© American Psychological Association, 2024-02-01. This paper is not the copy of record and may not exactly replicate the
authoritative document published in the APA journal. The final article is available, upon publication, at:DOI 10.1037/
xhp0001191

INDIVIDUAL DIFFERENCES IN PHONETIC PERCEPTION

Exploring Individual Differences in Native Phonetic Perception

and Their Link to Non-Native Phonetic Perception

Claire T. Honda'!?, Meghan Clayards®*#, and Shari R. Baum??
ntegrated Program in Neuroscience, McGill University
2Centre for Research on Brain, Language and Music, Montreal, Canada
3School of Communication Sciences and Disorders, McGill University

“Department of Linguistics, McGill University



INDIVIDUAL DIFFERENCES IN PHONETIC PERCEPTION 2

Author Note
All data from these experiments are publicly available on the Open Science Framework (OSF)

and can be accessed at https://osf.io/ezSgh/?view_only=8e4a1498e04f4ec0946752ee93b9ce71.

The hypotheses, methods, and analyses for Experiment 2 were preregistered and are available at
the same link.

The authors have no conflict of interest to declare.

This work was supported by a grant awarded by the Natural Sciences and Engineering Research
Council of Canada (NSERC) to Shari R. Baum, a grant awarded by the Social Sciences and
Humanities Research Council (SSHRC) to Meghan Clayards, and NSERC Canada Graduate
Scholarship-Master’s (CGS M) and Postgraduate Scholarship-Doctoral (PGS D) grants along
with a McGill Faculty of Medicine Max Binz Fellowship awarded to Claire T. Honda.
Correspondence concerning this article should be addressed to Claire T. Honda, Integrated
Program in Neuroscience, McGill University, 2001 McGill College Avenue, 8" floor, Montreal,

QC, H3A 1G1, Canada. Email: claire.honda@mail.mcgill.ca.

CRediT Authorship Contribution Statement

Claire T. Honda: Conceptualization, Methodology, Investigation, Formal analysis, Visualization,
Writing — original draft. Meghan Clayards: Conceptualization, Methodology, Supervision,
Writing — review & editing. Shari R. Baum: Conceptualization, Methodology, Supervision,
Writing — review & editing.

© 2023, American Psychological Association. This paper is not the copy of record and may
not exactly replicate the final, authoritative version of the article. Please do not copy or cite
without authors' permission. The final article will be available, upon publication, via its

DOI: 10.1037/xhp0001191



INDIVIDUAL DIFFERENCES IN PHONETIC PERCEPTION 3

Abstract
Adults differ considerably in their perception of both native and non-native phonemes. For
instance, when presented with continua of native phonemes on 2-alternative forced choice
(2AFC) or visual analogue scaling (VAS) tasks, some people show sudden changes in responses
(i.e., steep identification slopes) and others show gradual changes (i.e., shallow identification
slopes). Moreover, some adults are more successful than others at learning unfamiliar phonemes.
The predictors of these individual differences and the relationships between them are poorly
understood. It also remains unclear to what extent different tasks (2AFC vs. VAS) may reflect
distinct individual differences in perception. In two experiments, we addressed these questions
by examining the relationships between individual differences in performance on native and non-
native phonetic perception tasks. We found that shallow 2AFC identification slopes were not
related to shallow VAS identification slopes but were related to inconsistent VAS responses.
Additionally, our results suggest that consistent native perception may play a role in promoting
successful non-native perception. These findings help characterize the nature of individual
differences in phonetic perception and contribute to our understanding of how to measure such
differences. This work also has implications for encouraging successful acquisition of new

languages in adulthood.

Public Significance Statement: Successfully perceiving speech sounds is a crucial skill for
spoken communication; yet individuals show differences in how they perceive both native and
non-native speech sounds. We studied the relationships between performance on different native
and non-native speech perception tasks, finding that (a) different tasks measure different

subtleties and (b) people with consistent perception of native speech sounds tend to be better at
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accurately perceiving non-native sounds. These findings have implications for understanding the
nature of individual differences in speech perception and for helping adults to learn new

languages successfully.

Keywords: phonetic perception, non-native perception, individual differences, gradient

perception, consistency

It is well established that there are individual differences in speech perception. Even
healthy young adults show differences in how they perceive speech in their native language. For
example, some people have better perception of speech in noise compared to others (Surprenant
& Watson, 2001). Similarly, some people show greater perceptual plasticity, i.e., an increased
ability to successfully adapt their perception to changes in speaking rate or accent (Heffner &
Myers, 2021). People also differ in the extent to which their speech perception is affected by
different factors, such as coarticulation (Yu & Lee, 2014) or visual information about the
speaker’s mouth movement (as in the McGurk effect; Strand et al., 2014). Differences even in
phonetic perception—an elemental building block of higher-level speech perception—have been
documented for decades, such as differences in the categorization of stops (Hazan & Rosen,
1991) and in the discrimination of sibilants (Perkell et al., 2004).

While it is interesting to note these differences, current research is attempting to
understand what underlies them, and in doing so to better understand speech perception. For
example, some researchers have proposed that differences in basic auditory processing play a
role (Cumming et al., 2015; Won et al., 2016). Others have found links between differences in

executive function and in speech perception (Kapnoula et al., 2017; Kim et al., 2020). Such
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studies help us to understand the broader architecture of speech perception. One goal of the
current paper is to better understand sources of individual differences as measured by two speech
perception tasks — two-alternative forced choice (2AFC) and visual analog scaling (VAS) — by
comparing different measures of performance on each one across a large sample of participants.
In doing so, we test the hypothesis that the tasks each reflect distinct individual differences in
speech sound perception.

In addition to the individual differences in native phonetic perception described above,
there are differences in non-native phonetic perception. Adult learners of non-native phoneme
contrasts show great variability in performance, with some successfully distinguishing contrasts
and others having great difficulty even after receiving training and feedback (e.g., Bradlow et al.,
1997; Hanulikova et al., 2012; Hattori & Iverson, 2010; Strange & Dittman, 1984). Non-native
perception has been shown to depend in part on numerous factors, including native language
background (e.g., Flege et al., 1997), musical ability (e.g., Sleve & Miyake, 2006), and auditory
acuity measures such as temporal processing (Kempe et al., 2012) or formant and pitch
discrimination (Kachlicka et al., 2019); however, the impact of these factors seems to depend on
the particular non-native sounds being perceived, and accounts for only a portion of the variation
in performance. As such, the predictors of successful non-native phonetic perception remain
relatively poorly understood. The second goal of this paper is to test whether differences in
native speech sound perception predict discrimination of difficult second language sound
contrasts encountered for the first time.

Individual Differences in Native Speech Perception
One of the most ubiquitous methods for measuring phonetic perception is using 2-

alternative forced choice (2AFC) tasks. In these tasks, participants are generally presented with a
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continuum of speech stimuli (e.g., ranging in small steps from bet to bat) and must classify each
stimulus into one category or the other. When a participant’s average response to each stimulus
is plotted against actual changes in stimulus properties, the result yields an identification slope
that can range from shallow to steep (indicating that responses are changing gradually/sharply
with changes in stimuli).

There are differences between people in terms of how shallow or steep their identification
slopes are. Shallower slopes on 2AFC tasks have previously been linked to various language
impairments (Manis et al., 1997; Joanisse et al., 2000; Serniclaes et al., 2001; Werker & Tees,
1987) and to illiteracy (Serniclaes et al., 2005), and have accordingly been considered to reflect
an unsuccessful and undesirable pattern of perception compared to steeper slopes. Shallow
slopes have been thought to reflect poorly defined boundaries between phonemic categories,
potentially due to enhanced discrimination within categories (Serniclaes et al., 2001), whereas
steep slopes have been thought to reflect sharply defined boundaries between categories. The
association between shallow slopes and language impairment has therefore led to the suggestion
that sensitivity to within-category, sub-phonemic detail can be maladaptive. However, it is not
clear whether shallow 2AFC slopes actually reflect fine-grained, within-category sensitivity.
Instead, they might reflect an inconsistent ability to perceive or categorize sounds (Kapnoula et
al., 2017; Serniclaes et al., 2001). Thus, it may be erroneous to relate within-category sensitivity
to impairment (see Kapnoula et al., 2017 and Apfelbaum et al., 2022 for other examples of this
point). In contrast to shallow slopes, steep slopes on 2AFC tasks are often assumed to indicate
categorical perception, which has been proposed as an effective solution to the problem of how
continuous cues in the acoustic signal are mapped onto discrete categories during perception

(Liberman et al., 1957).
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Limits of a Categorical View of Perception

Empirically, categorical perception refers to the observation that (1) when presented with
a continuum that ranges in equal steps from one category to another, people tend to perceive a
sharp distinction between categories (i.e., a steep identification slope as described above); and
that (2) stimuli belonging to the same category are often discriminated more poorly than
equivalently distant stimuli that cross a category boundary (Liberman et al., 1957). This finding
has led to the theoretical view that our perceptual representations are warped based on our top-
down knowledge of categories, facilitating processing (Goldstone & Hendrickson, 2010).

Despite the fact that the theory of categorical perception has been hugely popular and
influential, there is also widespread evidence challenging it (see McMurray, 2022 for a review).
Even from the early days of its proposal, categorical perception was not observed for all speech
sounds (Fry et al., 1962) and there was evidence that task demands were at least partly
responsible for the phenomenon (Pisoni & Tash, 1974; Hary & Massaro, 1982). Since then, work
using behavioural, eye-tracking, and neurophysiological techniques has led to a growing
consensus that auditory encoding and speech perception are in fact inherently gradient
(McMurray et al., 2008; McMurray et al., 2002; Miller, 1994; Ou & Yu, 2022; Toscano et al.,
2010). Gradient perception refers to an ability to distinguish gradual, fine-tuned phonetic
differences rather than sudden phonemic ones as in categorical perception. For example, using
category goodness ratings, Miller (1994) demonstrated that phonetic categories have a gradient
and context-dependent structure; some stimuli are perceived as better exemplars of a category
than others, and this perception can flexibly change when relevant contextual factors (e.g.,
speech rate, syllable structure, or lexical status) are altered. In a similar vein, McMurray and

colleagues found that identification slopes became less steep (more gradient) when words were
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used instead of meaningless syllables, when pictures were used instead of letters, and when four
alternatives were used instead of two (McMurray et al., 2008). Thus, the common finding of
steep (or “categorical”) slopes on 2AFC tasks being associated with successful perception may
stem largely from task demands; after all, the task requires a categorical response, so it is natural
for it to elicit categorical-looking response patterns in successful listeners. Given all of this
evidence, it is useful to note that categorization of speech sounds is a necessary process to derive
meaning from the speech signal and does not preclude gradient perception, while categorical
perception (as a theoretical view involving perceptual warping) is not necessary to explain the
patterns of responses that have been observed on tasks such as 2AFC.
A Less Categorical Measurement: The VAS Task

Unlike 2AFC tasks which elicit a categorical decision, visual analogue scaling (VAS)
tasks require the participant to indicate what they heard along a continuous line between two
options (Massaro & Cohen, 1983). VAS tasks provide a valuable alternative to 2AFC tasks for a
variety of reasons. For instance, VAS tasks appear to have superior psychometric properties to
2AFC tasks. Munson et al. (2017) found that fricative ratings on a 2AFC task differed in the
extent to which they were influenced by particular acoustic cues, depending on whether the
2AFC ratings were interleaved with more continuous ratings (gender typicality of speech) or
more categorical ratings (which category the adjacent vowel belonged to, among 5 options); in
contrast, ratings of the same stimuli on a VAS task did not differ depending on these biasing
conditions. VAS ratings therefore seem to be less influenced by concurrent tasks (Munson et al.,
2017).

