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Abstract
This paper proposes a conceptual and measurement framework for post-pubertal, L2 speech
learning aptitude that is centered around domain-general auditory processing (i.e., representing
spectral and temporal characteristics of sounds). To this end, we examine the construct and
reliability of a battery of auditory processing tests by presenting the results of an empirical study
wherein 100 participants took the tests twice. The findings showed (a) that the tasks tapped into
multiple dimensions of auditory processing ability (e.g., perceptual acuity, audio-motor
integration); and (b) that test-retest reliability ranged from “fair” to “excellent” (ICC (22 = .4-.8).
Last, we introduce an offline version of the tests (deposited at L2 Speech Tools for Researchers
& Teachers http://sla-speech-tools.com/), provide a brief user manual, and invite researchers to
use these tests to examine the role of auditory processing in various aspects of L2 speech
learning (naturalistic vs. classroom; perception- vs. production-based practice).
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Auditory processing is the perceptual ability to precisely encode and integrate the
spectral and temporal characteristics of sounds. Because the primary source of language input for
most learners is the auditory channel, it has been proposed to serve as a bottleneck for first
language (L1) acquisition (Goswami, 2015). Recently, scholars have begun to argue that
auditory processing can uniquely explain individual variance in various aspects of second
language (L2) speech learning (Mueller, Friederici, & Méannel, 2012). Given that the auditory
precision account of L2 speech learning is an emerging topic, it is important to call for more
follow-up and replication studies with rigorous research designs. In this paper, we first provide a
brief introduction of the kinds of tasks used in cognitive psychology literature involving the two-
way model of auditory processing—i.e., types of processing skills (acuity, integration) x
information content (spectral, temporal). To help second language acquisition (SLA) researchers
incorporate the auditory processing tasks and maximize the value of their research programs, we
will then highlight one crucial issue related to methodological rigor—i.e., the test-retest
reliability of the auditory processing tests. To this end, we present the results of an empirical
study wherein a total of 100 L1 and L2 speakers of English with varied biographical
backgrounds took the same tasks twice. Finally, we introduce an offline version of the test
batteries that researchers, students, and practitioners can use to assess auditory processing
themselves and offer a range of directions for future auditory processing research.!

What Is Auditory Processing and How Is It Measured in L1 Acquisition Literature?

Individuals differ greatly in the precision of their auditory perception (Kidd, Watson, &
Gyqgi, 2007). Over the past 50 years, the relationship between auditory processing and language
learning has been extensively researched in the field of cognitive psychology. Because auditory
processing is considered one of the abilities that we first rely on when we encounter and parse
aural input, and it is related to every dimension of linguistic processing (phonology, vocabulary,
morphology), individual differences in this ability may impact the rate and ultimate attainment of
language learning. Ample cross-sectional and longitudinal research demonstrates that this ability
is linked to L1 development and impairment, although the causal nature of this link continues to
be debated (for comprehensive overviews on the auditory precision account of L1 acquisition,
see Goswami, 2015; Tallal, 2004; Tierney & Kraus, 2014; Wright e al., 1997; but for
counterarguments, see Ramus, 2003; Rosen, 2003).

We define auditory processing here as the bottom-up, domain-general perceptual ability
to discriminate and reproduce patterns along individual acoustic dimensions, such as pitch,
formants, duration, and amplitude. Auditory perception is distinct from speech perception, in

YImportantly, the primary objective of this paper is to introduce SLA researchers to the existing paradigms
in cognitive psychology (the auditory precision account of language learning) and relevant task formats
(i.e., discrimination for acuity, reproduction for integration) rather than propose entirely new theoretical
and methodological frameworks of our own. In addition, the focus of the paper concerns the extent to
which the tasks can elicit similar enough scores when participants do them twice (i.e., test-retest
reliability); however, we do not explore the extent to which the tasks tap into what they aim to measure
(i.e., construct validity) as this topic has still been discussed in the field of cognitive psychology. To date,
much attention has been directed towards examining precisely what characterizes auditory processing
relative to other cognitive abilities (e.g., Snowling, Gooch, McArthur, & Hulme, 2018) and how such
abilities can actually be measured by using both behavioral and neural instruments and comparing their
results (e.g., Clinard, Tremblay, & Krishnan, 2010). For a more detailed overview on the theoretical
underpinnings of auditory processing and the construct validity of the tasks in the context of L2 speech
learning, see Saito, Suzukida et al. (2021).



AUDITORY PROCESSING AS L2 APTITUDE

which sound categories are conveyed via multiple redundant sound characteristics (e.g., 18
different acoustic cues conveying the distinction between voiced and unvoiced consonants,
Lisker, 1986). As with speech perception, a range of other phenomena (e.g., music, emotion, and
environmental sounds) can also be perceived and categorized by accessing and weighting
acoustic signals in different ways. This corresponds to an influential view in cognitive
psychology which states that auditory processing can be considered domain-general and this
ability forms the basis of multiple domain-specific phenomena (for a comprehensive overview,
see Mueller et al., 2012).

To measure auditory processing abilities domain-generally, tasks typically employ a
number of synthesized, nonverbal stimuli with very simple acoustic characteristics (e.g.,
completely flat fundamental frequencies, formant contours, and harmonic spectrum) which
normal hearing listeners will not perceive as speech. The stimuli are all identical except for one
acoustic dimension (e.g., pitch, duration). During the tasks, participants are asked to discriminate
between or reproduce the stimuli based on the target acoustic dimension.

Auditory processing can be subdivided in several different ways. In this paper, we
introduce the two-way auditory processing model to help SLA researchers understand the
conceptual and methodological paradigms in cognitive psychology and L1 acquisition research
and incorporate them into their L2 acquisition research. A first key distinction concerns the type
of processing skills—the encoding of subtle acoustic characteristics of sounds (perceptual acuity;
Moore, 2012), and the use of acoustic information for motor action (audio-motor integration;
Corriveau & Goswami, 2009; Tierney, White-Schwoch, MacLean, & Kraus, 2017). Another key
distinction is the type of acoustic information that speakers process, e.g., spectral information
(pitch and formant frequency) or temporal information (duration and amplitude rise time) (Kidd
etal., 2001).

The perceptual acuity component of auditory processing is defined as one’s capacity to
precisely encode the acoustic details of sounds. It is often measured using psychoacoustic
discrimination tasks, in which learners are asked to discriminate between two or three complex,
non-speech sounds. In this task, all acoustic properties of the stimuli except for one are identical
so that researchers can measure participants’ sensitivity to a single cue (e.g., pitch, formant,
duration, or amplitude). A standard stimulus is followed by one or two comparison stimuli (AX
or AXB discrimination format). The objective of the task is to examine how small of a difference
participants can detect between the standard vs. comparison stimuli. The presentation of the
stimuli can occur in set blocks (e.g., Test of Basic Auditory Capabilities; Kidd et al., 2001) or via
an adaptive procedure in which the level of difficulty changes per trial depending on
participants’ performance (e.g., Leek, 2001).

