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Abstract: This study expands on the practical application of the critical role of auditory
processing in the rate of naturalistic L2 speech acquisition. In Study 1, the prosodic pro-
duction of English by 46 Chinese college students was tracked over a five-month study
abroad program in the UK. Learners with extensive L2 input opportunities demon-
strated improvements in prosodic accuracy; however, those with pitch acuity below
a certain threshold showed regression, potentially reinforcing L1 interference. To de-
termine what percentage of participants fell below the auditory processing threshold
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Saito and Tierney Auditory Thresholds for L2 Speech Learning

determined in Study 1, Study 2 administered pitch processing tests to 400 Chinese col-
lege students learning English, all with normal hearing, and developed a provisional
corpus to assess pitch acuity variation within this cohort. The comparison of findings
from Studies 1 and 2 suggests that insufficient auditory precision hampers naturalis-
tic L2 learning. Approximately the bottom 1.5 quartiles of the population (35%) may
fall below this threshold. These learners could benefit from remedial strategies (e.g.,
explicit phonetic instruction, auditory training) to fully capitalize on their naturalistic
L2 learning opportunities.

Keywords Second language speech; individual differences; auditory processing;
prosody; aptitude

Introduction

Over the past 30 years, scholars have examined the mechanisms underlying
the rate and ultimate attainment of second language (L2) speech proficiency in
relation to a range of learner-extrinsic variables. These include the timing of
immersion in L2-speaking environments (age of arrival), the length of immer-
sion (quantity of input), daily frequency of L2 use with fluent versus nonfluent
talkers (quality of input), and educational background (e.g., length and on-
set of L2 education, the presence of pronunciation and musical training; for
a comprehensive summary, see Flege & Bohn, 2021). While these variables
show medium-sized predictive power for various L2 speech outcomes (e.g.,
r = .30–.50; Saito, 2015), they alone cannot explain all of the variance. This
suggests that even if learners engage in the same amount and type of practice
opportunities, there will be a great deal of individual variability, with some
successfully developing advanced L2 speech proficiency and others struggling
despite ample input and output.

Drawing on theories of the auditory foundations of first language (L1)
acquisition (Goswami, 2015; Tallal & Gaab, 2006; Tierney & Kraus 2014),
scholars have linked individual variation in L2 learning outcomes to individual
differences in the ability to encode the acoustic characteristics of sounds.
Under the perceptual account of language acquisition, auditory processing
is considered a bottleneck for successful language learning; it serves as the
initial ability that learners rely on for phonetic and phonological analysis
when receiving aural input, impacting subsequent processes at lexical, mor-
phosyntactic, and discoursal levels. In the context of L1 acquisition, extensive
research suggests that children with lower auditory precision typically demon-
strate slower language development (Kalashnikova et al., 2019) and a higher
likelihood of language disorders such as dyslexia (Boets et al., 2011) and
specific language impairment (McArthur & Bishop, 2005). According to
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McWeeny and Norton’s (2024) meta-analysis, the disparity in various types
of auditory processing between normal and dyslexic groups may manifest as
medium-to-large effects (g = 0.70–0.80).

Some scholars have posited that the impact of auditory processing might
extend to L2 learning contexts (Mueller et al., 2012). More recent discussion
has suggested that these effects could be even more clearly observed in L2
than in L1 acquisition due to fundamental differences in the quantity and
quality of learning experiences (Saito et al., 2020). In L1 acquisition, indi-
viduals with auditory processing deficits may compensate through consistent
and rich linguistic input provided by caregivers (e.g., Rosen, 2003). During
such ample exposure, individuals with relatively low auditory precision may
adopt remedial strategies to perceive speech by capitalizing on redundancies
in speech processing. For example, individuals with amusia can demonstrate
normal speech and music processing while relying on durational rather than
pitch cues (Jasmin et al., 2020). Native listeners can also make use of semantic
cues when phonetic cues are not clearly accessible (Bradlow & Alexander,
2007). In L2 learning, however, learners have access to a limited amount of
input and output. Any deficit in auditory precision may therefore hinder their
ability to fully utilize the already limited opportunities for input and output.