Critically, VAS tasks may be better suited to studying the phenomenon of gradient vs.

categorical perception; they enable responses that are closely related to the acoustic
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characteristics of speech (Apfelbaum et al., 2022; Massaro & Cohen, 1983; Munson et al., 2012)
and that correlate with continuous measures of production (Schellinger et al., 2017). Using a
VAS task, Kong & Edwards (2016) found clear differences between participants’ response
patterns (some participants had more gradient-looking responses, others were more categorical),
showing the task’s potential as an alternative to the 2AFC format for studying individual
differences in phonetic perception.
Relationships Between Individual Differences in 2AFC and VAS

Although they have been much studied, 2AFC slopes on their own are not very
informative for reasons described below. However, by comparing data from both 2AFC and
VAS tasks, it is possible to better understand the nature of the individual differences underlying
different response patterns on these two tasks. Kapnoula et al. (2017) did precisely this,
comparing participants’ identification slopes on 2AFC and VAS tasks. They found that the
slopes on the two tasks were not related within participants, suggesting that the tasks do not
measure the same construct (Kapnoula et al., 2017). Note that they used different ways of
estimating slopes for the two tasks, an issue we will return to later. Furthermore, Kapnoula et al.
(2017) measured how consistently participants responded on the VAS task by calculating the
difference between a given participant’s actual response on each trial and their predicted
response based on their VAS identification slope, and then calculating the standard deviation of
these residuals for each participant. Interestingly, they found that shallower 2AFC slopes were
marginally related to less consistent VAS responses. Their interpretation was that a shallow
2AFC slope may reflect inconsistent perception of speech sounds rather than actual gradiency of

perception (Kapnoula et al., 2017).
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To illustrate these findings and the limitations of 2AFC slopes, consider a listener with
very gradient perception—that is, with fine-tuned sensitivity to within-category differences
between sounds. When presented with a 2AFC task, such a listener might show very different
identification slopes depending on their response strategy. One strategy would be to categorize
the sounds consistently based on whichever response option they more closely resemble, which
would result in a steep identification slope (sharp distinction between categories). Another
strategy would be to respond probabilistically by matching the proportion of their two responses
to the degree that the sound matches the two alternatives, which would result in a shallow
identification slope (Clayards et al., 2008). On the 2AFC task, two very different identification
slopes can thus arise from the same underlying perception of speech sounds. Furthermore, a
shallow slope on the 2AFC task could arise due to two possibilities: the participant could have
more signal-driven, gradient perception and be responding probabilistically as just described, or
they could have more category-driven perception but be responding in a noisy and inconsistent
way. These possibilities cannot be disambiguated without additional information from another
task.

Now consider how the same listener with more gradient perception would respond on a
VAS task. Unlike for the 2AFC task, there would be no ambiguity; the listener would show a
shallow identification slope. Similarly, the VAS task can distinguish between whether the
listener’s perception is truly gradient—evidenced by a shallow slope—or in fact inconsistent—
evidenced by dissimilar ratings for the same stimulus across trials. By comparing participants’
slopes and consistency across the two tasks, it is therefore possible to determine whether 2AFC
slopes reflect gradiency or consistency of perception, and whether a given participant’s

perception is more gradient or more categorical. In finding that 2AFC slopes were weakly related
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to VAS consistency but not to VAS slopes, the work by Kapnoula et al. (2017) provides
preliminary evidence that 2AFC slopes may tap more into the construct of consistency whereas
VAS slopes tap more into the construct of gradiency.

The relationship between shallow 2AFC slopes and inconsistency of perception provides
a potential explanation for why the previously mentioned studies have linked shallow 2AFC
slopes to language impairment. Thus, it is potentially problematic to use the term gradient when
referring to shallow 2AFC slopes or to associate the concept of gradient/less-categorical
perception with impairment (e.g., Manis et al., 1997; Werker & Tees, 1987) when the true issue
may lie in inconsistent perception. For this reason, we will refer to identification slopes as being
shallow or steep—terms that do not assume a direct association between slope and the construct
of gradiency/categoricity—rather than gradient or categorical. Because these terms have
unbiased interpretations and facilitate comparisons of results across tasks, we will often use them
to refer to slopes derived both from 2AFC and from VAS tasks. This being said, VAS tasks
naturally allow for a continuous/gradient form of responding that is more likely to reflect true
gradiency compared to 2AFC responses (Apfelbaum et al., 2022), so we will occasionally follow
previous work in referring to measures of gradiency when such measures have been derived from
VAS tasks. Note, however, that some authors use gradiency to also refer to shallow 2AFC or
4AFC slopes (e.g., Ou et al., 2021; Ou & Yu, 2022).
The Nature and Potential Functions of Gradiency

Gradiency (as measured by VAS tasks) appears to be a relatively consistent property of
the individual. It has been shown to be related across different testing sessions using the same
stimuli (Kong & Edwards, 2016), across different contrasts (Fuhrmeister & Myers, 2021;

Kapnoula & McMurray, 2021; but see Kapnoula et al., 2021 for contrasting evidence), and
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across native and non-native perception (Kong & Kang, 2022). Individual differences in
gradiency may reflect anatomical differences in auditory processing architecture, since they
relate to differences in cortical surface area (Fuhrmeister & Myers, 2021) and in how cues are
neurally encoded and transformed along the auditory pathway (Kapnoula & McMurray, 2021;
Ou & Yu, 2022).

Interestingly, various lines of evidence point to the idea that gradiency may not be an
indicator of unsuccessful perception as previously thought. For instance, gradiency can reflect
experience-related sensitivity to fine acoustic detail, with trained speech-language pathologists
giving VAS ratings that are more closely related to acoustic characteristics of the signal
compared to inexperienced listeners (Munson et al., 2012). In addition, more gradient VAS
responses have been associated with an increased ability to integrate multiple acoustic cues in the
speech signal (Kapnoula et al., 2017; Kapnoula & McMurray, 2021; Kim et al., 2020; Kong &
Edwards, 2016; Kong & Kang, 2022). Gradiency thus relates to the ability to integrate multiple
acoustic cues and to perceive fine-tuned changes in those cues, which appears to encourage
perceptual flexibility in the face of ambiguous input (Clayards et al., 2008; Desmeules-Trudel &
Zamuner, 2019).

In line with the notion that gradiency promotes perceptual flexibility, Kapnoula et al.
(2021) found that listeners with shallower VAS slopes showed greater recovery from lexical
garden paths during an eye-tracking task. For example, when presented with a stimulus such as
pumpernickel in which the initial consonant had been manipulated to sound ambiguous between
[p] and [b], such listeners were more likely to switch their gaze from a competitor item
(bumpercar) to the appropriate target item compared to listeners with steeper VAS slopes

(Kapnoula et al., 2021). In other words, by being sensitive to fine-grained acoustic details, the
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gradient listeners were more readily able to reconsider and flexibly adjust their initial
interpretation of misleading stimuli. Further support comes from work that has demonstrated a
relationship between inhibitory control and gradiency (Kapnoula et al., 2021). Greater inhibitory
control appears to promote gradiency by enabling listeners to manage ambiguous input that
activates competing phonemic representations, thus granting listeners greater perceptual
flexibility (Kapnoula et al., 2021). The flexibility afforded by gradiency could have a range of
benefits given that flexible perception is useful for adapting to variation in both native and non-
native speech (Heffner & Myers, 2021)—successful listeners must constantly adapt to
differences in the speech signal that arise from numerous factors such as speaking rate,
coarticulation, speaker gender, and accent.

Individual Differences in Non-Native Speech Perception

As discussed above, adult learners of non-native phoneme contrasts show great
variability in performance, and this variation is not fully accounted for by the factors that have
been identified so far. At early learning stages, learners often start out with vastly different
scores on tests of non-native perceptual ability; and even those with similar baseline scores often
go on to show very different outcomes after non-native perceptual training (e.g., Bradlow et al.,
1997; Golestani & Zatorre, 2009; Hanulikova et al., 2012).

Differences in native phonetic perception are one potential predictor of non-native
perception. Individuals with better discrimination of native vowels have been shown to have
better identification of non-native vowels on a ten-alternative forced-choice task (Lengeris &
Hazan, 2010). Similarly, greater sensitivity to native contrasts on a gating task has been related
to better discrimination of non-native Mandarin tones (Kalaivanan et al., 2023). Other work

suggests that having clearly defined, compact representations of a native vowel in
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psychoacoustic space predicts greater sensitivity to a non-native vowel contrast (Kogan & Mora,
2022). There is also recent neurophysiological evidence that sensitivity to native contrasts is
positively correlated with sensitivity to non-native contrasts (Norrman et al., 2022).

It is not surprising, then, that existing models of non-native phonetic learning emphasize
the influence of native phonetic categories. The perceptual assimilation model (Best & Tyler,
2007), speech learning model (Flege, 1995), native language magnet model (Kuhl et al., 2008),
and perceptual interference model (Iverson et al., 2003) all describe how a learner’s difficulty
with a given non-native phoneme will depend on the similarity between that phoneme and native
phonemes. For example, one prediction that has received some support is that the difference
between two non-native speech sounds is easier to distinguish when the non-native sounds are
perceptually assimilated to two different native categories, compared to when they are
assimilated to the same native category (Best & Tyler, 2007; Mayr & Escudero, 2010). These
models address which phonemes are easier or harder for learners of a given language background
overall, without directly addressing individual differences in success between learners. However,
some studies have used these models as a framework to predict the success of non-native
perception based on differences in assimilation patterns. Mayr and Escudero (2010) studied how
native English speakers assimilated German vowels to native categories. They found variety in
assimilation patterns, with some participants perceiving the German contrasts in terms of a single
native category and others perceiving them in terms of two or more native categories.
Importantly, these differences in assimilation were predictive of identification success:
participants who assimilated the German contrasts to two distinct native categories showed better
identification of those contrasts than participants who assimilated them to a single native

category (Mayr & Escudero, 2010). Hattori and Iverson (2009) similarly observed individual
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differences in assimilation patterns for native Japanese speakers perceiving the English /1/-/1/
contrast. While they did not find a relationship between assimilation patterns and identification
success for the English contrast, they did find that identification success was predicted by
differences in participants’ representations of the third formant for /1/ and /l/. The
aforementioned models can thus provide some insight into links between native and non-native
perception at the individual level. Moreover, by relating native categories to non-native sound
learning, the models imply that differences in non-native perception should be predicted not only
by assimilation patterns, but also by differences in the perception of native categories.

As an example, more gradient responses to native sounds on VAS tasks could indicate
less of an influence of language-specific categories on perception, and thus yield an easier time
learning new categories. Furthermore, gradiency may reflect fine-tuned and flexible perception
as detailed above, which could conceivably assist with the discrimination of non-native
phonemes. Conversely, steeper identification slopes on 2AFC tasks might predict better non-
native perception, since an optimal strategy for a gradient listener on such tasks could be to
clearly label each sound based on whichever category it best fits (as discussed above).
Fuhrmeister et al. (2023) recently studied non-native discrimination ability and native gradiency
as measured by a VAS task and were surprised not to find evidence for a relationship between
the two. Instead they found that non-native discrimination related to the consistency of VAS
responses, i.e., how similar participants’ ratings were across trials for a given stimulus. However,
they used a VAS task resembling a Likert scale, with only 7 discrete points (in contrast to the
continuous scales used by other researchers such as Kapnoula et al., 2017 and Kong & Edwards,
2016). The presentation of discrete response options may have incited participants to treat the

task more similarly to a 2AFC task, putting into question whether the task was truly measuring
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gradiency. Furthermore, Fuhrmeister et al. (2023) tested only consonants (no native or non-
native vowels). Even though gradiency appears to be a relatively stable individual property that
holds across different speech sounds as described above (Fuhrmeister & Myers, 2021; Kapnoula
& McMurray, 2021; Kong & Edwards, 2016; Kong & Kang, 2022), certain sounds such as
consonants are likely to elicit gradient responses to a lesser degree because listeners typically
show greater sensitivity to within-category differences in vowels than in consonants (e.g., Fry et
al., 1962; Schouten & Van Hessen, 1992). Perhaps a relationship did not emerge between native
gradiency and non-native discrimination in their study because there was not a wide enough
range of gradiency values due to the use of consonants alone, or not enough variability within the
gradiency values due to the limited sensitivity of a 7-point scale. The relationships between
native 2AFC and VAS performance and non-native discrimination thus remain to be clarified.
The Current Study

The current study had two primary aims. First, we wanted to clarify which individual
differences are reflected in performance on 2AFC and VAS tasks. It is of interest to determine
whether these two tasks measure the same construct—2AFC tasks are ubiquitous in
psycholinguistic research, so it is important to understand what they may be tapping into and
how they compare to other tasks. Some authors have concluded that 2AFC and VAS tasks do not
measure the same construct, and that 2AFC responses relate to consistency rather than gradiency
(e.g., Kapnoula et al., 2017). On the other hand, some authors have used the term gradiency
when referring to 2AFC (Ou & Yu, 2022) or 4AFC (Ou et al., 2021) slopes, for example positing
that such “gradiency” is in part due to how strongly one’s subcortical and cortical representations
of speech correlate with one another (Ou & Yu, 2022); this assumes that 2AFC slopes do

measure the same construct as VAS slopes. Furthermore, more gradient responses on a VAS task
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have been related to greater use of secondary cues on a 2AFC task (Kapnoula et al., 2017; Kim et
al., 2020). Steeper categorization of primary cues on a 2AFC task has additionally been linked to
greater use of secondary cues on the same task (Clayards, 2018), and steeper slopes on a 4AFC
task have similarly been linked to greater use of secondary cues in an eye-tracking task (Ou et
al., 2021). Together, these findings seem to imply that steeper slopes on 2AFC tasks could be
related to shallower slopes on VAS tasks. Such an inverse relationship might also be anticipated
given that a gradient listener could show a steep 2AFC slope based on their response strategy, as
outlined earlier. Developmental work by McMurray et al. (2018) has found that steeper
identification functions and more gradient phonetic perception (as measured by eye-tracking)
appear to develop in tandem during adolescence, further hinting at the possibility of an inverse
relationship between 2AFC slopes and VAS slopes. However, it is also possible that the slopes
are not related across the tasks if 2AFC responses relate more to inconsistency than gradiency, as
tentatively proposed by Kapnoula et al. (2017).