Precise auditory processing (i.e., fine-grained analyses of aural input) enables listeners to
make fine perceptual distinctions between phenomena (perceptual acuity), but auditory
processing can comprise a range of neighboring abilities beyond perceptual acuity (e.g., Tierney
& Kraus, 2014 for the precise auditory timing hypothesis). In fact, simple discrimination of
sounds does not do justice to the complex ways in which language learners interact with sound
while learning to produce and perceive speech (Liberman & Mattingly, 1985). For example,
neuroimaging studies have revealed that speech perception draws upon motor planning
resources, even when participants are instructed not to move (Pulvermuller et al. 2006). This
interaction between auditory and motor resources is not limited to linguistic stimuli; perception
of non-verbal rhythms, for example, consistently lead to activation in cortical and sub-cortical
motor areas such as the basal ganglia and supplementary motor area (Grahn & Brett, 2007).
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Auditory processing is not, therefore, a purely perceptual phenomenon, but requires integration
of perceptual and motor resources, regardless of whether a listener’s task is to categorize a
stimulus or to repeat it back.

Therefore, auditory processing can be re-conceptualized as a set of perceptual and
cognitive abilities. Another component of auditory processing, therefore, is audio-motor
integration, defined as the capacity to capture basic acoustic characteristics of sounds and use
them to modulate motor action. Individuals can show different levels of acuity and integration.
While some can perceive very subtle acoustic differences, they may have difficulty
proceduralizing them (high acuity, low integration). Accordingly, acuity and integration were
found to follow different developmental trajectories, suggesting that they reflect two essentially
different aspects of auditory processing: while acuity tends to reach its peak around puberty and
then continuously degrades, integration continues to improve until the late 20’s (Thompson,
White-Schwoch, Tierney, & Kraus, 2015).

One way to operationalize audio-motor integration is via a reproduction task, in which
learners are asked to listen to and replicate a set of target sound sequences (Flaugnacco et al.,
2014). For spectral integration, participants use a piano-like keyboard with five notes to play
back melodic sequences (e.g., Saito, Suzukida et al., 2021 for a melody reproduction task). For
temporal integration, participants use a drum to repeat back rhythm sequences (Tierney, White-
Schwoch, MacLean, & Kraus, 2014 for a rhythm production task; see also Dellatolas, Watier, Le
Normand, Lubart, & Chevrie-Muller, 2009). Other scholars have measured audio-motor
integration using a synchronization paradigm, wherein participants are asked tap in time with
rhythmic sequences generated by a metronome (e.g., Corriveau & Goswami, 2009; Suranyi,
Csépe, Richardson, Thompson, Honbolyg6, & Goswami, 2009).

How Is Auditory Processing Relevant to L2 Speech Learning?

In the context of adult L2 speech learning, there is a growing amount of evidence
showing that different types of auditory processing (acuity, integration) are uniquely associated
with different aspects of L2 speech learning (accuracy vs. fluency; segmentals vs.
suprasegmentals; phonology vs. lexicogrammar; for a comprehensive review, see Saito,
Suzukida, Tran, & Tierney, 2021). Studies have shown that those with more precise perceptual
acuity are able to better perceive and learn foreign sounds to which they have not previously
been exposed (e.g., Kempe, Bublitz, & Brooks, 2015; Chandrasekaran, Sampath, & Wong, 2010;
Perrachione et al., 2011; Wong & Perrachione, 2007). The predictive power of acuity is most
clearly observed with naturalistic L2 learners who have acquired a target language through
communicatively-authentic, immersive experiences. Specifically, it is a medium-to-strong
predictor of L2 speech learning outcomes for those with medium-to-long-term immersion
experience (length of residence = 1-10 years; Kachlicka et al., 2019; Saito, Kachlicka, Sun, &
Tierney, 2020), but not for those with short-term immersion experience (length of residence < 6
months; Saito, Sun et al., 2022) or for foreign language learners (length of residence = 0 years;
Saito, Suzukida, Tran, &Tierney, 2021; for longitudinal evidence on the role of acuity in the first
three months and one year of immersion, see Sun et al., 2021; and Saito Sun, & Tierney, 2020a).
Additionally, training studies have shown that those with greater acuity demonstrate more
improvement when they are intensively exposed to target sounds produced by multiple speakers
under various phonetic and lexical conditions (i.e., high variability phonetic training; Lengeris &
Hazan, 2011 for English vowels; Qin, Zhang, & Wang, 2021 for Cantonese lexical tones).

Audio-motor integration has been linked to different aspects of L2 speech proficiency,
especially when learners prioritize the production, repetition, and proceduralization of language.
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For instance, in naturalistic settings, integration has been associated with both the fluency and
prosodic accuracy aspects of L2 speech learning (Saito, Kachlicka et al., 2020 for fluency; Sun et
al, 2021 for prosodic accuracy). Other evidence suggests that integration can also be predictive
of speech learning outcomes in foreign language classrooms. In such contexts, L2 learners’
practice opportunities are typically restricted to several hours of language-focused instruction per
week, wherein most activities are production-based (e.g., Shintani, Ellis, & Li, 2013). When it
comes to speaking, one common production-based activity is choral repetition of teachers’ model
pronunciation forms (e.g., Baker, 2014). Few foreign language learners are able to access ample
communicatively-authentic input—a key element for the development, refinement, and
sophistication of their L2 representational systems. In this context, integration (rather than
acuity) appears to be a driving force of successful learning (Saito et al., 2021). Longitudinal
evidence has also shown that integration is a key factor of L2 acquisition when learners are
engaged in production-based speech training (e.g., Li & DeKesyer, 2017 for word reading and
picture description; Shao, Saito, & Tierney, 2022 for shadowing).

Finally, different types of information processing (spectral vs. temporal) can also be
uniquely associated with different aspects of L2 speech learning. According to Saito and
Plonsky’s (2019) model of L2 speech proficiency, it comprises segmental abilities (i.e., the
accurate perception and production of individual sounds), melodic and prosodic abilities (i.e., the
varied and appropriate use of word and sentence stress, and intonation), and temporal and
fluency abilities (i.e., optimal delivery without too many pauses and repetitions). On the one
hand, spectral processing has been found to predict the development of segmental abilities (e.g.,
Lengeris & Hazan, 2011 for the link between formant acuity and vowel acquisition) and melodic
and prosodic abilities (e.g., Qin et al., 2021 for the link between pitch acuity and lexical tone
acquisition). On the other hand, temporal processing has been linked to L2 fluency acquisition
(e.g., Saito et al., 2020a for the link between duration processing and fluency development and
attainment).

Current Study

So far, we have provided a brief overview on the model of auditory processing (acuity,
integration) and measurement practices (discrimination, reproduction) in the field of cognitive
psychology and SLA. However, few studies have explored the extent to which the relevant tasks
(discrimination, reproduction) can reliably tap into the acuity and integration constructs of
auditory processing. To test the reliability of the representative measurement formats, here we
present the results of a study wherein a total of 100 adult L1 and L2 English speakers took each
task twice (three discrimination tasks for acuity, two reproduction tasks for integration). As
described in more depth below, for the discrimination tasks we followed Levitt’s (1971)
procedure by making the tests individually adaptive: every participant engaged in different
stimuli specially selected to ensure that the task was as difficult as could be without being
impossible. This was done to minimize the amount of testing time and increase the precision of
the analyses. Because the tests were internally adaptive, the current paper highlighted the
analyses of test-retest reliability; the internal consistency of the test stimuli was not pursued
because the design of the tests did not allow us to explore participants’ performance on the same
stimuli. We aimed to answer the following questions:

1. What are the latent factors underlying auditory processing as measured via discrimination
and reproduction tasks?
2. What is the test-retest reliability of the auditory processing tasks?
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At the end of the paper, we will introduce and discuss an open-source, freely available
auditory-processing test battery to help L2 researchers measure auditory processing in their own
research programs.

