", optCtrl = list (maxfun = 1le+05))
AIC BIC logLik -2*log (L) df.resid
3026.7 3132.7 -1495.4 2990.7 2642

Scaled residuals:
Min 10 Median 30 Max
-6.2627 -0.6622 -0.2567 0.6737 4.2478

Random effects:

Groups Name Variance Std.Dev. Corr
subject clean (Intercept) 1.2341 1.1109
token c 0.2095 0.4577 0.64
continuuml 0.3210 0.5666 0.25 0.18

token c:continuuml 0.0395 0.1987 0.29 0.07 0.44
Number of obs: 2660, groups: subject clean, 38

Fixed effects:
Estimate Std. Error z value Pr(>]|z])

(Intercept) 0.05766 0.18831 0.306 0.759470
token c 0.28363 0.07971 3.558 0.000373 ***
L1l 0.13043 0.18825 0.693 0.488389
continuuml 0.03419 0.10612 0.322 0.747356
token c:L11 0.29772 0.07955 3.743 0.000182 ***
token c:continuuml -0.03100 0.04279 -0.725 0.468731
L1l:continuuml 0.07228 0.10615 0.681 0.495895
token c:Lll:continuuml 0.03084 0.04245 0.727 0.467523

Signif. codes: 0 Y‘***’ (0.001 ‘**’ 0.01 **" 0.05 '.” 0.1 * " 1

Correlation of Fixed Effects:
Intr) tokn c L11 cntnml tk :L11 tkn :1 Lll:cl

(
token c 0.600
L1l 0.020 0.017
continuuml 0.224 0.164 0.016
token c:L11 0.017 0.030 0.600 0.017
tkn c:cntnl 0.229 0.069 0.016 0.372 0.016
Lll:contnml 0.016 0.018 0.223 0.051 0.162 0.042



tkn c:L11:1 0.017 0.017 0.229 0.041 0.067 0.088 0.372

The random-effects structure code:

modelMinusRandomSlope <- glmer (
response bin ~ token ¢ * L1 * continuum + (1 | subject clean),
family = binomial,
data = data,
control = glmerControl (optimizer = "bobyga", optCtrl = list (maxfun =
100000))
)

anova (model, modelMinusRandomSlope)

modelMinusRandomInteractionSlope <- glmer (

response bin ~ token ¢ * L1 * continuum + (1 + token c + continuum |
subject clean),

family = binomial,

data = data,

control = glmerControl (optimizer = "bobyga", optCtrl = list (maxfun =
100000))
)

anova (model, modelMinusRandomInteractionSlope)

modelMinusRandomInteractionAndContinuumSlope <- glmer (
response bin ~ token ¢ * L1 * continuum + (1 + token c¢ | subject clean),
family = binomial,
data = data,
control = glmerControl (optimizer = "bobyga", optCtrl = list (maxfun =
100000))
)
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anova (modelMinusRandomInteractionSlope, modelMinusRandomInteractionAndContinuu

mSlope)

modelMinusRandomInteractionAndContinuumAndTokenSlope <- glmer (
response _bin ~ token ¢ * L1 * continuum + (1 | subject clean),
family = binomial,
data = data,
control = glmerControl (optimizer = "bobyga", optCtrl = list (maxfun =
100000))
)
anova (modelMinusRandomInteractionAndContinuumSlope,
modelMinusRandomInteractionAndContinuumAndTokenSlope)

modelMinusRandomIntercept <- glmer (

response bin ~ token ¢ * L1 * continuum + (-1 + token c * continuum |
subject clean),

family = binomial,

data = data,

control = glmerControl (optimizer = "bobyga", optCtrl = list (maxfun =
100000))
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)

anova (model, modelMinusRandomIntercept)

The outcome:

Data: data

Models:

modelMinusRandomSlope: response bin ~ token c¢ * L1 * continuum + (1 |
subject clean)

model: response bin ~ token c * L1 * continuum + (1 + token c¢ * continuum |
subject clean)

npar AIC BIC loglLik -2*log(L) Chisqg Df
Pr (>Chisq)
modelMinusRandomSlope 9 3275.0 3328.0 -1628.5 3257.0
model 18 3026.7 3132.7 -1495.4 2990.7 266.26 9 <
2.2e-16 ***
Data: data
Models:

modelMinusRandomInteractionSlope: response bin ~ token ¢ * L1 * continuum +
(1 + token c + continuum | subject clean)

model: response bin ~ token ¢ * L1 * continuum + (1 + token ¢ * continuum |
subject clean)

npar AIC BIC 1logLik -2*log(L) Chisqg
Df Pr (>Chisq)
modelMinusRandomInteractionSlope 14 3045.4 3127.8 -1508.7 3017.4
model 18 3026.7 3132.7 -1495.4 2990.7 26.655

4 2.334e-05 **x

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*" 0.05 .7 0.1 * " 1

Data: data
Models:
modelMinusRandomInteractionAndContinuumSlope: response bin ~ token ¢ * L1 *
continuum + (1 + token ¢ | subject clean)
modelMinusRandomInteractionSlope: response bin ~ token c¢ * L1 * continuum +
(1 + token c + continuum | subject clean)

npar AIC BIC 1loglik
-2*log (L) Chisqg Df
modelMinusRandomInteractionAndContinuumSlope 11 3104.8 3169.5 -1541.4
3082.8
modelMinusRandomInteractionSlope 14 3045.4 3127.8 -1508.7
3017.4 65.41 3

Pr (>Chisq)
modelMinusRandomInteractionAndContinuumSlope
modelMinusRandomInteractionSlope 4.099e-14 **x*
Data: data
Models:

modelMinusRandomInteractionAndContinuumAndTokenSlope: response bin ~ token c
* L1 * continuum + (1 | subject clean)
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modelMinusRandomInteractionAndContinuumSlope: response bin ~ token c * L1 *
continuum + (1 + token c¢ | subject clean)

npar AIC BIC
logLik -2*log(L) Chisqg
modelMinusRandomInteractionAndContinuumAndTokenSlope 9 3275.0 3328.0
-1628.5 3257.0
modelMinusRandomInteractionAndContinuumSlope 11 3104.8 3169.5

-1541.4 3082.8 174.2

Df Pr (>Chisq)
modelMinusRandomInteractionAndContinuumAndTokenSlope
modelMinusRandomInteractionAndContinuumSlope 2 < 2.2e-16 **xx*

Data: data

Models:

model: response bin ~ token ¢ * L1 * continuum + (1 + token ¢ * continuum |
subject clean)

modelMinusRandomIntercept: response bin ~ token ¢ * L1 * continuum + (-1 +
token ¢ * continuum | subject clean)
npar AIC BIC 1logLik -2*log(L) Chisqg Df
Pr (>Chisq)
model 18 3026.7 3132.7 -1495.4 2990.7

modelMinusRandomIntercept 18 3026.7 3132.7 -1495.4 2990.7
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