Previous work that compared performance across the two tasks did not use identical
continua of stimuli, instead presenting participants with VAS continua consisting of 35 stimuli
and 2AFC continua consisting of only 14 stimuli (Kapnoula et al., 2017). This difference in the
richness of continua across tasks could have contributed to the lack of relationship reported
between 2AFC and VAS slopes; in order to more directly compare performance across the two
tasks, exactly the same continua should be used for both. Kapnoula et al. (2017) also only found
a marginal relationship between 2AFC slopes and VAS consistency (Kapnoula et al., 2017); a
conceptual replication is needed in order to clarify whether this finding seems to be a spurious or
a genuine one. Furthermore, different analysis techniques have been used across different tasks

and across different studies, so it is unclear whether the results depend on the analysis techniques
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(more on this in the Comparing Slope Estimate Methods section). The relationship between tasks
and the individual differences reflected by each task therefore requires further investigation,
bringing us to our first hypothesis.

Hypothesis 1: 2AFC and VAS tasks provide different ways of measuring individual
differences in speech sound perception, with VAS slopes reflecting gradiency and 2AFC
slopes reflecting consistency. If this is the case, 2AFC slopes will not relate to VAS slopes but
will relate to the consistency of VAS responses, with inconsistent VAS performance predicting
shallower 2AFC slopes.

The second question we aimed to address was whether discrimination of difficult non-
native contrasts could be predicted by differences in native phonetic perception as measured by
VAS and 2AFC tasks. We predicted that shallower VAS slopes and steeper 2AFC slopes might
both reflect the ability to make accurate and fine-tuned judgments about acoustic cues and might
therefore relate to better non-native discrimination. If shallow VAS slopes do predict better non-
native perception abilities, this would support the notion that gradiency, as measured by VAS
tasks, may actually be adaptive and beneficial. This brings us to our second hypothesis.

Hypothesis 2: The ability to discriminate finely tuned differences in native speech
sounds relates to the ability to accurately distinguish non-native speech sounds. If this is the
case, steeper 2AFC slopes and shallower VAS slopes will relate to better non-native phonetic
perception.

These hypotheses were tested in two experiments. In both experiments, we measured how
English-speaking participants responded to identical continua of native speech sounds when the
sounds were presented in a 2AFC and a VAS task. This enabled a direct comparison of responses

across tasks. We also evaluated the participants’ ability to discriminate unfamiliar non-native
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(German) phonemes to investigate potential predictors of good non-native perception. Finally,
we collected measures of working memory and attention in order to account for variation in non-
linguistic cognitive abilities. Other studies of native and non-native perception have not
accounted for such factors (e.g., Fuhrmeister et al., 2023), and yet it is relevant to do so given
that executive function has been found to modulate the gradiency of native perception (Kapnoula
et al., 2017; Kapnoula & McMurray, 2021) and the success of second language learning
outcomes (e.g., Kwakkel et al., 2021; Lee, 2016). These cognitive factors are also important to
consider in light of prior evidence that the working memory demands of a task can affect
participants’ responses and thus bias the conclusions that we draw (Gerrits & Schouten, 2004).
Because we collected a large number of measures and because there were many possible
comparisons and analysis techniques available, we treated the first experiment as exploratory.
This allowed us to explore the data and to develop an analysis approach after data collection. The
methods, exclusion criteria, and analyses established in Experiment 1 were then preregistered on

the Open Science Framework (OSF; https://doi.org/10.17605/OSF.I0/9DKGQ) as Experiment 2.

Experiment 2 allowed us to then test our hypotheses with a priori analysis decisions and a larger
sample size, strengthening our conclusions. We also performed additional non-preregistered
analyses on the data from both experiments that we had not considered in the preregistration. The
Methods section below describes the preregistered analyses first, which consisted of canonical
correlation and multivariate multiple regression to assess Hypothesis 1 and of multiple regression
to assess Hypothesis 2. The non-preregistered analyses, outlined at the end of the methods,
included additional canonical correlations and a principal component analysis.

Methods
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Aside from the sample size of participants recruited, the methods for Experiment 1 and
Experiment 2 were identical. Data for Experiment 1 were collected from September to
November 2020 and data for Experiment 2 were collected in July 2021.
Participants

Participants were right-handed, aged 18-35, born and living in the United States or
Canada, and had no history of head injury or of literacy, language, cognitive, or hearing
impairments. All were monolingual speakers of English. Participants received monetary
compensation ($12.50 USD) and signed an informed consent form. The entire study had a
duration of approximately 1.25 hrs including breaks. The research protocol was approved by the
Institutional Review Board of the Faculty of Medicine and Health Sciences of McGill
University. All participants were recruited through the online platform Prolific.co and were
required to have access to a computer to complete the study. While monolingual English
speakers with computer access are unlikely to be a universally representative sample, such
constraints were necessary to control for prior language experience and to present the experiment
in a consistent way across participants. Given that a wider demographic range can be obtained
when recruiting from online platforms such as Prolific compared to when recruiting university
students, we believe that our results are relatively generalizable.
Experiment 1 Sample Size

56 participants (21 females) were recruited through the platform Prolific.co.
Experiment 2 Sample Size

Experiment 2 was designed to replicate the results of Experiment 1 using a larger sample
size. An appropriate sample size was estimated through a triangulation of approaches. As an

initial step, we reviewed the sample size in comparable studies, most notably that of Kapnoula et
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al. (2017), which is closest to the current study and included a sample of 120 participants,
leading to some marginal and some significant effects. As a second approach, we relied on
Harrell’s (2015) rule of thumb applied to our design, which includes 6 predictors; multiplying
the 6 predictors by 15 participants per predictor yields a sample size estimate of 90 participants
minimum. Finally, we computed a power analysis based on multiple regression with 6 predictors,
which reflects our regression models testing Hypothesis 1 and Hypothesis 2 (in fact Hypothesis 1
involved multivariate multiple regression with more than one response variable, but each model
within the multivariate model had a single response variable and 6 predictors as in the power
analysis, and conducting such an analysis on a multivariate design would be overly
complex). This power analysis (with power = 0.95, alpha = 0.05, and number of predictors = 6)
using the power.f2.test function from the pwr package (Champely, 2020) in R revealed that a
sample size of 120 is required in order to reliably detect effects of a similar size (» > 0.4) to those
reported in related studies (e.g., Clayards, 2018; Grimaldi et al., 2014; Kong & Edwards,
2016). Therefore, we settled on a sample size of 120. In order to arrive at a final sample size of
around 120 after taking into account participant exclusion based on language experience and data
quality issues, we recruited 139 participants (97 females) through the platform Prolific.co.
Questionnaires

Information about demographics, language history and proficiency, and musical
experience was collected through a questionnaire adapted from the Language History
Questionnaire (LHQ 2.0; Li et al., 2013) and the Montreal Music History Questionnaire
(MMHQ); Coffey et al., 2011).

Tasks
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Participants completed five tasks: two measuring native phonetic perception, one
measuring non-native perception, one measuring sustained attention, and one measuring working
memory (all described further below). Participants completed these tasks online at home using
the Gorilla Experiment Builder (www.gorilla.sc; Anwyl-Irvine et al., 2020), with their own
headphones. In order to standardize online sound presentation and ensure an acceptable listening
environment, participants completed a headphone screening before the other tasks (Woods et al.,
2017).

Native Phonetic Perception Tasks

Participants completed two native phonetic perception tasks. The tasks involved listening

to minimal pairs that varied in different phonological contrasts (bet-bat and dear-tear; stimuli

from Clayards 2018, publicly available at https://osf.i0/369my/). These two pairs were selected

because they enabled us to test perception of both a vowel and a consonant contrast, and they
have successfully been used in the past to study individual differences in phonetic perception
(Clayards, 2018). The minimal pairs were manipulated so that each one varied systematically in
two acoustic cues relevant to the contrast (formant frequency and vowel duration for bet-bat,
voice onset time and onset fundamental frequency for dear-tear). Each cue varied in 5 steps, and
each version of the first cue was paired with each version of the second cue, leading to 25 stimuli
per pair. This results in some ambiguous and some clear stimuli (stimuli whose cue values are
both at the extremes—i.e., step 1 or step 5S—sound clear and unambiguous; stimuli with more
intermediate cue values sound more ambiguous). Details of stimulus properties are listed in
Table 1, and further details of stimulus construction can be found in Clayards (2018). The same

stimuli were used in both native phonetic perception tasks.
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In the 2AFC task, participants indicated via mouse click which of two words they heard
on each trial (e.g., bet or bat; side of the screen counterbalanced across participants). In the VAS
task, participants were shown a slider on the computer screen with a word at each end (ends of
the slider counterbalanced across participants). Participants indicated where along the continuous
scale they perceived the stimulus to be (values were coded from 0 at one end to 100 at the other
end, but were not displayed to participants during the task). Each stimulus from each minimal
pair was presented 5 times in each task, for a total of 250 stimuli per task. Stimuli were blocked
so that all 25 stimuli per pair appeared in a random order before any stimulus was repeated. Bet-
bat and dear-tear trials were mixed in each block. All participants completed the VAS task first
to avoid biasing responses based on the more categorical demands of the 2AFC task.

Non-native Phonetic Perception Task

In the non-native perception task, participants differentiated German vowels and
consonants (@: vs. &, y: vs. Y, [ vs. ¢ in the International Phonetic Alphabet) which are known to
be perceptually challenging speech sounds for native English speakers (Mayr & Escudero, 2010).
German words containing these phonemes were presented in a 3-interval oddity (3-1 oddity) task,
in which participants heard three stimuli in a row and indicated which one (if any) was different.
3-1 oddity tasks are useful for studying non-native phonetic perception since they do not require
the participant to explicitly know the nature of the differences between unfamiliar stimuli
(Strange & Shafer, 2008). They also have an advantage over similar tasks such as AXB, in that
they are more intuitive for participants and their level of chance performance is lower (25%
instead of 50%), allowing for greater variability in scores (Grimaldi et al., 2014). The complete

set of German minimal pairs used in the task is found in Table 2.
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In order to construct the stimuli for the task, three native German speakers were recorded
producing each German word 5 times. The 1% and 5" productions were then discarded to leave 3
productions of each word per speaker. Sound files were edited to leave 20 ms before and after
each production, and maximum amplitudes were normalized across speakers using GoldWave
version 6.15 (GoldWave Inc., 2015). Each trial contained three words, one from each speaker,
with an interstimulus interval of 500 ms. Participants indicated which word sounded different by
clicking “17, “2”, or “3” on a computer screen, or clicking “None” if all three words sounded the
same. Half of the trials were switch trials where one of the words was the other member of the
minimal pair, and the other half were catch trials where all three words were the same. For
example, for the minimal pair “selig” and “seelisch” (/'ze:li¢/ and /' ze:l1f/), participants might
hear “selig, seelisch, selig” on a switch trial and “selig, selig, selig” on a catch trial. There were
12 trials (6 switch and 6 catch trials) per minimal pair and 14 minimal pairs, for a total of 168
trials. Speaker order, odd speaker out, and odd minimal pair member were balanced across trials,
and trial order was randomized. Before implementing the task, piloting with 6 participants was
conducted in order to check for floor or ceiling effects. Piloting revealed overall accuracy rates
of 39-65% (keeping in mind that chance performance is 25%), falling within the range of

previous studies (e.g., Rauber et al., 2005; Silveira, 2011).