Method
Participants

A total of 100 participants were recruited to engage in the tasks under two different
conditions (n = 54 for lab; n = 46 for online). The biographical backgrounds of the participants
are summarized in Table 1. Participants in the laboratory group (n = 54) were college-level
students enrolled in English-as-a-Foreign-Language classes at a university in Spain (5 males, 49
females). The participants were recruited as a part of a larger project which examined the
relationship between Spanish EFL learners and the outcomes of L2 English learning. On Day 1
(T1), participants completed the tasks in a quiet room in tandem with a researcher at the
university. Four days later, they returned to the lab and took the same tests again (T2).

In addition to the laboratory group, 46 participants were recruited. We initially planned to
collect the data in face-to-face settings. Due to the ongoing COVID-19 situation and practical
constraints, however, this part of the data collection was conducted via the online psychology
experiment platform GORILLA (Anwyl-Irvine, Massonnié, Flitton, Kirkham, & Evershed,
2020). Participants in the online group included native speakers of Chinese (n = 24), Japanese (n
=8), English (n = 5), Polish (n = 4), French (n = 2), and other Indo-European languages (n = 3).
It is important to acknowledge that the two groups (lab vs. online) were not comparable in many
different ways (e.g., L1 backgrounds, L1/L2 use; see Table 1); and that the comparison of the lab
and online groups was not a part of our original research questions.

To recruit participants with varied biographical backgrounds, an electronic flyer was
created, posted, and disseminated on a range of social media websites (e.g., Twitter, Facebook).
We clarified that we were looking for participants without any previous hearing problems.
Interested participants contacted the investigation team via email. None of them reported any
hearing impairment.

Each participant was introduced to the main objective of the study and the procedure for
the auditory processing tests. Given that participants resided in different time zones, they were
allowed to complete the tests according to their own schedule, but following a suggested
schedule: T1 and T2 with a flexible interval of 1-4 days. To examine the test-retest performance,
participants completed the auditory processing tests using the same procedure (described below).
The progress and timing of the participants’ performance was tracked via the Gorilla platform.
Participants were also encouraged to contact a member of the investigation team if they had
questions regarding the auditory processing tasks and/or encountered problems with the test
taking procedures.

Prior to the project, we had accumulated ample experience in conducting auditory
processing tests using the Gorilla platform. To elicit high-quality data, participants were asked to
use their laptop computer (rather than a smartphone or a tablet) with headphones, use Google
Chrome, and complete all the tasks in a quiet room with a stable Internet access.

Table 1
Demographical Backgrounds of 100 participants
A. Laboratory Group (n =54) B. Online Group (n = 46)
M SD Range M SD Range
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Age 20.5 4.6 19-53 274 81 18-49
L2 English use®*  24.4% 15.1 5-70%  43.0 36.8 1-100%
EFL vs. ESL? EFL =54,ESL =0 EFL =24, ESL =17

Note. # excludes 5 native speakers of English from the online group

In the current manuscript, the main objective of the project concerns the degree of
reliability of the auditory processing test battery when participants took them twice (i.e., test-
retest reliability). Participants in this study included both L1 and L2 English speakers with
diverse biographical backgrounds. To our knowledge, there has been no discussion, evidence, or
controversy surrounding whether the strength of the test-retest reliability may differ among
certain groups of participants (e.g., advanced L2 speakers vs. beginner L2 speakers vs. L1 native
speakers; young vs. old participants; tonal vs. non-tonal language users; musicians vs. non-
musicians). Thus, we treated all the participants as one single group, and did not further conduct
any analyses on the test-retest reliability as per participants’ biographical and L1/L2 proficiency
backgrounds.

Auditory Processing Test Batteries

In accordance with the two-way auditory processing model, a total of five tasks were

created:

Formant discrimination (acuity/spectral)
Pitch discrimination (acuity/spectral)
Duration discrimination (acuity/temporal)
Melody reproduction (integration/spectral)
Rhythm reproduction (integration/temporal)

The discrimination tasks were designed to assess participants’ sensitivity to one particular
acoustic dimension of nonverbal sounds (formants, pitch, and duration). The tasks follow key
methodological features in other discrimination tasks in the cognitive psychology literature, i.e.,
AXB discrimination of non-speech stimuli (Moore, 2012). Although some tests ask participants
to work on the same set of stimuli (e.g., Test of Basic Auditory Capabilities; Kidd et al., 2001),
our test adopted Levitt’s (1971) individually adaptive procedure to enhance the precision of the
tests and reduce the amount of testing time (e.g., Leek, 2001).

The reproduction tasks were designed to assess participants’ capacity to capture patterns
over time within an acoustic dimension (pitch or duration) and integrate them into motor action.
For the sake of comparability, our reproduction tests followed the methods in the existing
literature, i.e., Tierney et al. (2017) for rhythm reproduction and Saito et al. (2021) for melody
reproduction.

The five tasks in the current study have already been used in previous literature showing
that the resulting scores could predict various dimensions of L2 speech learning (e.g., immersion
vs. classrooms; early vs. late phase of immersion; phonology vs. lexicogrammar aspects of
speech). The tasks were developed in-house, but the formats are essentially comparable to those
of discrimination and reproduction tasks widely used in cognitive psychology.

During each session (Days 1 and 2), participants completed the auditory processing tests
in the following order: (1) formant discrimination (3-5 min), (2) pitch discrimination (3-5 min),
(3) duration discrimination (3-5 min), (4) melody reproduction (5 min), and (5) rhythm
reproduction (5 min). Given that the tests were designed to measure auditory precision, the



AUDITORY PROCESSING AS L2 APTITUDE

participants in the online group were explicitly told to do the tasks in a quiet room and that doing
the tests under noisy conditions would negatively affect the reliability of the results. Those in the
lab group completed the tasks in a soundproof room.

Discrimination (Formant, Pitch & Duration)

Stimuli. Following the psychoacoustic literature (e.g., Test of Basic Auditory
Capabilities; Surprenant & Watson, 2001; for a methodological summary, see Moore, 2012), the
discrimination task comprised three subtests for the following acoustic dimensions: formant,
pitch, or duration. In each subtest, 101 nonverbal sounds were prepared (one standard stimulus
and 100 comparison stimuli). These sounds were synthesized such that they differed only in
formant frequency (F2 = 1500-1700 Hz with a step of 2 Hz), pitch (FO = 330-360 Hz with steps
of 0.3 Hz), or duration (250-500 ms with steps of 2.5 ms). The standard stimulus was labeled as
Level 0, and the comparison stimuli as Levels 1-100. Each level corresponded to distance in a
target acoustic continuum (e.g., Level 1 for 1502 Hz and Level 2 for 1504 Hz in formant
discrimination). By using the AXB discrimination format, we were able to examine the smallest
difference between the standard and comparison stimuli that participants could hear. The
standard stimulus was always the same while the comparison stimulus could change at each trial
as per participants’ performance (e.g., Level 0 vs. Level 1; Level 0 vs. Level 30; Level 0 vs.
Level 60).

e Formant Discrimination: Each sample had a duration of 500ms with two 15 ms
amplitude ramps at the beginning and endpoint of the stimulus. The fundamental
frequency was set to 100 Hz with harmonics up to 3000 Hz. Three formants were inserted
at 500Hz, 1500 Hz, and 2500 Hz. The F2 of the standard stimulus was set to 1500 Hz
(Level 0) using a parallel formant filter bank (Smith, 2007). The F2 of the comparison
stimuli ranged from 1502 to 1700 Hz at a step size of 2 Hz (Levels 1-100).?

e Pitch Discrimination: Four-harmonic complex tones were prepared, with the
fundamental frequency set to 330 Hz and with equal amplitude across harmonics. The
duration of each stimulus was 250 ms. FO was set to 330 Hz for the standard stimulus
(Level 0), but ranged from 330.3 Hz to 360 Hz for the comparison stimuli with
increments of 0.3 Hz (Levels 1-100).

e Duration Discrimination: The same four-harmonic tones from the pitch discrimination
task were used for the duration discrimination task. Although FO remained constant at
330 Hz, the duration of the standard stimulus was set to 250 ms (Level 0) and the
duration of the comparison stimuli changed from 252.5 ms to 500 ms with increments of
2.5 ms (Levels 1-100). For a summary of the standard vs. comparison stimuli, see Table
2. All the sound samples used for the discrimination tasks can be found in Supporting
Information-A and in IRIS.