Additionally, auditory processing in L2 learning could be considered a dual
task and thus more complex and demanding than in L1 learning. Unlike L1 ac-
quisition, which takes place free of any prior language learning experiences, L2
acquisition occurs in a phonetic and phonological space where the L1 system
is already established (fully or partially). When exposed to L2 sounds, learners
need to encode their acoustic properties while suppressing L1 interference.
Then, they need to compare them against L1 counterparts, deciding whether
to assimilate or dissimilate these sounds (Flege & Bohn, 2021). Any disad-
vantages that learners have in terms of their reliance on auditory processing
on domain-general levels could immediately impact their abilities to maintain
or separate two phonetic and phonological systems effectively and efficiently.

Recent research has demonstrated both positive and negative effects of au-
ditory processing in L2 speech learning. On the one hand, L2 learners who
have achieved advanced L2 speech proficiency tend to possess relatively high
(or at least normative) levels of auditory precision (Saito, Sun et al., 2022).
The predictive power of auditory processing for successful L2 speech learning
is medium to large even after accounting for experience-related and cognitive
individual differences (e.g., R2 > .50; Saito et al., 2024).

On the other hand, individuals with lower auditory precision tend to
struggle to analyze new sounds due to L1 interference, which ultimately
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hinders successful L2 speech learning. Emerging evidence indicates that this
auditory disadvantage can be observed under naturalistic, communicatively
authentic, and consequently challenging conditions for L2 learners. These
contexts include not only naturalistic immersion (e.g., study abroad) but also
meaning-oriented instruction in which learners are engaged in processing
language through real-life conversational tasks (e.g., task-based language
teaching; Ruan & Saito, 2023; Xu et al., in press) and/or incidental and
implicit training paradigms (e.g., Correia et al., in press) with natural input
(e.g., intensive exposure to multiple speakers; Chandrasekaran et al., 2010;
Perrachione et al., 2011; W. Zhang et al., 2024).

One critical message for practitioners (language teachers and learners) is
that the auditory processing account of L2 speech learning can lay the ground-
work for individualized approaches for L2 learners with diverse auditory
processing profiles. To help learners develop and automatize their L2 knowl-
edge and become functional L2 users, communicatively authentic L2 learning
experiences and training are vital (Suzuki, 2023). However, while such an
approach could benefit L2 learners with at least normative auditory precision,
those with lower auditory precision may show limited progress (Perrachione
et al., 2011). These auditorily disadvantaged learners may benefit from a
combination of language and auditory processing training (Saito, Petrova
et al., 2022) and/or detailed, explicit phonetic instruction (Suzukida & Saito,
2023) prior to engaging in meaning-oriented discourse. These individuals are
not necessarily deficient in some way; rather, learners with different auditory
profiles may require different forms of instruction (McMurray et al., 2023).

It is important to recognize that auditory processing functions as a con-
tinuous variable, and the aptitude–acquisition relationship identified in prior
literature has remained highly abstract about the degree of auditory precision
needed to promote L2 speech learning. Typically, research shows that learners
with higher aptitude demonstrate more advanced L2 proficiency, whereas
those with lower aptitude show limited L2 learning. However, these studies
often avoid identifying a specific threshold for auditory precision, treating the
impact of auditory acuity as a gradient.