Table 1
Stimulus properties for the native perception tasks
bet-bat dear-tear
Fosﬁi?ﬁaﬁr:‘igzn(cﬁezs) o Duration steps Voice onset time Onset FO steps
Tl ™ (ms) steps (ms) (Hz)
625 1677 100 10 185
647 1610 140 20 195
663 1560 180 30 205
682 1546 220 40 215
740 1556 260 50 225
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Table 2

German minimal pairs used in the 3-1 oddity task

25

Consonant contrast Vowel contrast 1 Vowel contrast 2
Palatal Postalveolar | Tense high Lax high Tense mid Lax mid front
fricative (¢) | fricative () front rounded | front rounded | front rounded | rounded

vowel (y:) vowel (Y) vowel (a:) vowel (ce)
Fichte fischte Briihl briill bloke Blocke
/figto/ /fifto/ /bry:l/ /bryl/ /ble:ko/ /bloeko/
Kirche Kirsche Diine diinne gewoOhne gewonne
/k1a¢a/ /kigfa/ /dy:no/ /dyna/ /gove:na/ /goveena/
Lochern 16schern fiihlen fiillen Hohle Holle
/lgcron/ /lg[1on/ /fy:lon/ /fylon/ /he:lo/ /heelo/
selig seelisch Hiite Hiitte Séhne Sonne
/zelig/ /zeltf/ /hy:to/ /hyto/ /z@:nd/ /zoena/
Wicht wischt Wiiste wiisste
/vigt/ vt/ /vy:sto/ /vysto/

Cognitive Tasks

Finally, participants completed a version of the Continuous Performance Test (CPT;

Conners et al., 2003) and a working memory task in order to assess whether any observed

relationships between performance on the other tasks might be driven by individual differences

in non-linguistic cognitive factors rather than in perception.

In the AX-CPT, participants were presented with a string of letters. They had to press a

particular key whenever they saw the letter X preceded by the letter A (this was the case for 70%

of trials) and press a different key in any other case (with keys counterbalanced across

participants). There were 140 AX trials (A followed by X), 20 AY trials (A followed by a

consonant other than X), 20 BX trials (B followed by X), and 20 BY trials (B followed by a

consonant other than X), for a total of 200 trials.

A backwards digit span task was used to assess working memory (Wechsler, 2008). In

this task, participants heard recorded series of numbers (presented with a 1s interstimulus

interval) and were then asked to type them out in the reverse order. The number of digits to be

recalled increased every 3 trials, starting with 2 digits and increasing to a maximum of 10 digits.
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The task was terminated whenever the participant incorrectly answered all 3 trials of a given
difficulty level.
Reliability of Measures

Given our focus on individual differences, one important consideration is whether the
measures being used here are reliable within participants. To address this, we calculated the split-
half reliability of each of our measures, adjusted with the Spearman-Brown correction. These
reliability values are displayed in Supplemental Table S.1, revealing good reliability of all
measures apart from the VAS slopes (this is simply due to bad fitting when not enough data is
provided; see Supplemental Materials for further details).

Test-retest reliability is another informative measure of reliability. Common measures of
test-retest reliability include Cronbach’s alpha, test-retest correlation coefficients, and intraclass
correlations which exist in ten different forms depending on the data structure and the type of
reliability being calculated (Koo & Li, 2016). It is important to interpret reliability values
according to the particular research context, and so we refer to benchmarks from the field of
psychology: Cronbach’s alpha and test-retest correlation values of 0.7-0.79, 0.80-0.89, and >
0.90 indicate fair, good, and excellent reliability respectively; and intraclass correlation values of
0.4-0.59, 0.6-0.74, and > 0.75 indicate fair, good, and excellent reliability respectively (Cicchetti,
1994). Previous studies have found fair to excellent test-retest reliability for various perceptual
measures related to the ones used here, including auditory discrimination (Christopherson &
Humes, 1992: Cronbach’s alpha = 0.795; Saito & Tierney, 2022: intraclass correlation = 0.625;
Wang & Humes, 2008: test-retest correlations > 0.90), sensitivity to the McGurk effect (Strand et
al., 2014: test-retest correlation = 0.77), magnitude of the Ganong effect (Giovannone &

Theodore, 2023: test-retest correlation = 0.72), use of a VAS scale (Brietzke et al., 2021:
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intraclass correlation = 0.50), consonant identification (Geller et al., 2021: intraclass correlation
= 0.80), and weighting of acoustic cues (Idemaru et al., 2012: test-retest correlation = 0.69;
Souza et al., 2018: no difference in cue weightings across two sessions, as determined by
Wilcoxon signed-ranks analyses). Importantly, individuals' 2AFC identification slopes for
stimuli varying in voice onset time (VOT) and fundamental frequency (FO)—two of the same
acoustic cues varying in our stimuli—have shown good to excellent reliability across sessions
(Schertz et al., 2015: test-retest correlations = 0.90 for VOT and 0.84 for F0), and individuals’
gradiency of speech perception on a VAS task has shown fair to good reliability across ratings of
the same stimulus (Munson et al., 2021: intraclass correlation > 0.5 for 89% of listeners, average
= 0.73). Furthermore, fair to good test-retest reliability has been shown for the backwards digit
span task (Fox-Fuller et al., 2022: intraclass correlation = 0.66; Miiller et al., 2012: intraclass
correlation = 0.64; Wechsler, 2008: r = 0.71; Woods et al., 2011: r = 0.81), while fair to excellent
test-retest reliability has been observed for the AX-CPT task (Barch et al., 2009: intraclass
correlation = 0.81, Cooper et al., 2017: intraclass correlation = 0.70; Halperin et al., 1991: test-
retest correlations = 0.65-0.74; Kraus et al., 2020: intraclass correlation = 0.72).

Based on both split-half and test-retest reliability, we can therefore conclude that our
measures are reliable and appropriate for use in the context of individual differences studies such
as the present one.

Transparency and Openness

We report how we determined our sample size, all data exclusions, all manipulations, and
all measures in the study. All stimuli, tasks, questionnaires, program code, and analysis methods
developed by others have been cited in-text and included in the References section. The research

materials (tasks and questionnaires) described above are available upon request. Stimuli from the
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native phonetic perception tasks are publicly available, on the OSF page (https://osf.i0/369my/)

for Clayards (2018). The raw data for both experiments, along with the code needed to process
and analyze it, is publicly available on the OSF

(https://osf.io/ez5gh/?view_only=8e4a1498e04{4ee0946752ee93b9ce71). The design,

hypotheses, and analysis plan of Experiment 2 were preregistered based on Experiment 1 and are
available on the same OSF page.
Analysis and Results

Here we include tables and figures displaying results of primary interest. Additional tables and
figures (for example, of model validation) can be found in the Supplemental Materials and in the
R Markdown document on the OSF page for this project.
Data Exclusion

Participants who reported having phonetic training or being exposed to German were
excluded (two participants in Experiment 1, 19 participants in Experiment 2), as this could affect
performance on the non-native perception task. Participants were also excluded on a task-by-task

basis depending on performance-based criteria. Criteria are outlined in the OSF preregistration

(https://doi.org/10.17605/OSF.10/9DKGQ). The total number of participants included in a given
analysis is reported at the bottom of the figure (in the case of canonical correlation) or table (in
the case of regression) displaying the output of that analysis.
Preparatory Data Analysis

Before conducting primary analyses, various preliminary analyses were carried out to
obtain variables of interest.

Native Phonetic Perception Tasks
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Slopes from the 2AFC task were calculated by fitting two mixed-effects logistic
regression models to participant responses (one for bet/bat, one for dear/tear). Responses were
coded as 0 for bet/dear and 1 for bat/tear. The fixed effects for each model were the first acoustic
cue (which varied in 5 steps) and the second acoustic cue (which also varied in 5 steps) for the
contrast in question, both of which were coded as continuous numeric variables and centered.
The grouping factor was participant. The following correlated random effects were included in
each model: by-participant random intercepts, and by-participant random slopes for the first
acoustic cue and the second acoustic cue. The by-participant random slopes coefficients for each
acoustic cue were extracted as the four variables of interest, since they quantify how much each
participant differs from the group average (i.e., from the fixed effect coefficient) in their use of a
given cue when categorizing stimuli (Clayards, 2018; Kong & Edwards, 2015). Larger random
slopes coefficients (steeper slopes) for a given cue indicate greater use of that cue when
categorizing stimuli. This analysis was carried out in R (R Development Core Team, 2020),
using the Ime4 package (Bates et al., 2015). The R syntax for the models described above was:
glmer(2AFC response ~ Acoustic cue 1 step + Acoustic cue 2 step + (Acoustic cue 1 step +
Acoustic cue 2 step | Participant), family = "binomial", control = glmerControl(optimizer =
"bobyga")).

Slopes from the VAS task were calculated by fitting the rotated logistic developed by
Kapnoula et al. (2017) to participants’ responses. The rotated logistic is conceptually similar to
the 2AFC logistic regression coefficients mentioned above, but it models gradiency
independently of acoustic cue use (since our stimuli vary in two acoustic cues). It is based on a
four-parameter logistic function with estimates for minimum and maximum asymptotes, slope,

and crossover point, but with one additional parameter: 6, which represents the angle of the



INDIVIDUAL DIFFERENCES IN PHONETIC PERCEPTION 30

crossover point. The coordinate space is rotated to be orthogonal to this angle, with the result that
the slope parameter provides a single measure of gradiency which is independent of the two
acoustic cues constituting the space. These analyses were conducted in MatLab (version 2015a,
The MathWorks Inc., USA). For each participant and each minimal pair, the average of the 5
responses to each of the 25 different stimuli in the VAS task was calculated, and the equation for
the rotated logistic was fit to these averages. This resulted in two slope measures per participant:
one for bet-bat responses, and one for dear-tear responses. Larger slope values from the rotated
logistic function reflect shallower slopes and therefore more gradient responses.

To calculate differences in the consistency of participants’ acoustic cue encoding, the
rotated logistic was fitted to each participant’s unaveraged responses. For each trial, the
difference between the participant’s actual VAS response and the response predicted by the
rotated logistic was calculated. The standard deviation of these residuals was then averaged per
minimal pair to provide two estimates of consistency per participant: one for bet-bat responses,
and one for dear-tear responses. Greater standard deviation of residuals reflects less consistent
responses. This is the same method used by Kapnoula et al. (2017) to calculate consistency, and
closely resembles the method used by Fuhrmeister et al. (2023) who also calculated residuals
from a logistic function fit to participants’ VAS responses (but theirs was a regular rather than a
rotated logistic function, since their continua varied only along one acoustic dimension).
Non-Native Perception Task

To quantify differences in non-native phonetic perception, the non-parametric sensitivity
index 4 (a corrected version of 4’; Zhang & Mueller, 2005) was calculated across performance
on the fricative contrast and the vowel contrasts from the 3-I oddity task. This score is based on

hits (correctly selecting the odd item in a switch trial) and false alarms (incorrectly selecting an
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odd item in a catch trial). An 4 score of 1.0 indicates perfect discrimination, while a score of 0.5
indicates null discrimination. The calculation was done by implementing Zhang & Mueller’s
(2005) equation in R.

Cognitive Tasks

As a measure of sustained attention, a bin score was calculated from each participant’s
AX-CPT responses (Hughes et al., 2014). Unlike traditional reaction time (RT) difference
measures, bin scores take into account both RT and accuracy, making them more reliable and
suitable for use in individual differences studies (Draheim et al., 2019).

In preparation for bin scoring, trials were labeled by type (AX/AY/BX/BY) and also
labeled as nonswitch (AX) or switch (AY/BX/BY). Only rows corresponding to the second letter
of each trial were kept (i.e., X/Y, not A/B), and reaction times (RTs) were cleaned: for each
participant, RTs < 200 ms were replaced with that participant’s mean RT value, and RTs >3 SD
above their mean RT were replaced with a cutoff value of 3 SD above the mean. To calculate a
participant’s bin score, their mean RT on non-switch (AX) trials was subtracted from their RT
for each switch trial (AY/BX/BY trials). The resulting RT differences were placed into ten bins
which were assigned values ranging from 1 (smallest RT differences) to 10 (largest RT
differences). Inaccurate responses were placed in a “bad” bin with a value of 20 to provide a
penalty for low accuracy. Finally, the bin values for all of the participant’s trials were summed to
produce a final bin score. Lower bin scores indicate better attention due to smaller RT
differences and/or higher accuracy.

From the backwards digit span test, the highest number of digits successfully recalled
was taken as a measure of working memory.

Descriptive Overview
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Performance on the two native language perception tasks is shown in Figure 1, and
representative individual results are shown in Figure 2. When averaged across all participants,
overall response patterns were similar across Experiment 1 and Experiment 2 (compare thick red
and blue lines in Figure 1). However, significant individual variability was observed across both
tasks and both experiments, with participants showing identification slopes ranging from very
shallow to very steep (see thin lines in Figure 1 and example participants in Figure 2). Steeper
slopes are more evident on the 2AFC task (no doubt due to its categorical nature) than on the
VAS task. Participants also differed in the consistency of their responses, that is, in how closely
their response to each stimulus fell around their predicted identification slope (Figure 2).