Table 2
Summary of Stimuli in Discrimination Tasks
Measures Standard stimulus Comparison stimuli Sten size
(Level 0) (Level 1-100) P

2 In the prior study (Saito, Kachlicka et al., 2022), 10 human listeners rated the speech-likeness of the
non-speech stimuli (together with speech stimuli) on a 10-point scale (10 = Definitely human speech, 1 =
not human speech-like at all). The nonverbal stimuli were perceived as “not human speech-like at all” (M
=2.02-2.12 out of 10).
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Formant discrimination 1500Hz 1502-1700Hz 2Hz
Pitch discrimination 300Hz 330.3-360Hz 0.3Hz
Duration discrimination 250ms 252.5-500ms 2.5ms

General Procedure. For each subtest, three stimuli were presented per trial. The second
sound was always the standard stimulus. Following the format of the AXB discrimination task,
either the first or the third sound was different from the other two.? If the order was Comparison-
Standard-Standard, the first one was different. If the order was Standard-Standard-Comparison,
the last one was different. Participants were asked to indicate which sound was different by
either pressing the number ‘1’ or ‘3° on a keyboard. For task instruction and onscreen labels that
participants accessed during the tasks, see Figure 1.

Figure 1
Task Instruction and Onscreen Labels: Discrimination Task

In each trial of this test, you will hear .
three sounds. One of the sounds will ) Discriminate sounds

be different from the other two. Your Which sound is different: number 1 or
job will be to say which of the three number 37

sounds is different. The different
sound will always be either the first or 1 3

the third sound. You will respond by
clicking on either the number 1 or the
number 3.

A total of 101 stimuli (i.e., one standard stimulus [Level 0] and 100 comparison stimuli
[Levels 1-100]) were presented to participants. If a participant could detect the difference
between Level 0 and Level 1, their perceptual acuity could be considered extremely precise for
the target acoustic domain. If the minimum difference was Level 100, on the other hand, their
perceptual acuity could be considered low (indicating that Levels 0-99 may sound very much the
same to them). In this regard, the finer the levels participants can discriminate, the more precise
their perceptual acuity is.

The tests started from the mid-point, Level 50. Based on Levitt’s (1971) adaptive
procedure, the difficulty of the task changed with each trial. If a participant selected an incorrect
response, the difficulty of the task decreased by 10 levels (e.g., Levels 50 — 60, the difference
between comparison stimuli becoming wider). When a participant made three consecutive
correct responses, the task difficulty increased by a degree of 10 levels (e.g., Levels 50 — 60, the
difference between comparison stimuli reducing).

¥ While AXB commonly refers to a task where participants determine whether A or B matches X, we use
this term (AXB) in a different sense. In our task, participants are asked to determine whether A or B is
different, meaning that this is an inverse version of AXB discrimination (e.g., if A is different, B matches
X).
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The step size decreased when the direction of a participant’s performance reversed, i.e.,
incorrect answers after a string of correct answers, or correct answers after a string of incorrect
answers. The step size changed from 10 to 5 at the first reversal, and from 5 to 1 after the second
reversal. As such, the task was able to ultimately measure a participant’s discrimination
threshold very precisely.

The program continued after either 70 trials were completed, or until eight reversals
were reached. The threshold was then calculated using average of the levels of each reversal
from the third onward. For example, if a participant reached eight reversals at Levels 60, 55, 56,
45, 47, 38, 45, and 42, their score would be calculated as the average of the last six numbers (i.e.,
47.1 out of 100). This would suggest that a participant could barely hear the difference between
Levels 0 and 47. Stimulus level was set at different rates for each subtest (1 level = 2 Hz for
formant, 0.3 Hz for pitch, and 2.5 ms for duration).

For the subsequent analyses, we used subcomponent scores (formant, pitch, and duration)
and overall scores (standardized and averaged scores).

Reproduction (Melody, Rhythm)

Sixteen participants from the online group did not take the reproduction task for
logistical reasons. In addition, six lab participants’ rhythm reproduction scores were not properly
recorded due to technological issues. Thus, in the current study, the data of 84 participants were
analyzed for melody reproduction (n = 54 for lab; n = 30 for online), and that of 78 participants
for rhythm reproduction (n = 48 for lab; n = 30 for online). Building on Tierney et al. (2017),
participants were asked to listen, remember, and repeat sequences of sounds which varied (a) in
fundamental frequency for melody reproduction; and (b) in the ratio of drum hits and rests for
rhythm reproduction. Tracking an entire sound sequence across time requires spectral and
temporal processing on a slow time scale (i.e., 2 seconds). Tracking sound sequences on such
slow time scales may require integration between auditory regions and motor planning regions in
the brain (Patel & Iverson, 2014; Tierney et al., 2017).

There were a total of 10 melodies (300 ms per note) in the melody reproduction task.
Each melody consisted of a sequence of seven notes. Each note comprised a set of five six-
harmonic complex tones, with amplitude held constant across harmonics. Their fundamental
frequencies were set to 220, 246.9, 277.2, 311.1, and 329.6 Hz, which correspond to the first five
notes of the A major scale. Each melody always began on the third note of the scale (i.e., 277.2
Hz). The next note was randomly chosen to be either one note higher on the scale (311.1 Hz) or
one note lower on the scale (246.9 Hz), so there is never an interval of more than one note. This
process then repeated up to the seventh note. Once the melody reached the lower (220 Hz) or
upper end (329.6 Hz), the next note was chosen to either be closer to the center of the range
(246.9 Hz or 311.1 Hz) or identical to the previous note (220 Hz or 329.6 Hz).

At the beginning of the test, participants were shown a set of five buttons which were
arranged in a line stretching from the top to the bottom of the screen. They were encouraged to
try clicking the buttons to hear the tone that each button produced. Higher frequency tones were
linked to buttons that were closer to the top of the screen. To examine how they could adjust to
the new motor task (i.e., hitting the buttons in response to sound prompts), and to minimize the
influence of their prior relevant experience (e.g., piano training), the buttons were displayed
vertically rather than horizontally (the latter simulates piano playing).

During each trial, participants listened to the same sequence repeated three times, and
then repeated it by pressing the five buttons. To reduce participants’ memory load, each
sequence was repeated three times (cf. sound and letter sequences are displayed only once in
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working memory tests). To examine how quickly participants could integrate the received sound
input into action, they were not allowed to relisten to a sequence more than three times.

The accuracy ratio (%) was recorded based on the first seven button presses. Notes were
scored as a 1 when they were identical to target notes and scored as a 0 when they differed from
target notes to any degree. Performance was then averaged across all 10 melodies. For task
instruction and onscreen labels that participants accessed during the tasks, see Figure 2.