In practice, however, decisions made by practitioners may be more dichoto-
mous. For practical and pedagogical purposes, it is essential for practitioners
to not only diagnose learners’ auditory processing profiles but also interpret
their significance. Identifying learners with relatively low auditory precision is
crucial for providing tailored support, ensuring that all learners can maximize
their input opportunities to promote optimized L2 speech learning, regardless
of their perceptual differences.
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One notable and exceptional attempt to provide categorical interpreta-
tions of auditory processing is the seminal work by Wong and Perrachione
(Perrachione et al., 2011; Wong & Perrachione, 2007). Their research inves-
tigated how individual differences in pitch processing interact with training
paradigms in the acquisition of a novel phonological contrast involving pitch.
Participants first completed the team’s in-house pitch discrimination tests and
then a series of training sessions. The results showed that those who scored
above 70% on the pitch tests were more likely to successfully acquire novel
pitch-based phonological contrasts (Wong & Perrachione, 2007). Additionally,
learners above the 70% threshold benefited from high-variability training,
whereas those below the threshold performed better in low-variability training
environments. These findings offer valuable insights for both theoretical
development and practical application, suggesting that practitioners can assess
learners’ pitch processing abilities in advance and recommend the most ap-
propriate phonetic training approach (high-variability training for those with
high pitch acuity vs. low-variability training for those with low pitch acuity).
Recently, our team has made a set of auditory processing assessment tools
and user manuals publicly available to researchers and practitioners, enabling
accurate evaluation of various dimensions of auditory processing (Saito &
Tierney, 2024). Given this, we argue that it is both essential and timely to shed
light on how adults with normal hearing typically perform on these tests; what
distinguishes relatively low, normative, and high auditory precision; and how
learners with varying levels of auditory precision acquire L2 speech over time.

The Present Study

To advance the concept of aptitude–treatment interaction in practical settings,
it is essential to provide concrete guidance for both researchers and practi-
tioners regarding typical adult performance on auditory processing tests. To
contextualize this topic, the current project focuses on a specific instance of
L2 speech learning: learning of English prosody by university-level Chinese
learners during study abroad. The project consists of two studies: In Study
1, we examined how 46 Chinese college students with varying pitch acuity
profiles naturally acquired English prosody over 5 months of study abroad.
Statistical analysis revealed two distinct groups: those who showed continu-
ous improvement and those who made limited progress. To better understand
this threshold, we expanded the research: In Study 2, we collected data from a
larger group of L2 learners (400 college-level Chinese learners of English) and
used a battery of tests to assess pitch processing. By comparing the threshold
identified in Study 1 with the corpus results from Study 2, we aim to predict:
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� how auditory processing profiles vary among normal-hearing adults
(bottom 25%, normative, top 25%),

� the extent to which learners can continue to improve their L2 abilities
with practice (top 65%), and

� the likelihood that some learners may show limited progress despite re-
ceiving the same amount of practice (bottom 35%).

We distinguish our approach to aptitude–treatment interaction from the
dominant, traditional, naturalistic psychology view, which assumes the ex-
istence of model language users and regards deviations from this norm as
deficits. In L1 acquisition and hearing literature, there is ample precedent
for diagnosing participants with standardized tests, particularly in assessing
domain-general auditory impairments (see Neijenhuis et al., 2019, for a crit-
ical review). While binary distinctions (presence or absence of impairment)
are often established based in part on descriptive analyses of corpus data (e.g.,
1.5 standard deviations from the population mean; the American Speech-
Language-Hearing Association’s guidelines; https://www.asha.org/practice-
portal/clinical-topics/articulation-and-phonology/#collapse_5), these thresh-
olds do not necessarily reflect the impact of these variables on language
learning behaviors.

McMurray et al. (2023) argued that individual differences should be
viewed not in terms of deviations from the norm, but rather as key to under-
standing language function, offering more nuanced insights. In their review of
the word recognition literature, they highlighted that populations often labeled
as “deviations”—such as cochlear implant users, prelingually deaf children,
and adolescents with developmental language disorder—use distinct strategies
for word recognition, shaped by their specific sensory, developmental, or
cognitive challenges (e.g., cochlear implant users likely maintain multiple pos-
sible candidates and interpretations of the word for longer). The study suggests
that these differences should not be framed as deficits but rather as alternative
solutions to the same challenge of real-time processing of language. By
examining these variations, researchers can gain a deeper understanding of the
core mechanisms involved in language processing across diverse populations.