Violin plots of scores on the non-native perception task and the cognitive tasks are
displayed in Figure 3. Overall performance (mean and standard deviation on each task) was very
similar for Experiment 1 and Experiment 2, and similar variability in scores was also observed
across both experiments as shown by the overlap between red and blue plots. As anticipated, the
non-native discrimination task was generally challenging, with mean accuracy falling at 53-54%
for both experiments; and at the individual level some participants had particular difficulty
discriminating the non-native sounds (accuracy around 25%, at chance), while others were quite
successful (accuracy of 75% and above; Figure 3A). Participants also showed a range of scores
on the attention and memory tasks (Figure 3B and 3C).

Prior to the main analyses, for the sake of ease of interpretation and exploration of the
data, pairwise correlations were computed and visualized between the variables of interest for
each hypothesis. These pairwise correlations are provided in Supplemental Figures S.1 to S.4.
Figure 1

Group and individual responses on the native perception tasks (2AFC and VAS), for both
experiments.
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Note. (A) 2AFC bet-bat responses by cue A, (B) 2AFC dear-tear responses by cue A, (C) VAS
bet-bat responses by cue A, and (D) VAS dear-tear responses by cue A. Thin lines are logistic
curves fit to each individual participant for each step of acoustic cue A, and thick lines are
logistic curves fit to the whole dataset. VAS responses varied continuously from 0-100, but were
transformed to range from 0-1 for the purposes of fitting logistic curves to the data for these plots
(regular logistic regression was used here for visualization purposes, rather than the rotated
logistic function fit to the VAS data as described in the Preparatory Data Analysis section).

Figure 2
Examples of individual variability on the native perception tasks (2AFC and VAS)
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Note. For the 2AFC task (A), each dot is the participant’s average response across the five
presentations of a given stimulus. For the VAS task (B), each dot is a participant’s response on a
given trial. Lines are logistic curves fit to responses; dots clustered closely around the fitted
curve indicate more consistent responses. VAS responses varied continuously from 0-100, but
were transformed to range from 0-1 for the purposes of fitting logistic curves to the data for these
plots (regular logistic regression was used here for visualization purposes, rather than the rotated
logistic function fit to the VAS data as described in the Preparatory Data Analysis section). Top
left of each plot: shallow and consistent, top right: steep and consistent, bottom left: shallow and
inconsistent, bottom right: steep and inconsistent. The participants in each panel are chosen as
representative examples of variability on the task and are not the same across both tasks.

Figure 3
Distributions of performance on non-native and control tasks
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Note. (A) Oddity task, (B) AX-CPT task, and (C) Backwards Digit Span task, for both
experiments. Mean and standard deviation are indicated by the dot and vertical line within each
plot. Purple indicates overlap between the two experiments.
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Hypothesis 1 — Canonical Correlation
Analysis

Our first hypothesis was that 2AFC slopes would not relate to VAS slopes but would
relate to the consistency of VAS responses, with inconsistent VAS performance predicting
shallower 2AFC slopes. Since we had 4 2AFC slope measures, 2 VAS slope measures and 2
VAS consistency measures, we tested our hypothesis by first running canonical correlation
analyses, which test the strength of relationships between two sets of variables. Canonical
correlation is a dimensionality reduction technique similar to principal component analysis
(PCA), but while PCA aims to determine the dimensions that account for the most variance
within a set of variables, canonical correlation analyses aim to determine the dimensions that
account for the most covariance between two sets of variables. Canonical correlation analyses
output canonical correlation coefficients, which measure the strength of the association between
pairs of canonical variates (each pair of canonical variates is called a canonical dimension, so the
canonical correlation coefficients can also be thought of as representing the strength of each
canonical dimension). A canonical variate is an orthogonal, linear combination of the variables
within a set—the variables are weighted so as to maximize the correlation between the canonical
variate derived from that set of variables and the canonical variate derived from the other set of
variables of interest (i.e., to maximize the correlation coefficient for a given canonical
dimension). Canonical variates are latent variables and can be considered analogous to the
factors derived from factor analysis. The number of canonical variate pairs or canonical
dimensions is equal to the number of variables in the smallest set; in this case, there are two

canonical dimensions for each canonical correlation. A significant correlation along one or both
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dimensions suggests a relationship between the two sets of variables. Statistical significance of
the canonical correlation coefficients for each dimension was evaluated using Wilks’ lambda.
More information on canonical correlation analysis can be found in Sherry & Henson (2005) and
UCLA: Statistical Consulting Group (n.d.).

Canonical correlation 1 was between the four 2AFC random slopes coefficients and the
two VAS slope measures. Hypothesis 1 predicted that these sets of variables would not be
related. Canonical correlation 2 was between the four 2AFC random slopes coefficients and the
two VAS consistency measures. Hypothesis 1 predicted that these sets of variables would be
related. These analyses were conducted in R using the packages CCA (Canonical Correlation
Analysis; Gonzalez & Déjean, 2021) and CCP (Significance Tests for Canonical Correlation
Analysis; Menzel, 2012). When interpreting effect size of the results, we follow the guidelines
established by Gignac & Szodorai (2016) for individual differences research (small: » = 0.1;
medium: » = 0.2; large: » = 0.3) and those established by Plonsky & Oswald (2014) for second
language research (small: » = 0.25; medium: » = 0.4; large: » = 0.6). As such, a correlation < 0.1
is considered small and > 0.6 is considered large, while intermediate values are referred to by a
combination of the two guidelines (e.g., 0.4 is considered medium by Plonsky & Oswald and
large by Gignac & Szodorai, so we consider such a value to reflect a medium-large effect size).
Results — Experiment 1

Canonical correlation 1 revealed that the relationship between 2AFC coefficients and
VAS slope measures was large and significant along the first canonical dimension (7. = 0.690, p
<0.001), and medium-large but did not reach significance along the second canonical dimension
(r.=0.439, p = 0.037). The significant correlation along the first dimension suggests that,

contrary to our hypothesis, there does appear to be a relationship between the 2AFC coefficients
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and VAS slopes. A scatterplot of this significant correlation is displayed in Figure 4A. Note that
due to the complex patterns of loadings of the original variables onto the first canonical
dimension, this positive canonical correlation coefficient does not indicate that slopes are
positively related across the 2AFC and VAS tasks; rather, the relationship between slopes across
tasks appears to depend on the contrast and acoustic cue. Furthermore, the result should be
treated with caution as the effect is smaller and no longer significant with increased statistical
power, as described in the results of Experiment 2 below.

Canonical correlation 2 revealed that the relationship between 2AFC coefficients and
VAS consistency measures was large and significant along the first canonical dimension (. =
0.617, p <0.001) and medium-large but did not reach significance along the second canonical
dimension (7. = 0.410, p = 0.064). Thus, in line with our hypothesis, there does appear to be a
relationship between the 2AFC coefficients and VAS consistency measures. A scatterplot of the
significant correlation along the first canonical dimension is displayed in Figure 4B.

For both correlations, Supplemental Table S.2 displays the canonical correlation
coefficients and their significance, and Supplemental Table S.3 displays canonical coefficients
showing loadings of the original variables onto each canonical dimension. The interpretation of
canonical coefficients is analogous to the interpretation of regression coefficients.

Results — Experiment 2

Canonical correlation 1 revealed that the relationship between 2AFC coefficients and
VAS slope measures was small-medium and statistically insignificant along the first canonical
dimension (r. = 0.272, p = 0.423) and small and statistically insignificant along the second
canonical dimension (7. = 0.090, p = 0.855). Notice how the effect size is smaller than in

Experiment 1. See Supplemental Table S.2 for canonical correlation coefficients and their
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significance, and Supplemental Table S.3 for canonical coefficients showing loadings of the
original variables onto each canonical dimension. The lack of significant correlation is in line
with our hypothesis that 2AFC coefficients and VAS slopes are not related; perhaps the
significant correlation found in Experiment 1 was due to an insufficient sample size. A
scatterplot of the non-significant correlation along the first canonical dimension is displayed in
Figure 4C.

Canonical correlation 2 revealed that the relationship between 2AFC coefficients and
VAS consistency measures was large and significant along the first canonical dimension (7. =
0.663, p <0.001), and medium-large and significant along the second canonical dimension (. =
0.398, p <0.001). This effect size is similar to what was found for the same analysis in
Experiment 1, and stands in comparison to the small effect size observed for correlation 1
between 2AFC coefficients and VAS slopes. See Supplemental Table S.2 for canonical
correlation coefficients and their significance. Thus, across both Experiment 1 and Experiment 2,
we find support for our hypothesis that 2AFC coefficients and VAS consistency measures are
related. A scatterplot of the significant correlation along the first canonical dimension is
displayed in Figure 4D, and two participants from opposite ends of the correlation are
highlighted as examples. The response patterns of these two participants on the 2AFC and VAS
tasks are shown in Figure 4E. Participant 1 illustrates how people with steeper 2AFC slopes tend
to have more consistent VAS responses. Participant 2 illustrates how people with shallower
2AFC slopes tend to have less consistent VAS responses. Participant 1 has a steep 2AFC slope
and shallow VAS slope whereas Participant 2 has similar slopes across both tasks, demonstrating
how slopes on the two tasks do not necessarily relate within participants.

Figure 4
Relationships between variables of interest for hypothesis 1
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Note. (A) Experiment 1: Scatterplots of the correlation between the first pair of canonical
variates, for the canonical correlation between 2AFC coefficients and VAS slopes (left) and the
canonical correlation between 2AFC coefficients and VAS consistency (right). n = 44. (B)
Experiment 2: Scatterplots of the correlation between the first pair of canonical variates, for the
canonical correlation between 2AFC coefficients and VAS slopes (left) and the canonical
correlation between 2AFC coefficients and VAS consistency (right). Each dot represents a
participant, and blue lines are lines of best fit with 95% CIs. Two representative participants
from different ends of the correlation are highlighted in red. n = 100. (C) Experiment 2:
Response patterns on the 2AFC and VAS tasks, for the two representative participants
highlighted in (B). For the 2AFC task, each dot is the participant’s average response across the
five presentations of a given stimulus. For the VAS task, each dot is a response on a given trial.
Lines are logistic curves fit to responses; dots clustered closely around the fitted curve indicate
more consistent responses. Participant 1 has a steep 2AFC slope, shallow VAS slope, and
consistent VAS responses. Participant 2 has shallow 2AFC and VAS slopes, and inconsistent
VAS responses. These two participants illustrate how slopes across tasks are not necessarily
related within participants, and how steeper 2AFC slopes are associated with more consistent
VAS responses. Note that VAS responses varied continuously from 0-100, but were transformed
to range from 0-1 for the purposes of fitting logistic curves to the data for these plots (regular
logistic regression was used here for visualization purposes, rather than the rotated logistic
function fit to the VAS data as described in the Preparatory Data Analysis section).

Hypothesis 1 — Multivariate Multiple Regression
Analysis
Following up on the correlations, we conducted a multivariate multiple regression
analysis. This enabled us to include all four 2AFC coefficients as the response and all four VAS
measures of interest as predictors, as well as attention and memory measures as additional
control predictors. In doing so, we were able to determine whether any relationships found
through canonical correlation would still hold after controlling for these additional predictors.
Using the Im() function, the model equation in R was: cbind(2AFC bet-bat acoustic cue
A slope, 2AFC bet-bat acoustic cue B slope, 2AFC dear-tear acoustic cue A slope, 2AFC dear-
tear acoustic cue B slope) ~ VAS bet-bat slope + VAS dear-tear slope + VAS bet-bat consistency
+ VAS dear-tear consistency + AX-CPT bin score + Digit span level. We then used multivariate

tests (Type I MANOVA) to evaluate the significance of each predictor across the four models,
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while accounting for the covariances between coefficients. This was done with the Anova()
function from the car package in R (Fox & Weisberg, 2019).
Results

Output from the multivariate multiple regression model includes regression tables from
four separate regression models, fit with each 2AFC coefficient as the response; this output is
shown in Supplemental Tables S.4 and S.5 for Experiment 1 and Experiment 2 respectively.
Model validation plots (quantile-quantile plots of residuals, plots of fitted values against
residuals, and plots of Cook’s distance per participant) can be found in Supplemental Figures S.5
to S.7.