Figure 2
Task Instruction and Onscreen Labels: Melody Reproduction Task

Repeat the melody
When the melody is finished playing,
In this test, you will hear some repeat it by clicking on these five boxes
melodies. Each melody will repeat
three times. Try to remember them,

then repeat them back.

The rhythm reproduction task used a total of 30 rhythmic patterns generated from Povel
and Essens’s (1985) notion of strongly vs. weakly metrical sequences (3.2 seconds per token).
The strongly metrical sequences contain more drum hits on the first and third beats than weak
metrical sequences. The drum hits consisted of a 150-ms conga drum hit sound acquired from
www.freesound.org. After listening to the stimuli, the participants were asked to reproduce the
rhythm by repeatedly pressing the space key. Unlike the melody reproduction task (which was
novel to all participants), we assumed that the format of the rhythm reproduction task (i.e.,
drumming beats) was familiar thus minimizing the influence of practice and experience effects
(but see the relationship between rhythm integration and music experience, see Tierney & Kraus,
2014).

The inter-press times were first quantized by changing them to the nearest interval in the
set [200 400 600 800 1000 1200 1400 1600 1800 2000 ms]. Participants' responses were then
traced as a sequence of hits and rests, which were then compared to the sequence of hits and rests
in each stimulus. Accuracy ratio (%) was recorded in terms of the presence of hits or rests at
every 200 ms interval. For task instruction and onscreen labels that participants accessed during
the tasks, see Figure 3. All melodic and rhythmic sequences can be found in Supporting
Information-A and in IRIS. For the subsequent analyses, we used subcomponent scores
(melody, rhythm) and overall scores (standardized and averaged scores).
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Figure 3
Task Instruction and Onscreen Labels: Rhythm Reproduction Task

Repeat the rhythm by pressing the
space bar!

This is a test of your ability to
remember rhythms. During each trial,
you will hear a rhythm repeat three

times. Once the rhythm stops, repeat
the rhythm by pressing the space bar.

Results

A set of factor analyses were performed to examine to what extent participants’
performance elicited via five tasks reflected the two-way model of auditory processing
(spectral/acuity, spectral/integration, temporal/acuity, temporal integration).

Components of Auditory Processing

For the reasons mentioned above, whereas all participants took the discrimination tests,
78 completed the reproduction tests. Two separate factor analyses were performed to examine
the presence of latent variables underlying their discrimination scores (n = 100) and reproduction
scores (n = 78). Finally, we performed another factor analysis based on the 78 participants who
completed both acuity and reproduction tasks.

Components of Discrimination Scores. As summarized in Supporting Information-B,
n = 100 participants’ perceptual acuity scores (the smallest difference they can discriminate in
Hz and ms) widely varied at T1 (first test) and T2 (second test). The results of Kolmogorov-
Smirnov tests showed that the scores did not significantly differ from normal distributions at T1
and T2 (p > .05). In terms of the constructs of the discrimination test, their subcomponent
discrimination scores (pitch, formant, and duration) at T1 and T2 were submitted to an
exploratory factor analysis with VVarimax rotation to identify any patterns underlying the multiple
discrimination test measures.

To ensure the robustness of the factor analyses, the appropriateness of the sample size
was examined carefully. Following the guidelines set by Loewen and Gonulal (2015), the size of
the current study could be considered adequate for the use of factor analyses. First, the total
number of participants (N = 100) met Hair, Anderson, Tatham and Black’s (1998) suggestions
for minimum sample sizes. Second, as reviewed above, the constructs of perceptual acuity
(measured by the discrimination tasks) can be assumed to comprise two distinct abilities—
spectral (formant, pitch) and temporal/acuity (duration). Thus, the number of participants per
predicted variable (i.e., n = 50 for two different aspects of auditory processing respectively) was
beyond Field’s (2009) threshold (n = 10-15). Finally, the KMO measure of sampling adequacy
yielded .725; the value here could be considered “good” as per Field’s (2009) benchmarks (X > .5
for “mediocre”; x > .7 for “good”; x > .8 for “perfect”).

In L2 research, given that the cumulative percentage of explained variance is typically
small (e.g., 60%), Loewen and Gonulal (2015) recommended that the number of factors should
be determined when the model explains at least 70% of the variances as a cut-off point. Thus,
two latent factors were identified as shown in Table 3 (explaining 75.3%). The factorability of
the entire dataset was confirmed via two tests: Bartlett's test of sphericity (y2 = 124.897, p
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<.001) and the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy (.725). In order to
interpret the profiles of Factors 1, 2, and 3, 0.4 was used as a cut-off value for the “practically”
significant factor loadings (Hair et al., 1998). The findings concurred with the assumptions in the
two-way model of auditory processing that the three discrimination tasks related to the two
distinct components of acuity, i.e., formant and pitch discrimination for spectral acuity (Factor 1)
vs. duration discrimination for temporal acuity (Factor 2).

Table 3
Summary of a Two-Factor Solution Based on a Factor Analysis of Perceptual Acuity Scores

Factor 1: Spectral acuity Factor 2: Temporal acuity

Cumulative% 40.8% 34.5%
Formant discrimination (T1) 134 249
Formant discrimination (T2) .634 281
Pitch discrimination (T1) 739 -.014
Pitch discrimination (T2) .790 -.023
Duration discrimination (T1) -.046 .851
Duration discrimination (T2) 276 174

Note. All loadings > .4 were highlighted in bold

Components of Reproduction Test. As summarized in Supporting Information-B,
Participants’ audio-motor integration scores (how accurately they can reproduce melodic and
rhythmic sequences) did not deviate significantly from normal distribution (Kolmogorov-
Smirnov; p > .05). The participants’ melody and rhythm reproduction task performance at T1
and T2 were submitted to a factor analysis with Varimax rotation. The factorability of the entire
dataset was confirmed via two tests: the Bartlett's test of sphericity (x% = 173.194, p < .001) and
the Kaiser-Meyer-Olkin measure of sampling adequacy (.610). A decision was made to identify
a “two-factor” solution which accounted for 90.5% of the total variance in the participants’
reproduction scores (see Table 4). As predicted earlier, their melody and rhythm reproduction
scores at T1 and T2 were clustered into two different groups, respectively. Therefore, Factor 1
was labelled as spectral integration and Factor 2 as temporal integration.