Another example that challenges the binary distinction between aptitude
and its complex underlying mechanisms is congenital amusia. Amusia, often
defined by performance two standard deviations below the mean on a pitch-
sequence memory test (Peretz et al., 2003), is characterized by difficulties in
detecting small pitch changes across musical and nonmusical stimuli (Hyde &
Peretz, 2004; Vuvan et al., 2015). Despite this, only 7% of English-speaking
amusic people report problems with speech perception in everyday life (Liu
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et al., 2010). This highlights how listeners with perceptual difficulties can com-
pensate by using other acoustic dimensions, such as relying on durational cues
for English prosody perception (Jasmin et al., 2020).

This demonstrates that using predetermined binary thresholds, such as
those used in naturalist frameworks, can overlook the complexity of language
learning mechanisms. In contrast, our approach is reactive. We first observe
how language learning unfolds in a real-life context (e.g., 5 months of prosody
acquisition by 46 Chinese learners of English). After identifying differences in
language development from a longitudinal perspective, we assess the auditory
processing levels that correspond to limited progress (“relatively low auditory
precision”). Finally, we examine corpus data from a larger group (400 learners)
to provide descriptive interpretations of how these auditory processing thresh-
olds account for population-wide variations.

Our primary motivation for providing binary analyses is to ensure the
practical application of auditory processing research, especially in guiding
interventions. We follow McMurray et al.’s (2023) notion of mechanistic
functionalism, which posits that language and cognition emerge from multiple
underlying processes that vary between individuals: These variations are not
inherently better or worse, but simply different ways of solving the same
problems. Echoing McMurray et al., we advocate for an improved under-
standing of auditory individual differences so that learners with relatively low
auditory precision can receive targeted strategies (e.g., phonetic instruction,
auditory training) to enhance their naturalistic L2 speech learning experiences,
as the combination of naturalistic exposure with follow-up training may be
particularly beneficial for these learners.

Study 1: Longitudinal Data

To explore the dimension-specific relationship between audition and acquisi-
tion, Study 1 focused on the role of pitch discrimination in Chinese learners’
acquisition of English prosody—such as word stress and intonation—over the
course of 5 months of study abroad in the UK. Our prediction was that pitch
processing would significantly predict L2 prosodic production development.
Here, we aimed to explore not only whether auditory processing relates to L2
speech learning but also what threshold of auditory precision is needed to pro-
mote L2 speech learning.

Prosodic proficiency is widely recognized as one of the most crucial
aspects of developing comprehensible and intelligible L2 speech (Kang et al.,
2010) and is considered particularly challenging for Chinese learners of
English (Chrabaszcz et al., 2014; J. Zhang et al., 2018). Although Mandarin
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uses both pitch height and contour to mark every syllable, Chinese learners
may struggle with crosslinguistic differences in English prosody, where pitch
is used in a distinct manner to mark stressed syllables and convey meaning at
the sentence level.

To test our hypothesis, we recruited moderately experienced Chinese learn-
ers of English (length of residence [LOR] > 5 months). These participants
were presumed to have adjusted to their new L2 learning environment after sev-
eral months in the UK. According to the extant literature, substantial learning
typically occurs within the first 3 to 4 months of immersion in an English-
speaking environment, followed by slower, more gradual learning trajectories,
which sometimes plateau (e.g., Munro & Derwing, 2008, for vowels; Saito &
Munro, 2014, for consonants; Trofimovich & Baker, 2006, for prosody).

Based on the recent longitudinal investigation of L2 speech learning trajec-
tories beyond this initial phase (Munro, Derwing, & Saito, 2024), we expect
three characteristics among the moderately experienced L2 participants:

1. Substantial, significant improvement is unlikely to be observed at the
group level, as the participants had already benefited from an initial
phase of relatively rapid improvement (Saito & Munro, 2014).