Multivariate tests (Type Il MANOVA) were used to evaluate the significance of each
predictor across the four models while taking into account the covariances between coefficients
(Table 3). These analyses revealed that, in line with our hypothesis and with the canonical
correlation results, the VAS consistency measures significantly predicted 2AFC coefficients after
accounting for other predictors. The AX-CPT and backwards digit span predictors were not
significant. These findings held across both experiments. For Experiment 1, the VAS slope
measures significantly predicted the 2AFC coefficients (contrary to our hypothesis); however,

with the increased power obtained in Experiment 2, this relationship disappeared.

Table 3

Summary of the multivariate multiple regression model predicting 2AFC coefficients, for each

experiment
Experiment 1
Predictor Pillai’s trace F Num df Den df p
VAS bet-bat slope 0.591 10.854 4 30 <0.001
VAS dear-tear slope 0.305 3.291 4 30 0.024
VAS bet-bat consistency 0.318 3.496 4 30 0.019
VAS dear-tear consistency 0.411 5.239 4 30 0.003
AX-CPT bin score 0.234 2.293 4 30 0.082
Backwards digit span 0.076 0.614 4 30 0.656
n =40

Experiment 2
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Predictor Pillai’s trace F Num df Den df p
VAS bet-bat slope 0.049 1.058 4 83 0.383
VAS dear-tear slope 0.370 0.796 4 83 0.531
VAS bet-bat consistency 0.201 5.207 4 83 <0.001
VAS dear-tear consistency 0.206 5.391 4 83 <0.001
AX-CPT bin score 0.039 0.852 4 83 0.497
Backwards digit span 0.078 1.761 4 83 0.145
n=93

Note. Model equation: cbind(2AFC bet-bat acoustic cue A slope, 2AFC bet-bat acoustic cue B
slope, 2AFC dear-tear acoustic cue A slope, 2AFC dear-tear acoustic cue B slope) ~ VAS bet-bat
slope + VAS dear-tear slope + VAS bet-bat consistency + VAS dear-tear consistency + AX-CPT
bin score + Backwards digit span.
Hypothesis 2 — Multiple Regression
Analysis

Hypothesis 2 involved predicting non-native perception from all native perception and
control measures, which would have resulted in a model with ten predictors. To reduce the
number of predictors and thus reduce overfitting while increasing power, dimensionality of the
native perception measures was reduced using PCA, as implemented by the prcomp() function in
R. The same procedure was followed for both experiments: one PCA was run on the four 2AFC
coefficients and another was run on the four VAS variables (two slope and two consistency
measures). The first two components from each PCA were then extracted for analysis.
Correlations between the original variables and the extracted principal components for both
experiments are displayed in Table 4. Across the two experiments, all four 2AFC variables were
correlated in the same direction with the first component suggesting that this component
reflected 2AFC slopes in general, and bet-bat acoustic cue B was strongly positively correlated
with the second component. For the VAS measures across the two experiments, slopes and

consistency were correlated in opposite directions with the first component while bet-bat and

dear-tear measures were correlated in opposite directions with the second component, suggesting
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that the first component distinguishes between slope and consistency while the second one
distinguishes between the two contrasts.

In order to test hypothesis 2, a multiple regression model was fit. The response was
oddity A scores, and the predictors were the first two principal components derived from the
PCA of the 2AFC coefficients, the first two principal components derived from the PCA of the
VAS measures, and the two control predictors. Because visualization of the distribution of oddity
A scores for both experiments revealed some negative skew, the scores were exponentially
transformed; models were then fit predicting the scores both with and without the transformation,
and the model with the best performance is reported. Using the Im() function, the model equation
in R was: Oddity A score ~ 2AFC principal component 1 + 2AFC principal component 2 + VAS
principal component 1 + VAS principal component 2 + AX-CPT bin score + Digit span level.
Hypothesis 2 posited that oddity scores would be predicted by the 2AFC and VAS measures
even after accounting for the control predictors.

Results

Hypothesis 2 was not supported; the anticipated predictors did not significantly predict
oddity scores. The multiple regression model for Experiment 1 is summarized in Table 5, and
model validation plots can be found in Supplemental Figures S.8 to S.10. For Experiment 1, the
first principal component derived from the 2AFC measures was a significant predictor; however,
with the increased power obtained in Experiment 2, this relationship disappeared. For
Experiment 2, none of the predictors was significant (the first principal component derived from
the VAS measures showed the largest coefficient but did not reach significance, § = 0.042, p =

0.076; see Supplemental Table S.6).
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For all of the regression models run for these two experiments, we checked for influential
participants as indicated by Cook’s distance. In the case of the multiple regression model for
Experiment 2, one participant was found to have higher influence than the others (see
Supplemental Figure S.11); upon further examination, this participant interpreted the VAS task
differently, responding primarily at the endpoints of the slider rather than along its entire range.
A model was run excluding this high-influence participant, since this individual did not appear to
be representative of the behaviour of our sample. This additional model is summarized in Table
5, along with model validation plots in Supplemental Figures S.8 to S.10. The first principal
component derived from the VAS measures—primarily reflecting VAS consistency—was a
significant predictor (8 = 0.096, p = 0.002). The relationship between non-native perception and
VAS consistency (averaged across both contrasts) is displayed in Figure 5, revealing how more
consistent VAS responses were associated with better non-native discrimination. The original
model including the influential participant can be found in Supplemental Table S.6, along with
model validation plots in Supplemental Figure S.11.

Table 4
Correlations between the original 2AFC variables and the first two principal components
extracted from them (left), and between the original VAS variables and the first two principal

components extracted from them (right)
Experiment 1

PCI PC2 PCI PC2
2AFC bet-bat acoustic cue A 0.466  -0.223 VAS bet-bat slope 0421  -0.076
2AFC bet-bat acoustic cue B 0.290 0.952 VAS dear-tear slope 0.222  0.818
2AFC dear-tear acoustic cue A 0.592  -0.112 VAS bet-bat consistency -0.593  -0.287
2AFC dear-tear acousticcue B 0.590  -0.180 VAS dear-tear consistency  -0.650  0.492
Percent variance explained 62% 22% Percent variance explained 36% 30%

Experiment 2

PCI PC2 PCI PC2
2AFC bet-bat acoustic cue A -0.360 0.537 VAS bet-bat slope 0.399  -0.359
2AFC bet-bat acoustic cue B -0.169  0.766 VAS dear-tear slope 0.257  0.773
2AFC dear-tear acoustic cue A -0.647 -0.266 VAS bet-bat consistency -0.625 -0.321
2AFC dear-tear acoustic cue B -0.651  -0.232 VAS dear-tear consistency  -0.620 0.414
Percent variance explained 52% 29% Percent variance explained  41% 29%
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Table S
Summary of the multiple regression model predicting oddity A scores, for each experiment

Experiment 1

Coefficient 4 SEB) ¢ p

(Intercept) 1.731 0.047 37.146 <.001
2AFC principal comp. 1 0.071 0.033 2.138 0.040
2AFC principal comp. 2 -0.038 0.050 -0.754 0.456
VAS principal comp. 1 0.033 0.042 0.782 0.440
VAS principal comp. 2 -0.034 0.044 -0.779 0.441
AX-CPT bin score -0.022 0.052 -0.436 0.666
Backwards digit span 0.030 0.050 0.607 0.548

Multiple R’ = 0.233, Adjusted R’ = 0.094, Residual SE = 0.292 (df = 33), n = 40

Experiment 2

Coefficient 4 SEB) ¢ p

(Intercept) 0.079 0.025 3.153 0.002
2AFC principal comp. 1 -0.010 0.021 -0.452 0.653
2AFC principal comp. 2 -0.002 0.023 -0.073 0.942
VAS principal comp. 1 0.096 0.030 3.257 0.002
VAS principal comp. 2 -0.021 0.028 -0.737 0.463
AX-CPT bin score -0.053 0.028 -1.896 0.061
Backwards digit span -0.056 0.029 -1.925 0.058

Multiple R> = 0.211, Adjusted R’ = 0.155, Residual SE = 0.232 (df = 84), n = 91

Note. Model equation: Oddity A score (exponentially transformed for Experiment 1 but not for
experiment 2, based on comparisons of model performance) ~ 2AFC principal component 1 +
2AFC principal component 2 + VAS principal component 1 + VAS principal component 2 +
AX-CPT bin score + Backwards digit span.

Figure 5
Relationship between non-native discrimination and native VAS consistency
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Note. Data are from Experiment 2. Higher values indicate less consistency and better non-native
perception. Each dot represents a participant, with the outlier excluded from analyses in red. In
blue is the line of best fit with 95% CI when the outlier is excluded, and in yellow is the line of
best fit with 95% CI when the outlier is included.
Non-Preregistered Analyses

In addition to the analyses that were preregistered on the OSF, a variety of additional
analyses were run. The details of all of these analyses can be found in the R Markdown
document on the OSF. Together with the preregistered analyses, these analyses provided a more
in-depth understanding of how individual variability is structured across the two tasks.
Comparing Slope Estimate Methods

In our analyses above, as in Kapnoula et al. (2017), we found that the 2AFC slopes and
the VAS slopes were not correlated across individuals, which seems to indicate that they are not

measuring the same aspect of performance. However, as discussed in the introduction, they are

using different methods to measure slope, and thus they might not be directly comparable. We
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therefore extended the work of Kapnoula et al. (2017) by fitting their rotated logistic function to
the 2AFC data (as was done in Ou et al., 2021) as well as to the VAS data. This enabled a more
direct comparison of slopes across the two tasks. Because we had more than one slope variable
per task, we compared slope estimates across tasks using canonical correlation. As mentioned in
the Analysis section for hypothesis 1, canonical correlation evaluates the strength of relationships
between two sets of variables and outputs canonical correlation coefficients representing the
strength of canonical dimensions. Canonical dimensions are combinations of the original sets of
variables, weighted in such a way as to maximize the correlation between sets. Canonical
correlation revealed that 2AFC slopes were significantly related across the two calculation
methods (mixed-effects logistic regression vs. rotated logistic function), with a large effect size
for Experiment 1 (r. = 0.63, p <0.001 for the first canonical dimension) and medium-large effect
size for Experiment 2 (7. = 0.38, p < 0.005 for the first canonical dimension). Further canonical
correlations were then used to determine whether the new 2AFC rotated logistic slopes related to
VAS slopes and consistency in similar ways to the original 2AFC mixed-effects regression
slopes. These analyses revealed that the relationship between 2AFC rotated logistic slopes and
VAS slopes was small to small-medium and did not reach significance, in line with the results
from our preregistered analyses (first canonical dimension: . = 0.23, p = 0.92 for Experiment 1,
and r. = 0.08, p = 0.59 for Experiment 2). This means that the different ways of measuring slope
in the two tasks cannot account for the lack of evidence for a relationship between them. We note
that, unlike the mixed-effect regression slopes, the 2AFC rotated logistic slopes showed a small
and statistically insignificant relationship to VAS consistency (first canonical dimension: 7. =
0.05, p = 0.88 for Experiment 1, and r. = 0.18, p = 0.33 for Experiment 2). However, they do

pattern together in the PCA analysis discussed in the Dimensionality Reduction section below.
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Relating Slopes and Consistency Within 2AFC and VAS Tasks

In our preregistered analyses we compared the predictability of slopes versus consistency
measures and in Figure 2 we illustrated examples of participants with all four combinations of
high and low consistency and steep and shallow slopes. However, we don’t know to what extent
these measures are independent of each other. It could be the case that gradient perception
facilitates highly consistent responses through providing a detailed and accurate phonetic
representation. On the other hand, it could be that those who tend to use just the endpoints of the
continuum are the most consistent. These two possibilities would give very different
interpretations to the consistency measure. To better understand response consistency, canonical
correlations were used to examine the relationship between slopes and consistency within each
task. These correlations revealed that the relationship between 2AFC slopes (as calculated by the
rotated logistic) and 2AFC consistency was large and significant for Experiment 1 (first
canonical dimension: 7. = 0.68, p < 0.001) and medium-large and significant for Experiment 2
(first canonical dimension: r. = 0.38, p < 0.001). Similarly, the relationship between VAS slopes
and VAS consistency was medium-large and significant for Experiment 1 (first canonical
dimension: r. = 0.44, p = 0.017) and large and significant for Experiment 2 (first canonical
dimension: r. = 0.57, p <0.001). Specifically, steeper 2AFC slopes were associated with more
consistent 2AFC responses, and shallower VAS slopes were associated with more consistent
VAS responses. This is an important observation that we will return to in the discussion.
Relating Consistency Across Tasks

Since we now had consistency measures for both tasks, we also examined the relationship
between consistency across tasks. Using canonical correlation, we related 2AFC consistency to

VAS consistency in order to determine whether some individuals generally show more consistent
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phonetic perception than others. This analysis showed that the relationship between consistency
on the two tasks was large and significant along the first canonical dimension (7. = 0.58, p <

0.001 for Experiment 1, and r. = 0.70, p < 0.001 for Experiment 2) and medium-large and

significant along the second canonical dimension (. = 0.34, p = 0.018 for Experiment 1, and 7.
0.41, p <0.001 for Experiment 2), suggesting a robust relationship. Figure 6 displays the

significant relationship between 2AFC and VAS consistency for both experiments.