Table 4
Summary of a Two-Factor Solution Based on a Factor Analysis of Audio-Motor Integration
Scores

Factor 1: Spectral integration Factor 2: Temporal integration

Cumulative% 62.7% 27.8%

Melody reproduction (T1) 912 .280
Melody reproduction (T2) .955 .108
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Rhythm reproduction (T1) 226 916

Rhythm reproduction (T2) 142 935
Note. All loadings > .4 were highlighted in bold

Components of Acuity and Reproduction Tests. Focusing on 78 participants who
completed both discrimination and reproduction tasks, another factor analysis was performed
with Varimax rotation. The factorability of the model was adequate: the Bartlett's test of
sphericity (2 = 337.434, p < .001) and the Kaiser-Meyer-Olkin measure of sampling adequacy
(.729). A “four-factor” solution was selected because the model accounted for 74.9% of the total
variance in the entire dataset (see Table 5). As predicted, the three tasks were clustered to three
different factors, suggesting that they may relate to three distinguishable abilities (Factor 2 for
rhythm integration; Factor 3 for spectral acuity; and Factor 4 for temporal acuity). Unlike our
prediction, however, the results showed that both pitch discrimination and melody reproduction
were reduced into the same factor. This in turn indicated that the two tasks may tap into the same
aspect of pitch processing (Factor 1).
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Table 5
Summary of a Four-Factor Solution Based on a Factor Analysis of Entire Dataset

Factor 1: Pitch Factor 2: Rhythm Factor 3: Spectral Factor 4: Temporal

processing integration acuity acuity
Cumulative% 41.3% 13.7% 10.6% 9.3%
Formant discrimination -.341 -.252 .648 .025
(T1)
Formant discrimination -.178 -.169 .876 -.009
(T2)
Pitch discrimination (T1) -.619 -.364 -.011 259
Pitch discrimination (T2) -.715 -.170 126 .020
Duration discrimination .018 -112 -.007 904
(T1)
Duration discrimination -.108 -.012 .600 573
(T2)
Melody reproduction (T1) .825 197 -.236 .081
Melody reproduction (T2) .853 .033 -.200 014
Rhythm reproduction (T1) 184 872 -.196 -.016
Rhythm reproduction (T2) 222 .897 -.162 -.143
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Test-Retest Reliability

A set of test-retest reliability analyses were performed to explore whether the
discrimination and reproduction tasks could assess a stable construct of auditory processing
abilities. Traditionally, the Pearson’s product-moment correlations between the test and the retest
scores were evaluated. However, this approach could be problematic because participants’ scores
are not independent when they take the same tests twice. Following Liljequist, Elfving, &
Skavberg Roaldsen’s (2019) recent model of test-retest reliability, we thus decided to use
intraclass correlations (ICCs) which take into account the repeated nature of the data and the
existence of systematic errors (bias). In the case of the current study, there can be multiple
sources of error, such as within-participant variation (i.e., individuals demonstrating different test
performance) and test-retest variation (i.e., participants’ differing performance between the first
and second tests). Thus, a two-way random model was selected. Since participants took the
auditory processing tests only once at each testing point, a single (rather than average) measure
ICC was used.

ICC can be conceptualized as the ratio of variance of interest to total variance. If the
variance of the interest is higher than the unwanted variance, the reliability of the instruments
can be considered excellent. To control for the magnitude of subject errors (e.g., individual
differences) and measurement errors (e.g., two testing points), and to reflect the relationship
between the same participants’ test performance at two different time points (T1 vs. T2), a set of
ICC analyses were performed. As Liljequist et al. (2019) suggested, two different types of ICC
values were provided—i.e., consistency ICCs (with biases) vs. absolute agreement ICCs (without
biases)—to allow readers to see the reliability of the test materials with and without biases. If
there were biases, consistency ICCs could be higher than absolute agreement ICCs. To check the
significance of the differences between consistency and absolute ICCs, 95% confidence intervals
were used. Whereas a range of guidelines have been suggested (e.g., Liljequist et al.), it is
important to interpret ICC values as per research context. Thus, we decided to use Cicchetti’s
(1994) field-specific benchmark for assessment tools in the field of psychology: 0.4 to 0.6 for
“fair,” 0.6 to 0.75 for “good,” and 0.75+ for “excellent.”

Table 6 summarized both consistency and absolute agreement ICC coefficient values.
According to 95% CI analyses, participants’ consistency and absolute agreement ICCs
overlapped to a great degree, suggesting that the influence of biases may be minimal in the
current dataset (Liljequist et al., 2019). For the rest of the analyses, therefore, we focused on
absolute agreement ICCs (without biases). As for participants’ subcomponent scores, although
the ICC values were lower for duration discrimination compared to formant and pitch
discrimination [ICC (22) = .409 vs. .520/.525], they could all be considered as “fair.” The ICC
values of the reproduction subtests were good to excellent [ICC 22y = .796 for melody
reproduction and .744 for rhythm reproduction].

In some previous studies (e.g., Saito, Sun et al., 2022), scholars have operationalized
participants’ overall auditory processing of various dimensions of acoustic signals. Thus, we
calculated overall discrimination scores by standardizing and averaging the formant, pitch and
duration scores, and overall reproduction scores by standardizing and averaging the melody and
rhythm scores. The ICC values were considered good for overall discrimination [ICC (2,2 = .625
for absolute agreement] and excellent for reproduction [ICC (2,2) = .843 for absolute agreement].
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Table 6
Summary of Intraclass Correlation Coefficients

Intraclass coefficients 95% CI Value 0
(Single measures)  Lower Upper
Overall discrimination Consistency .622 486 729 4295 <.001
Absolute agreement .625 488 731 4295 <.001
Formant discrimination Consistency 571 422 689 3.659 <.001
Absolute agreement 520 302 674 3.659 <.001
Pitch discrimination Consistency 541 387 666 3.361 <.001
Absolute agreement 525 363 .655 3.361 <.001
Duration discrimination Consistency 412 234 562 2387 <.001
Absolute agreement 409 233 560 2387 <.001
Overall reproduction Consistency 841 762 896 11591 <.001
Absolute agreement .843 764 897 11591 <.001
Melody reproduction Consistency .826 744 884 10.515 <.001
Absolute agreement .796 638 .879 10.515 <.001
Rhythm reproduction Consistency .782 678 .855 8.176 <.001
Absolute agreement 744 b5b5  .848 8.176 <.001
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Post-Hoc Analyses: Lab vs. Online

Certain parts of the data (n = 46 out 100) were collected online due to the pandemic
situation and practical constraints. Although the two subgroups of the participants differed in
various aspects (e.g., L1 background, L2 proficiency, immersion experience), and comparing the
role of testing conditions (lab vs. online) was not originally conceptualized in the research
design, we conducted a set of post-hoc analyses to test whether the ICC values differed between
the laboratory group (n = 54) and the online group (n = 46). The results of intraclass correlation
analyses were summarized in Table 7. Due to the exploratory nature of the data, the
interpretations here can be considered “tentative.”

In terms of participants’ overall performance, the ICC values of discrimination scores
were fair in the online group [ICC (2,2 = .500] but good in the laboratory group [ICC (22) = .689];
the test-retest reliability of reproduction was comparable [ICC (2,2) = .839 for laboratory and .841
for online]. The ICC values of the subcomponent scores were fair to excellent across the
different group conditions (.4 to .8). One notable difference was the duration discrimination for
the online group, which did not reach an acceptable level [ICC (2,2 = .372].

Table 7
Summary of Consistency Intraclass Correlation Coefficients Under Lab vs. Online Conditions
Consistency intraclass 95% ClI
coefficients Value p

(Single measures) Lower  Upper

A. Laboratory Group (n =

54)

Overall discrimination .689 517 807 5341 <.001
Formant discrimination 470 181 672 3.302 <.001
Pitch discrimination .563 344 723 3.840 <.001
Duration discrimination 457 217 .645 2.387 <.001
Overall reproduction .839 730 906 11.642 <.001
Melody reproduction 127 559 836 6.889 <.001
Rhythm reproduction 795 649 882 8176 <.001
B. Online Group (n = 46)

Overall discrimination .500 .246 690 2960 <.001
Formant discrimination 533 282 714 3599 <.001
Pitch discrimination 436 A72 .643 2549 <.001
Duration discrimination 372 .096 595 2182  .005
Overall reproduction 841 683  .922 12.677 <.001
Melody reproduction 814 406 928 15.113 <.001
Rhythm reproduction .670 245 853 7.145 <.001

Discussion
The current study examined the underlying constructs and test-retest reliability of
auditory processing test batteries taken under laboratory and online conditions in 100 L1 and L2
speakers of English. According to a series of factor analyses, the test batteries tapped into four
independent abilities—(a) pitch processing (pitch discrimination, melody reproduction), (b)
spectral acuity (formant and pitch discrimination), (c) temporal acuity (duration discrimination),
and (d) temporal integration (rhythm reproduction). In essence, the findings here concur with the
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two-factor model of auditory processing. Under this view, auditory processing is a multifaceted
phenomenon consisting of different types of processing skills (acuity vs. integration) and
information (spectral vs. temporal information). However, the distinction between acuity and
integration abilities may be fuzzy when it comes to the processing of pitch information (pitch
discrimination and melody reproduction).