2. Considerable variation in their linguistic performance is likely, with
some experiencing continuous development while others may show
more static levels or even regression due to ongoing L1 interference
(Munro et al., 2024).

3. Such varied L2 performance may be linked to a variety of individual
difference variables, including experience (e.g., how much learners reg-
ularly use a L2; Flege & Bohn, 2021) and aptitude (e.g., Sun et al., 2021).

Focusing on L2 learners who have passed the initial phase of rapid
improvement (LOR = 5–10 months), we examined the role of auditory
processing in L2 speech development. Specifically, we anticipate that learn-
ers with relatively high pitch precision will continue to improve their L2
prosodic proficiency, particularly when they frequently use the L2, whereas
those with relatively low pitch precision may show limited development
or even regression. To establish the threshold for distinguishing high from
low auditory precision, we applied a post hoc statistical approach (namely,
Johnson–Neyman techniques; see the Results section below).

Participants
A total of 46 Chinese college students (3 males and 43 females) studying at
universities in London participated in the study. Their ages ranged from 21 to
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29 years (Mage = 23.60 years, SD = 2.27). None of the participants reported
having any prior study-abroad experience. Initially, at the onset of the project,
Time 1 (T1), their duration of stay in the UK was 5 months. Interested partici-
pants were first interviewed about their previous L2 learning experiences prior
to studying abroad and their current L2 learning experiences. Participants self-
reported a single percentage of L2 English usage for each context. The latter
referred specifically to the percentage of L2 English used both inside and out-
side of school. In the present study, consistently with previous findings (Flege
& Bohn, 2021), we focused on the extent to which participants used L2 English
outside of school, as this measure reflects their voluntary efforts to engage with
the target language and the potential for improvement in L2 speech proficiency.

Next, participants completed a range of auditory processing and L2 tests.
Five months later, at Time 2 (T2), participants returned to take the same
auditory and L2 tests and also reported on their L2 English usage during the
project period. While parts of the data (comprehension data) were reported
in our preliminary report (Sun et al., 2021), the current paper focuses on the
production data.

Prior to the project, participants had reported extensive foreign language
education (Mlength of learning = 13.40 years, SD = 2.02, range = 10–19). Ac-
cording to their self-reported IELTS scores, their general English proficiency
could be classified as intermediate-to-advanced (x > 6.5). A total of 27 out
46 participants reported musical training (defined and operationalized as more
than 6 years of musical training; J. D. Zhang et al., 2020). To survey partic-
ipants’ current L2 learning experience, individual interviews were conducted
based on the Language Contact Profile (Freed et al., 2004). As summarized in
Table 3 and the Results section, their L1 and L2 use widely varied at both T1
and T2.

Auditory Processing Measures
In the current study, two types of auditory processing—pitch and formant
acuity—were assessed to examine the dimension-specific relationship be-
tween auditory processing and L2 speech learning. We hypothesized that
participants’ L2 prosody learning would be linked to their pitch processing
but not to their formant processing because previous research (Jasmin et al.,
2021) suggests that Chinese learners primarily rely on their L1 strategies
(prioritizing pitch information) when learning L2 English prosody.1 To follow
up on the dimension-specific relationship between formant discrimination
and L2 vowel acquisition in task-based L2 training (simulating naturalistic
L2 speech learning), we conducted a separate experiment with a total of 70
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Chinese students of English as a foreign language; the results are reported
elsewhere (Xu et al., in press).

Both pitch and formant acuity were measured through two separate dis-
crimination tasks using nonspeech stimuli, a format widely employed in L1
acquisition and hearing research (Surprenant & Watson, 2001). The test–retest
reliability of these tasks was considered “fair” (ICC = .50–.60; Saito & Tier-
ney, 2024). Additionally, the outcomes of these discrimination tasks have been
shown to predict various L2 phenomena under both naturalistic (Saito, Sun
et al., 2022) and training (Lengeris & Hazan, 2010) conditions.