Figure 6
Relationship between 2AFC consistency and VAS consistency
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Note. Data are presented from Experiment 1 (A) and Experiment 2 (B). Consistency is averaged
across the two contrasts presented in the experiments, and higher values indicate less
consistency. Each dot represents a participant, and the blue line is a line of best fit with 95% CI.
Dimensionality Reduction of 2AFC and VAS Variables

The above analyses suggest that shallow VAS slopes, steep 2AFC slopes (measured by
mixed-effect logistic regression), and consistent responses all pattern together across individuals.
Our final analysis confirmed this overall picture by putting all 12 variables (two VAS slopes, two

VAS consistency measures, four 2AFC mixed-effects regression slopes, two 2AFC rotated

logistic slopes, and two 2AFC consistency measures) into a PCA analysis to see how well they
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could be reduced to a smaller set of dimensions. Correlations between the original variables and
the first five principal components derived from them are displayed in Supplemental Table S.7,
and biplots are displayed in Supplemental Figure S.12. We found that the first principal
component was made up primarily of the four consistency measures and the slope measures from
the mixed-effect logistic regression of the 2AFC task (with opposite signs from the consistency
measures). This confirms that differences in consistency (Figure 6) and their relationship to
categorization steepness (right side of Figure 4) capture the greatest amount of variability
between individuals. The second principal component shows a similar pattern, with the mixed-
effect slopes for the 2AFC task patterning opposite to all of the rotated logistic values (including
slope this time as well as consistency for both tasks). The second component also reflects a
distinction between the two contrasts, as the bet-bat and dear-tear measures have different signs.
Thus, the PCA analysis confirms the patterns observed in the previous canonical correlation
analyses and provides a coherent picture of the structure of individual variability in these tasks.
Discussion

The objectives of the current studies were twofold. First, we aimed to clarify whether
responses on 2AFC and VAS tasks reflect distinct individual differences in native speech sound
perception, with VAS slopes relating to gradiency and 2AFC slopes relating to consistency. We
compared participants’ responses to identical continua of stimuli on a 2AFC and a VAS task and
found that there was no evidence for a relationship between 2AFC identification slopes and VAS
identification slopes, but there was a relationship between 2AFC identification slopes and the
consistency of VAS responses. Thus, for the first time the findings clearly show that the two
tasks measure separate constructs: 2AFC slopes tap into the consistency of perception, while

VAS slopes tap into the gradiency of perception.
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Second, we aimed to determine whether discrimination of difficult non-native contrasts
could be predicted by differences in native phonetic perception as measured by 2AFC and VAS
tasks. While we did not find evidence for a relationship between gradiency and non-native
perception, we found preliminary evidence that consistent native perception may play a role in
discriminating unfamiliar language sounds.

Identification Slopes on 2AFC and VAS Tasks Reflect Different Constructs

Recall that there is ambiguity as to what 2AFC slopes represent, since it is unclear
whether a participant with a shallow 2AFC slope (1) has underlyingly gradient perception and is
responding probabilistically across trials, or (2) is responding inconsistently across trials. VAS
tasks can disambiguate the constructs of gradiency and consistency, and so by comparing VAS
performance to 2AFC performance we can determine how the tasks are related and which
individual differences each one seems to be measuring.

Based on a marginal relationship between 2AFC slopes and consistency of VAS
responses, Kapnoula et al. (2017) proposed that 2AFC and VAS tasks assess different aspects of
speech perception. We hypothesized that the two tasks do indeed measure distinct constructs—
with 2AFC slopes largely reflecting consistency of perception and VAS slopes largely reflecting
gradiency of perception—and that this result might emerge more clearly with some
methodological modifications and a large sample size. Instead of presenting continua with
different numbers of steps on the two tasks as in Kapnoula et al. (2017), we used exactly the
same stimuli in both tasks to facilitate comparison of performance across tasks. Our stimuli
included both vowels and consonants rather than consonants alone, increasing the
generalizability of the results. We also derived 2AFC and VAS slopes both using different

analysis methods (by-participant random slopes from mixed-effects logistic regression vs. slopes
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from a rotated logistic function developed by Kapnoula et al. (2017)) and using the same rotated
logistic function across tasks, which enabled a more direct comparison of slopes than in previous
studies.

It was important to conceptually replicate Kapnoula et al. (2017)’s work in order to
advance the field by determining which individual differences are measured by different tasks.
The relationship that they reported between 2AFC slopes and VAS consistency could have been
spurious, especially given that it was marginal; if the two measures were in fact not related, this
would leave us without an understanding of what 2AFC slopes are truly measuring (not
consistency or gradiency, but some other construct). On the other hand, if a clearer relationship
did emerge between 2AFC slopes and VAS consistency after the implementation of a few
methodological changes, this would imply differences in what each task is measuring and would
have repercussions for speech perception researchers in terms of which tasks and measures to
employ.

In Experiment 1, we found that 2AFC slopes related to VAS consistency as hypothesized,
but unexpectedly they also related to VAS slopes. This finding may have been a spurious one
due to limited power, because when re-running the analyses with a larger sample size in
Experiment 2, we found evidence for a relationship between 2AFC slopes and VAS consistency
but not between 2AFC slopes and VAS slopes, in line with our hypothesis. Importantly, in both
studies, the relationships between 2AFC slopes and VAS consistency were statistically
significant (not only marginal as had previously been found), showing replicability of this
finding. These relationships also held across both studies after taking into account individual

differences in attention and working memory.
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It could be argued that the lack of evidence for a relationship between 2AFC and VAS
slopes in Experiment 2 was due in part to the different methods used to calculate slopes on each
task (regular logistic mixed-effects regression for the 2AFC task vs. rotated logistic function for
the VAS task). In order to provide a more direct comparison of slopes across tasks, our non-
preregistered analyses involved fitting the rotated logistic function from Kapnoula et al. (2017)
to both 2AFC and VAS data. This approach enabled us to derive slope and consistency measures
in the same way for both tasks, yielding insight into the relationships between slopes and
consistency across tasks. Even when calculated using the same rotated logistic method, there was
no evidence for a relationship between slopes on the 2AFC and VAS tasks. This finding is also
striking given that participants were responding to identical stimuli in both tasks. These analyses
provide further evidence that 2AFC and VAS slopes reflect different constructs, strengthening
the findings from our preregistered analyses.

The fact that all participants completed the VAS task prior to the 2AFC task (following
the procedure described by Kapnoula et al., 2017) could potentially be viewed as a limitation due
to the possibility that participants adapted to the stimuli from one task to the next. In their work
which measured lexical effects on speech perception over two sessions, Giovannone & Theodore
(2023) found that participants showed a weakened Ganong effect from the first to the second
session, suggesting increased reliance on acoustic-phonetic information and decreased reliance
on lexical information over time (though this was not the case for other tasks such as phoneme
restoration). If listeners do indeed tend to increase their reliance on acoustic-phonetic
information the more they are exposed to stimuli, this could potentially affect performance on
our native perception tasks. However, this possibility would be more of a concern if the 2AFC

task had been completed before the VAS task; in that case, increased acoustic-phonetic reliance
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during the second task could have resulted in more gradient response tendencies and therefore
shallower VAS slopes (although this effect might have been counteracted by the categorical
2AFC task which could bias participants to mainly respond at the VAS slider’s endpoints instead
of along its whole length). In the case of the 2AFC task being completed second, greater
gradiency/reliance on acoustic-phonetic information should not affect responses because we have
found 2AFC slopes to be reflective of response consistency rather than of gradiency. Thus, we
maintain that the choice to always present the VAS task before the 2AFC task was a theoretically
and methodologically sound one.
Individual Differences in the Consistency of Native Perception

The present work clarifies that shallow 2AFC slopes appear to reflect inconsistent rather
than gradient perception. This finding is in line with recent electrophysiological work that related
participants’ 2AFC slopes to measures of their subcortical and cortical auditory encoding (Ou &
Yu, 2022). The researchers found that participants with less faithful subcortical encoding of
speech had shallower 2AFC slopes, supporting the notion that 2AFC slopes reflect inconsistency
in perception (Ou & Yu, 2022). Additionally, our results shed light on why previous studies have
suggested an association between shallow 2AFC slopes and language impairment—such an
impairment appears to be accompanied by inconsistency or imprecision in perception. This
conclusion is further supported by work showing that children with developmental dyslexia, who
are known to have shallower 2AFC slopes (Manis et al., 1997; Joanisse, et al., 2000; Serniclaes
et al., 2001), also have inconsistent or atypical neural representation of speech (Destoky et al.,
2020; Keshavarzi et al., 2022; Power et al., 2016).

Interestingly, our non-preregistered analyses revealed that participants’ response

consistency values (as extracted from the rotated logistic function from Kapnoula et al. 2017)



INDIVIDUAL DIFFERENCES IN PHONETIC PERCEPTION 55

were related across the 2AFC and VAS tasks. Response consistency also patterned together
across the vowel and consonant contrasts in the PCA analysis. These findings suggest that
consistency may be a stable and task-independent property of the individual. While previous
work has demonstrated individual differences in consistency on VAS tasks (Kapnoula et al.,
2017), we provide evidence that these differences seem to hold across tasks. That is, some
listeners appear to be more consistent than others in how they map perceived speech sounds to
response options, regardless of the specific format of the response options. An interesting topic
for future study could be how and why consistency may reflect optimal perception, as well as the
extent to which differences in consistency of perception generalize to other tasks (e.g., speech-in-
noise perception, assimilation of non-native sounds to native categories) and other modalities
(e.g., ratings of colour stimuli).

An important question for future research is at which level the consistency measured by
phonetic perception tasks arises (i.e., whether it is somewhere along the perceptual pathway
and/or during higher-level decision-making processes). The work by Ou & Yu (2022) suggests
that early subcortical auditory encoding of sound is a source of consistency, but they also found
that steep slopes on a 2AFC task were further related to a difference in the representation
between cortical and subcortical encoding. This seems to indicate that steep slopes require
accurate gradient encoding and consistent transformation into categories. This suggests that
perhaps consistency at higher levels of perception and cognition may play an additional role in
predicting individual differences in responses, for example through attention or memory. It
would also be of interest to investigate whether atypical and typically-developing populations
show similar or different sources of inconsistency.

Consistency and Gradiency as Distinct Yet Related Constructs
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Separately from consistency, gradiency of perception seems to be its own construct that is
best measured by VAS tasks and that may be adaptive (rather than suggestive of an impairment)
in various situations as described further below. As discussed by Kapnoula et al. (2017),
gradiency and consistency may be orthogonal, and VAS tasks are useful precisely because they
enable researchers to calculate a separate measure of each construct. A conceptual distinction
between consistency and gradiency makes sense given recent evidence that measures of the two
constructs (as extracted from a VAS task) have separate structural correlates in the brain
(Fuhrmeister & Myers, 2021). Thus, there appears to be a difference between distinguishing
gradual changes along a continuum (gradiency) and having highly reliable mapping between
stimulus and response (consistency). This being said, our results do suggest that the constructs
relate to one another. We found that listeners with more consistent responses tended to have
steeper slopes on the 2AFC task and shallower slopes on the VAS task. This outcome probably
reflects an optimal pattern of perception whereby the listener shows categorical responses when
presented with a categorical task and gradient options when presented with a gradient task. The
most successful listeners therefore appear to be the ones who are consistently able to map their
percept to a response option, which promotes precise and optimal responding across tasks.