There were two major findings regarding the reliability of the auditory processing test
batteries. First, the ICCs could be considered as “fair” to “good” across different tasks (ICC (2,2)
= .4-.6 for discrimination; ICC (2,2) = .7-.8 for reproduction). Second, using overall scores to
calculate auditory processing appeared to be slightly more reliable than subcomponent scores
(ICC (2,2) = .625 for discrimination; ICC (2,2) = .843 for reproduction). All in all, it is reasonable
to assume that the test batteries described here measure auditory processing ability with a fair-to-
good degree of reliability, especially when the overall score is used. However, some caution may
be needed if subcomponent test scores are used for interpretation (e.g., duration discrimination
under online conditions).*

These findings lead us to a set of tentative suggestions for the measurement of auditory
processing with a view of more robust, rigorous, and reliable evaluations of this construct. First,
whereas researchers can use either overall or subcomponent test scores depending on their goals
and hypotheses, the former may be more reliable, and may better correlate with the outcomes of
L2 learning (e.g., Saito, Sun et al., 2022). Though less reliable, subcomponent test scores are
important for understanding effects on language features using specific dimensions of sound
(e.g., Lengeris & Hazan, 2011 for L2 vowel acquisition).

Second, temporal acuity needs to be examined with much caution because the reliability
of the corresponding task (duration discrimination) was relatively low (especially under online
conditions). One solution could be to use the amplitude envelope rise time discrimination task.
Although this task was not included and examined in the current study, amplitude rise time
discrimination has been used as an index of temporal processing in L1 acquisition literature
(Goswami, 2015) and thus introduced as a substitute measure to compensate for the difficulties
inherent to perceiving subtle differences in time information (i.e., duration discrimination). In
this task, participants are asked to discriminate between stimuli which differ in timing of a linear
ramp (e.g., 15 to 300ms). Not only has the task been found to be reliable in our pilot project with
30 participants (e.g., Saito, Sun, & Tierney, 2020for r =.798), but also predictive of L1
acquisition (Kalashnikova et al., 2019). Using both duration and rise time discrimination tasks
complementarily may help researchers capture participants’ sensitivity to temporal information.

Finally, to increase the reliability of the auditory discrimination threshold measurements,
researchers are advised to ask participants to do the auditory processing tests twice and use the
averaged (instead of one-time) scores to increase the reliability of the tests. In the context of L2
speech learning, there is some indication that strong associations between auditory processing
and L2 proficiency are observed when participants’ auditory processing abilities are measured
twice (Saito, Kachlicka, Suzukida, Mora-Plaza, Ruang, & Tierney, forthcoming).

Offline Version of Auditory Processing Test Batteries

The test materials used in the current study (laboratory conditions and online platforms)

have been coded in JavaScript/HTML. The test batteries with a brief user manual are currently

* Here, we acknowledge that the ICCs were relatively lower for the online conditions than the laboratory
conditions. A reviewer pointed out that adding practice trials with feedback may help further improve the
reliability of the tests. If they pass the practice part, that would be better evidence that they can complete
the tests on their own.
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deposited in Tools for Second Language Speech Research and Teaching (Mora-Plaza, Saito,
Suzukida, Dewaele, & Tierney, 2022, http://sla-speech-tools.com/) and Supporting
Information-A. By downloading the offline auditory processing tests onto their own computers,
researchers, graduate students, and practitioners can easily assess their participants’ auditory
processing profiles. Following the test procedures in the Method section, participants engage in a
total of six subtests which include (a) four discrimination tasks (formant, pitch, duration, and
amplitude rise time) and (b) two reproduction tasks (melody, rhythm; approximately 3-5 minutes
per task). Screenshots of the tasks were summarized in Figure 4.

Note that the amplitude rise time discrimination task was not included in the test-retest
study presented above. However, the test-retest reliability was relatively high in our pilot project
(r =.798; Saito et al., 2020b) and the same procedure in the format, pitch, and duration
discrimination tasks can be used.

As for the discrimination tasks, participants’ test scores are recorded on a 100-point scale,
with smaller scores indicating more precise acuity to particular sound dimensions. If a participant
obtains 10 out of 100 points for formant (1 point/step = 2 Hz), pitch (1 point/step = 0.3 Hz),
duration (1 point/step = 2.5 ms), and amplitude rise time (1 point/step = 2.8 ms), this indicate
that the minimum difference they can hear is 20 Hz in F2, 3 Hz in FO, 25 ms in duration, and 28
ms in the timing of a linear ramp. As for the reproduction tasks, participants’ test scores are
recorded between 0-100% as an index of how precisely they can replicate the melodic and
rhythmic sequences that they have heard. In order to calculate overall discrimination and
reproduction scores, we suggest that subtest scores be first standardized, and then averaged. This
IS because a difference in one point/percentage entails different amounts of perceptual difficulty
for both the discrimination and reproduction tasks.
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Figure 4

Screenshots of Offline Auditory Processing Test Batteries: Formant Discrimination (2a), Melody
Reproduction (2b) and Rhythm Reproduction (2c)
2a

Discriminate sounds
Which sound is different: number 1 or
number 37

M1 B

When the melody is finished playing,
you will repeat it by clicking on these
five boxes. Whenever you click on a
box, it will play the tone with which
it’s associated. Try clicking on them!

5

Repeat the rhythm by pressing the
space bar!

Practical Implications

As in L1 acquisition, the rate and ultimate attainment of adult L2 speech learning could
be tied not only to experience-related factors but also to auditory processing. Recently, there is
some suggestion (a) that L2 learners with different auditory processing profiles can differently
benefit from different types of L2 speech training; and (b) that auditory processing scores can be
used to diagnose profile-matched training with a view of optimal L2 speech learning. For
example, acuity can be associated with gains when learners engage in perception-based training
(e.g., Lengeris & Hazan, 2010 for high variability phonetic training); and integration can be
predictive of those who can show more improvement resulting from production-based training
(e.g., Li & DeKeyser, 2017 for repetition training; Shao et al., 2022 for shadowing). More
importantly, it has been claimed that the quality of instructed L2 speech learning could be limited
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among certain learners with lower auditory processing scores (Perrachione, Del Tufo, &
Gabrieli, 2011; Ruang & Saito, forthcoming). Thus, scholars have begun to examine the extent to
which provision of auditory training prior to phonetic training can help all learners equally
achieve successful L2 speech learning (Saito, Petrova, Kachlicka, Suzukida, & Tierney, in
press). For a comprehensive overview on the pedagogical potential of treatment-aptitude
interaction in instructed L2 speech learning, see Saito (in press).