Materials
A range of synthesized tokens were prepared, characterized by simple acoustic
properties (e.g., flat fundamental frequency contours and unchanging spectral
shape), making them unlikely to be perceived as human speech. For each of
the two subtests (formants, pitch), the stimuli were identical except for the
target acoustic dimension. For the formant subtest, we created 101 complex
tones, consisting of one standard stimulus (Level 0) and 100 comparison stim-
uli (Levels 1 to 100). Each tone lasted 500 ms, with two 5-ms linear amplitude
ramps at the start and end. The fundamental frequency was set at 100 Hz, with
harmonics up to 3000 Hz. Three formants were included at 500 Hz, 1500 Hz,
and 2500 Hz, using a parallel formant filter bank (Smith, 2007). The second
formant (F2) for the standard was fixed at 1500 Hz, while for the comparison
tones it ranged from 1502 to 1700 Hz in increments of 2 Hz. For the pitch
subtest, 101 four-harmonic complex tones were prepared. These also featured
a 5-ms linear ramp at both the beginning and end. The standard stimulus’s fun-
damental frequency was set at 330 Hz, with comparison tones ranging from
330.3 Hz to 360 Hz in 0.3 Hz steps.

Procedure
During each trial, participants listened to three synthesized stimuli. The second
stimulus was always constant, while either the first or last stimulus varied.
Participants had to identify the differing sound by pressing “1” or “3” on a
computer screen, corresponding to whether the first or third stimulus was the
odd one out. For time efficiency, Levitt’s (1971) adaptive threshold procedure
was used to adjust the difference between stimuli based on participant perfor-
mance. Testing began at the midpoint of the comparison stimuli (Level 50 out
of 100), with an initial step size of 10. If a participant responded incorrectly,
the task difficulty was decreased by increasing the stimulus difference by 10
steps. Conversely, if a participant gave three consecutive correct responses, the
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difficulty was increased by reducing the stimulus difference by 10 steps. The
size of the change in difficulty across trials decreased after every “reversal,”
which was defined as either a correct followed by an incorrect response or an
incorrect followed by a correct response. Following the first reversal, the step
size was reduced from 10 to 5, and after the second reversal from 5 to 1. The
test concluded after either 70 trials or eight reversals. Participants’ auditory
processing ability was gauged by averaging the final seven reversal points, with
lower scores indicating greater perceptual acuity, meaning participants could
discern smaller differences between the standard and comparison stimuli.

All the auditory processing tests are available in L2 Speech Tools (Mora-
Plaza et al., 2022).For test manuals and reliability results, see Saito and
Tierney (2024).

L2 Speech Production Measures
Although prosodic aspects of L2 speech proficiency have been extensively ex-
amined, findings have largely been based on controlled production tasks (e.g.,
delayed repetition tasks; Trofimovich & Baker, 2006). It has been reported
that adult L2 learners can monitor and correct their production when they can
fully concentrate on the task, yet such performance may not accurately reflect
their L2 proficiency in real-life situations, where they must use L2 prosody
accurately and fluently while simultaneously attending to various aspects of
language (e.g., vocabulary and grammar; Major, 2001). To elicit participants’
spontaneous L2 speech, two different versions of picture narratives from the
EIKEN English Exam (Versions A and B; see Appendix S1 in the Supporting
Information online) were used. They were counterbalanced to avoid test–retest
effects, with the first half of participants engaging in Versions A → B and the
other half in B → A. A total of 92 picture narratives (46 participants × T1/T2)
were submitted to the rater analyses.