Although the mechanisms of both consistency and gradiency remain to be elucidated,
based on existing work we can speculate that they may have partially distinct and partially
overlapping underpinnings which could explain our findings. Behavioural response consistency
may arise at least to some extent from neural response consistency, which can be quantified as
the similarity of the evoked neural response across repeated presentations of a sound (Krizman &
Kraus, 2019; Ou & Yu, 2022). Differences in gradiency may also arise partly from this same

neural response consistency, with more similar neural responses promoting more gradient
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perception by facilitating the faithful encoding of subtle differences between stimuli; but
gradiency may additionally result from the transformations that the neural response undergoes as
it travels up the auditory pathway from the brainstem to higher-level cortex, with greater
transformation leading to less gradient perception (Ou & Yu, 2022)—this process is referred to
as perceptual warping by Kapnoula et al. (2021). Under this possibility, gradiency and
consistency share some basic mechanisms and would relate to each other as found in the present
work; yet two listeners with equally consistent neural and behavioural responses could still differ
in gradiency based on how their neural responses were transformed along the auditory pathway.
Nevertheless, this explanation remains purely theoretical, and future work with neural measures
will be needed to determine the precise origins of both constructs and to untangle the nature of
the relationship between them.
Beyond Categorical Perception and Categorical Tasks

The current findings add to the growing conviction that psycholinguistics should move
beyond a purely categorical view of phonetic perception (e.g., Holt & Lotto, 2010; Kapnoula et
al., 2017; McMurray, 2022; McMurray et al., 2002; Schouten et al., 2003). We support the view
that gradiency can be a beneficial (not suboptimal) strategy during perception (Clayards et al.,
2008; Desmeules-Trudel & Zamuner, 2019; Kapnoula et al., 2021). In fact, both categorical and
gradient modes of perception are likely to be useful in their own way: the ability to fit sounds
into one category or another appears to be an important part of processing sounds efficiently
(e.g., Shen & Froud, 2016), and the ability to distinguish within-category differences seems to
promote flexibility during perception (e.g., Kapnoula et al., 2021). A given listener’s sensitivity
to between- versus within-category differences in speech sounds likely depends on

idiosyncrasies of their perceptual systems (Kapnoula & McMurray, 2021) and varies according
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to the particular context (e.g., more between-category sensitivity when listening to predictable
native input that easily fits one’s preestablished categories, and more within-category sensitivity
when listening to accented or non-native speech that requires perceptual flexibility). In other
words, listeners may use different strategies—of which gradiency is one—to arrive at the
common goal of deriving concrete representations from the continuous speech signal. Beyond its
role in encouraging flexible phonetic perception, gradiency is also no doubt important for the
perception of various social factors related to a given speaker, such as emotion (Cowen et al.,
2019), geographic dialect (Plichta & Preston, 2005), and perceived masculinity/femininity
(Munson, 2007). Considering that all of these social factors exist along continua, it is logical that
perceiving them in an accurate and nuanced way would require gradient acoustic representations.
The potential sources and functions of gradiency, as well as the context-dependent ways in
which it may be combined with other strategies during the perception of speech and of speakers,
are pertinent questions to continue exploring with future research.

Our findings have important methodological implications in psycholinguistics and related
fields. Notably, researchers should select tasks carefully based on the constructs that they wish to
measure, while taking into account the limitations and demands of different tasks. When looking
to study gradiency, VAS tasks (with their continuous gradient of response options) are a much
more appropriate choice than 2AFC tasks (see Apfelbaum et al., 2022 for further discussion of
VAS tasks and their utility). The development and adoption of tasks that encourage more fine-
tuned and gradated responses, such as VAS and magnitude estimation tasks (Sprouse, 2007),
seem to be an important step in advancing psycholinguistic research by revealing nuances of
human perception and cognition that may not otherwise be captured by tasks with limited

response options.
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Predictors of Non-Native Perception

We hypothesized that shallow VAS slopes and steep 2AFC slopes might both be
indicative of the ability to make accurate and fine-tuned judgments about acoustic cues and
might therefore relate to better non-native discrimination. This hypothesis was not supported.
With our preregistered analyses, we found that performance on the non-native perception task
was not robustly predicted by any of the native perception measures across our two studies.
However, additional analysis excluding an influential participant in Experiment 2 revealed a
potential relationship between VAS consistency and non-native perception. This relationship
held even after accounting for non-linguistic cognitive factors (attention and working memory).
This finding implies that in order to successfully distinguish new speech sounds, an important
underlying factor is not so much the exact nature of native speech sound representations
(categorical/gradient), but rather the similarity of these representations across time. While not
anticipated, such a link between consistent native perception and accurate non-native perception
is reasonable when considered in the context of the latest literature on non-native perception.

Very recent work by Fuhrmeister et al. (2023) is in line with our findings. Similarly to us,
the authors hypothesized that more gradient VAS slopes on a native phonetic perception task
would relate to better discrimination of non-native phonemes; and yet they found that more
consistent VAS responses related to better non-native discrimination. In addition, preliminary
work by Kapnoula & Samuel (2023) has revealed the same pattern of results: better non-native
perception was predicted by more consistent VAS responses rather than by more gradient VAS
slopes. Across our experiments and other recent research, the same picture is therefore emerging:
in order to discriminate non-native speech sounds, it appears to be helpful to have a strong link

between a stimulus and one’s response to it. As mentioned above, the level at which such
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consistency emerges remains to be clarified. Consistency in auditory brainstem responses relates
to preliteracy skills (Bonacina et al., 2021; White-Schwoch et al., 2015) and to phonetic
discrimination (Tecoulesco et al., 2020), so it is possible that consistency begins playing a role at
the level of early neural encoding and is an important element of native and non-native language
acquisition.

Further insight comes from studies that have asked participants to listen to native sounds
and assimilate them to non-native categories. Such studies have shown that the ability to
consistently map a given non-native phoneme to a particular native category is related to having
greater non-native perceptual proficiency (i.e., patterns of acoustic cue weighting during non-
native perception that more closely resemble those of native speakers; Kang & Schertz, 2021), a
larger non-native vocabulary (Bundgaard-Nielsen et al., 2011), and more extensive experience
with the non-native language (Levy, 2009). It therefore seems that consistency of phonetic
perception can predict various outcomes of non-native language learning success.

While we are unaware of any existing theories which might explain the precise nature of
the relationship between native perceptual consistency and non-native perceptual success, the
category precision hypothesis of the revised Speech Learning Model (SLM-r; Flege & Bohn,
2021) addresses a similar relationship in the context of speech production rather than perception.
According to this hypothesis, the more consistent and precise a person’s native categories are (in
this case, consistency being defined as low acoustic variability across multiple productions of a
phoneme), the better the person will be at distinguishing new non-native sounds and establishing
categories for them. Based on our findings, it is conceivable that a similar hypothesis might
apply in the realm of perception, where listeners with more consistent and precise native

perception can more readily perceive differences between non-native sounds.
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Although our preregistered analyses revealed a somewhat surprising lack of evidence for
a relationship between native and non-native perception, similar findings have been reported in
the past. For instance, other work has found that gradiency of native perception on a VAS task
did not relate to non-native discrimination ability (Fuhrmeister et al., 2023) or to scores on a
standardized non-native proficiency task (Kong & Kang, 2022). It may be that native gradiency
does not relate strongly to non-native outcomes due to differences in some of the processing
strategies involved. This possibility is supported by work showing that native and non-native
listeners rely on different strategies—namely, lexical knowledge vs. acoustic cues—during word
segmentation (Mattys et al., 2010). It has also been found that native speakers show gradient
integration of phonetic information (as measured by eye-tracking) during word recognition,
whereas non-native speakers show a categorical pattern (Desmeules-Trudel, 2018). An additional
possibility is that greater sensitivity to native speech sounds does promote better non-native
perception, but that this relationship emerges later in life. In line with this, Kalaivanan et al.
(2023) recently found that for older adults, native perceptual sensitivity (as measured by a gating
task) was a robust predictor of non-native discrimination; but for younger adults, general
intelligence was a stronger predictor. Perhaps younger adults (like the participants in the present
experiments) rely more on fluid cognitive factors including attention and memory, while older
adults rely more on crystallized factors including their knowledge of native phonemes (Spreng &
Turner, 2019). Future work with older populations could clarify this possibility.

The lack of evidence for a strong relationship observed between our native and non-
native perception measures could also be due in part to differences in the tasks used to derive the
measures. As an example, on the native perception tasks the stimuli had been manipulated to

form a continuum, and each trial involved the presentation of one stimulus; on the non-native
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perception task the stimuli were not manipulated, and each trial involved the presentation of
three stimuli. The fact that we do see some relationships between native and non-native
performance despite the differences in tasks suggests that the relationship may be even more
robust when more similar measures are used. Future work could compare native and non-native
performance more directly, for example by training non-native perception in advance so that
participants can respond to non-native sounds on 2AFC and VAS tasks, or by measuring both
native and non-native perception using oddity tasks.

It is also worth pointing out that some of the individual variability observed on our native
and non-native perception tasks could have arisen from differences in participants’
sociolinguistic knowledge and/or labelling strategies. For instance, the bet-bat contrast that we
tested here is known to participate in ongoing sound change processes such as the Northern
Cities Vowel Shift (McCarthy, 2011) and the California Vowel Shift (D’Onoftio et al., 2019).
Given that our participants were recruited from across North America, their varied
sociolinguistic knowledge could have contributed to some of the differences in performance
observed on the native perception tasks. In the future, it would be interesting to measure
sociolinguistic factors and relate them to the kinds of individual differences observed here.
Additionally, performance on the non-native perception task could have been influenced by
whether participants treated the speech sounds as entirely unfamiliar or as better/worse
exemplars of native sounds. As an example, a participant that perceived German /¢/ as a new and
unfamiliar sound may have been more successful on our task compared to one that perceived /¢/
as a bad exemplar of English /f/ and consequently assimilated /¢/ and /[/ to the same category. In
accordance with this possibility, Mayr & Escudero (2010) have shown that participants who

assimilated German contrasts to a single English category (rather than to two distinct categories)
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had more difficulty identifying those contrasts. By incorporating other tasks where non-native
sounds must be labelled or rated for category goodness, future studies could uncover more
nuances of the factors relating to individual differences in non-native perception. Note that we do
not view these possible sources of variability in native and non-native perception as limitations;
while they may have contributed to the variation in performance that we observed, they do not
invalidate the relationships we found.

The present work and work by Fuhrmeister et al. (2023) suggest that non-native
perception is predicted by the consistency of native perception. If this finding continues to be
replicated, it could provide an exciting avenue for further exploration. For instance, perhaps
native perception tasks could be administered as brief pre-screenings in language learning
settings as a means of identifying people who would benefit from greater support during the
learning process. In any case, an important topic that remains to be addressed is why healthy
young adults show such variability in their ability to discriminate non-native phonemes. Work in
this area is particularly relevant given that successful phonetic perception appears to be a
precursor for language learning more generally, predicting outcomes such as non-native
vocabulary learning and reading comprehension (Jakoby et al., 2011; Silbert et al., 2015).

Conclusion

In summary, we demonstrated that identification slopes on 2AFC and VAS tasks do not
measure the same individual differences in phonetic perception. While shallow VAS slopes seem
to reflect gradient perception that involves fine-tuned sensitivity to within-category differences,
shallow 2AFC slopes seem to reflect inconsistent perception. This is important given that 2AFC
tasks have been extensively employed in previous work and that their slopes have been thought

to support the theory of categorical perception, when in fact the slopes were not necessarily
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measuring what researchers intended. This work points to the necessity of accounting for task
demands during research and of revising theoretical views in light of new evidence. We join
other researchers in recommending the use of VAS tasks rather than commonly used 2AFC tasks
in psycholinguistic research, and in encouraging views of phonetic perception that account for
within-category sensitivity (Apfelbaum et al., 2022; Kapnoula et al., 2017; McMurray et al.,
2002; Munson et al., 2017).

Our analyses also pointed to the construct of consistency as a fruitful subject for future
investigation. We found that consistency of responses was related across the 2AFC and VAS
tasks, suggesting that it may be a stable property of the individual. We further found that
consistent responses were associated with steeper 2AFC slopes and shallower VAS slopes. This
pattern seems to indicate that people who can consistently associate a given stimulus with a
response show the most optimal pattern of perception across tasks (categorical responses on the
2AFC task, gradient responses on the VAS task).

Finally, we found preliminary evidence that successful non-native phonetic perception
may be predicted by the consistency of VAS responses. In the future, this could lead to the
development of personalized methods of assisting adult language learners based on their
individual perceptual and cognitive profiles. The potential benefits of personalized approaches to
learning become evident when considering the notable individual differences in performance that
are observed across various phonetic perception and cognitive tasks, both here and in other work
(e.g., Golestani & Zatorre, 2009; Hanulikova et al., 2012; Hattori & Iverson, 2010; Lee, 2016;
Linck & Weiss, 2015). Furthermore, optimizing language learning in adults is particularly
relevant in today’s highly diverse and interconnected world, in which learning new languages

has become key for many people’s social integration and advancement.
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