Future Directions

To close, we would like to provide a range of future directions that researchers can
pursue to unravel the relationship between auditory processing and L2 speech learning. First and
foremost, though tentative, the results of post-hoc analyses showed that the reliability of the tests
was comparable whether the tests were conducted under laboratory vs. online conditions. The
lack of substantial influence of testing condition (laboratory vs. online) indicates that the
instructions and modalities of the tasks (discrimination, reproduction) may be adequately
intuitive such that participants can complete the tests on their own. However, we acknowledge
that the post-hoc analyses of the test-retest reliability under two different testing conditions (lab
vs. online) need to be interpreted with much caution. The current study was not carefully
designed to answer this methodological question. In fact, the two types of data were different in
terms of not only testing conditions (lab vs. online), but also a range of biographical and
linguistic factors (e.g., classroom vs. immersion experience; L1 vs. L2 English speakers). We
make a strong call for future studies to revisit the topic (the reliability of lab- vs. online-based
auditory processing tests) with carefully controlled research design wherein the same participants
with homogeneous backgrounds take the tests multiple times in lab and online settings.

Next, we acknowledge that the current study relied on product-oriented evidence (i.e.,
participants’ scores) without taking into consideration any underlying processes (i.e.,
participants’ inner perception of the tests). Future studies should ask participants to verbalize
what they were thinking while completing the task. This line of work could help reveal the extent
to which the participant’s response was random or not.

Existing studies suggest that different components of auditory processing (acuity vs
integration of spectral vs. temporal information) can be uniquely associated with different
aspects of L2 speech learning (phonology vs. lexicogrammar; naturalistic vs. classroom;
perception- vs. production-based practice). Notably, most of the existing evidence is cross-
sectional in nature. Thus, we strongly call for more intervention studies which examine the
mediating roles of auditory processing in L2 speech learning from a longitudinal perspective.
Such studies would allow researchers to track how participants with diverse auditory processing
profiles can enhance the segmental, prosodic, temporal, lexical, and morphosyntactic dimensions
of their L2 speech under different learning conditions (e.g., focus on meaning vs. form
instruction, Spada & Tomita, 2010; perception- vs. production-based practice, Shintani et al.,
2013).

Furthermore, more work is needed to further examine the construct validity of the
auditory processing tests. Traditionally, construct validation is to interpret a test as “a measure of
some attribute or quality which is not ‘operationally defined’" (Cronbach & Meehl, 1955, p.
282). To date, it has remained controversial the extent to which the task formats that scholars
have adopted (discrimination and reproduction) tap into what they claim to measure (the acuity
and integration aspects of auditory processing, respectively). By definition, auditory processing
is essentially a bottom-up and implicit phenomenon. Thus, the use of behavioral tasks as the
outcome measures of auditory processing has been questioned as they inevitably involve
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conscious, attentional, and cognitive processing of sounds (e.g., Clinard et al., 2010; Snowling et
al., 2018). One promising direction is to investigate the unique contribution of auditory
processing to L2 speech learning when other cognitive skills are statistically controlled for. In
the context of adult L2 learners, for example, Saito, Cui et al. (in press) recently provided cross-
sectional evidence that perceptual acuity (assessed via the discrimination tasks) and explicit
analytic abilities (assessed via the simple and complex working memory tasks) independently
predicted variance in L2 speech acquisition. Following this line of thought, it would be intriguing
to examine how participants with different levels of perceptual-cognitive abilities (including
auditory processing) develop their L2 speech abilities when undergoing different types of
training (e.g., input- vs. output-based; form- vs. meaning-oriented). Such studies could help shed
light on how auditory processing and other cognitive abilities interact to affect L2 speech
learning under different input and output conditions.

Scholars have examined the potential of neural measures as a valid way to assess the state
of auditory processing without the influence of cognitive state (i.e., awareness and attention; for
an overview on implicit auditory processing, see Sun et al., 2021). One such example can be
found in an electroencephalographic (EEG) paradigm known as the frequency following
response (FFR). The FFR can be used as an index of neural encoding to the frequency content of
periodic auditory stimuli. Since the FFR is very rapidly generated (only 10ms after a stimulus is
presented to a participant) and requires phase-locking of neurons to high-frequency components
of sounds, the neural generators of the responses are mainly located in the auditory brainstem
(White-Schwoch, Nicol, Warrier, Abrams, & Kraus, 2016), with an additional cortical
contribution for lower frequencies of the FFR [< 150Hz], see Coffey, Herholz, Chepesiuk,
Baillet, & Zatorre, 2016). The test-retest reliability and variability of FFR is likely robust
(Easwar, Scollie, Aiken, & Purcell, 2020; Hornickel, Knowles & Kraus, 2012; Sun et al., 2021
for between-session correlations of r > 0.8). The FFR has been found to relate to speech
perception in noise (e.g., Anderson, Skoe, Chandrasekaran, Zecker, & Kraus, 2010),
phonological awareness (e.g., Banai, Hornickel, Skoe, Nicol, Zecker, & Kraus, 2009), and global
reading abilities (e.g., Hornickel & Kraus, 2013). More recently, scholars have begun to link
FFR to a range of L2 speech abilities (e.g., Omote, Jasmin, & Tierney, 2017 for speech
perception; Saito et al., 2019; Kachilicka et al., 2019 for morphosyntax). Notably, some studies
have shown that FFR performance can differ from the outcomes of AXB discrimination tasks,
suggesting that the neurophysiological and behavioural tasks may tap into different (implicit vs.
explicit) constructs of auditory processing (Clinard et al., 2010). Given that scholars have argued
that the attainment of high-level L2 proficiency requires both explicit and implicit aptitude
(Doughty, 2020), future studies should further explore how explicit auditory processing
(measured via discrimination and reproduction tasks) is related to implicit auditory processing
(measured via FFR), and whether such abilities interact to determine the outcomes of naturalistic
and instructed L2 speech learning.

Finally, it has been shown that auditory processing (measured via the discrimination and
reproduction tasks) is replicable and stable over time (ICC (2,2) = .4-.8), and predictive of various
aspects of L2 speech learning. To obtain a full-fledged understanding of how auditory processing
facilitates L2 speech learning, we still need to know precisely what underlines the development,
attainment, and maintenance of auditory processing abilities, especially in adulthood. Whereas
auditory processing is subject to age-related decline (e.g., Schneider, Daneman, & Pichora-
Fuller, 2002), it can be enhanced via extensive amounts of music and bilingual experience
(Krizman, Slater, Skoe, Marian, & Kraus, 2015), as well as by as little as a few hours of training
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(Micheyl, Delhommeau, Perrot, Oxenham, 2006). In terms of adult L2 speakers, some research
has demonstrated that the acuity component of auditory processing may be linked to age-related
factors (chronological age, age of acquisition) but not to experience-related factors (length of
residence, the frequency of L2 use; e.g., Saito, Sun et al., 2022). On the other hand, reproduction
could be linked to the extent to which L2 learners have practiced a target language in foreign
language classroom learning (Saito, Suzukida et al., 2021). More research is needed to clarify
why certain adult individuals possess high-level auditory processing abilities (exerting positive
influences on L2 speech learning), and why others may fail to meet certain thresholds (inhibiting
L2 speech learning). This latter line of research is particularly crucial for (a) identifying the
source(s) of L2 learning difficulty, and (b) understanding how and whether the provision of
intensive auditory processing training can help learners equally understand, speak, and master a
target language regardless of initial auditory processing ability (however, see McArthur et al.,
2008 for the amenability of auditory processing).
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