Following the procedure established by Saito et al. (2017), the first 30-s
stretch of each participant’s speech sample—after removing false starts and
silences—was normalized by matching peak amplitude across samples and
eliminating initial disfluencies (e.g., false starts, pauses). To rate the speech
samples, we recruited five native speakers of British English who had exten-
sive experience (> 10 years) of teaching a variety of L2 learners and who held
Master of Arts degrees in Teaching English to Speakers of Other Languages
(TESOL), qualifying them as “expert raters.” The rating session was individu-
ally conducted face to face (in tandem with a trained research assistant).

The raters first received a detailed explanation of English word stress,
intonation, and typical L2 errors (e.g., misplacement and absence of
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Table 1 Training scripts for English prosody (word stress, intonation)

Word stress When an English word has more than one syllable, one of the
syllables will be a little bit louder and longer than the others. For
example, if you say the word “computer”, you may notice that the
second syllable has more stress (comPUter). If you hear stress
being placed on the wrong syllable, or you hear equal stress on all
of the syllables in a word, then there are word stress errors.

Intonation Intonation can be thought of as the melody of English. It is the
natural pitch changes that occur when we speak. For example, you
may notice that when you ask a question with a yes/no answer,
your pitch goes up at the end of the question. If someone sounds
“flat” when they speak, it is likely because their intonation is not
following English intonation patterns.

stress/intonation; see Table 1). They then listened to five practice L2 speech
samples (not included in the main rating session) to familiarize themselves
with the rating procedure. They rated each of these sound samples on the qual-
ity of English word stress and intonation using a moving slider on a computer
screen. For each rating, raters also justified their ratings aloud. On this basis,
the trained assistant attempted to identify whether the raters had any misunder-
standing about the rubrics (e.g., confusion between word stress vs. intonation
or any other dimensions of L2 pronunciation). It was confirmed that all the
raters clearly understood and applied the two rubrics: word stress and intona-
tion. The pronunciation quality of each sample was recorded on a 1,000-point
scale, with each end of the continuum marked by icons representing excellent
(a smiling face) and poor (a frowning face). For on-screen labels, see Figure 1.

Once comfortable, the raters proceeded to assess the main data set in a
session lasting approximately 1.5 hr, with the speech samples played in ran-
domized order. After evaluating the first half of the samples (n = 46), raters
took a 5-min break. Throughout the sessions, raters could consult with the as-
sistant if they had any questions or confusion, though no such issues arose
during the training sessions. Similarly to the raters in a previous study (Saito
et al., 2017), the five raters from the current study exhibited a relatively high
level of agreement (Cronbach’s alpha = .93 for word stress and .90 for into-
nation). For each speaker, the raters’ scores were averaged across dimensions
(word stress, intonation) at T1 and T2, respectively. These scores (summarized
in Table 3) were subsequently subjected to mixed-effects regression analyses
(for details, see the Results section).
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Figure 1 On-screen labels for rating English prosody. Raters assessed the qualities
of stress and intonation separately, using a moving slider upon hearing each sample.
Ratings ranged from 0 (poor) to 1,000 (excellent).

Table 2 Descriptive summary of auditory processing test results for Study 1

Test M SD IQR Q1 Q2 Q3 Q4

Pitch discrimination 13.76 9.30 7.59 3.00–8.00 8.00–10.83 11.00–15.50 15.71–45.00
Formant discrimination 24.67 18.63 30.26 3.00–8.00 9.00–17.29 20.00–37.71 39.75–67.33

Note. Lower scores represent more precise auditory processing. IQR = interquartile
range; Q = quartile.

Results

All the relevant data sets are available via the Open Science Framework
(http://doi.org/10.17605/OSF.IO/9UAN8). Participants’ auditory processing
scores for pitch and formant discrimination are summarized in Table 2 and
visually presented in Figure 2. The results of the Kolmogorov–Smirnov test
revealed that both discrimination scores were positively skewed (pitch dis-
crimination: D = .237, p = .009; formant discrimination: D = .200, p = .043).
Many participants demonstrated particularly precise auditory processing
in pitch discrimination (M = 13.76) compared to formant discrimination
(M = 24.67). These results are unsurprising, given that the participants
were tonal language users (L1 Mandarin Chinese). Interestingly, Spearman
correlation analyses showed that the correlation between the pitch and formant
discrimination test scores did not reach statistical significance (r = .210,
p = .160), suggesting that the two discrimination tests assessed different
dimensions of auditory processing (pitch vs. formant processing).
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Figure 2 Distribution of two types of auditory processing scores among 46 Chinese
learners of English in the UK. Participants’ pitch processing scores were generally
lower, indicating greater precision, compared to their formant processing scores.

As shown in Table 3, the descriptive statistics of participants’ L2 prosodic
proficiency indicated little change in their performance between T1 and T2.
The relatively stable results may be attributed not only to the brief duration of
the project (5 months of study abroad) but also to the participants’ significant
individual differences in L2 usage both inside and outside of school settings,
as well as in auditory processing abilities.

The first objective of the inferential statistical analyses was to examine
how participants’ performance changed during the 5 months of study abroad
in the UK in relation to their different profiles of auditory processing (pitch
discrimination) even when their L2 use was accounted for. To this end, a se-
ries of mixed-effects regression analyses were performed using the R statis-
tical environment (Version 4.3.1; R Core Team, 2023). To construct models
(Models 1–4; see below), the lme4 package was adopted (Bates et al., 2023).
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Table 4 Summary of Model 1

Fixed effects F p ηp
2 R2

conditional R2
marginal

Dimension 46.982 < .001 .26 .779 .225
Time 5.631 .019 .04
Pitch processing 5.363 .025 .11
Dimension × Time 0.399 .528 < .01
Dimension × Pitch Processing 1.130 .289 < .01
Time × Pitch Processing 9.405 .002 .07
Dimension × Time × Pitch Processing 1.091 .298 < .001

Note. Model formula: DV ∼ time∗dimension∗pitch_processing + (1|ID).

In these models, the participants’ L2 prosody scores were used as dependent
variables. The predictor variables included time (T1, T2), prosodic dimension
(word stress, intonation), pitch processing (pitch discrimination scores), L2 in-
side (T1, T2), and L2 outside (T1, T2). (“L2 inside” and “L2 outside” refer to
L2 usage inside and outside of school.)

In Model 1 (DV ∼ time*dimension*pitch_processing + (1|ID)), we aimed
to examine how participants’ prosodic performance changed over time in re-
lation to their continuous auditory processing scores. As shown in Table 4,
main effects of time and auditory processing reached statistical significance
(p = .019, .025, respectively), suggesting that the 5 months of study abroad
did impact participants’ performance and that those with more precise pitch
processing demonstrated more targetlike L2 English prosody. Importantly, in-
teraction effects of time and auditory processing were significant (p = .002).
First, using emtrends in the emmeans package (Version 1.10.7; Lenth, 2025),
we carried out a simple slopes analysis to explore how the effect of auditory
processing on L2 prosodic proficiency changed over time. For T1, the slope of
pitch threshold was −0.00266 (SE = 0.002), with a confidence interval rang-
ing from −0.00667 to 0.00134, suggesting a nonsignificant effect. At T2, the
slope was −0.00619 (SE = 0.002), with a confidence interval from −0.01020
to −0.00219, indicating a significant negative effect of pitch threshold on the
dependent variable (DV). This demonstrates a stronger and statistically signif-
icant influence of pitch threshold at T2, showing that participants with more
precise auditory processing attained more advanced L2 prosodic proficiency
during this period (for a visual summary, see Figure 3).

To further examine the interaction effects of time and auditory processing,
a post hoc analysis was conducted to determine the level of auditory precision
required for participants to show significant improvement over time. For this
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Figure 3 Visual plots depicting the relationship between L2 prosodic proficiency and
auditory processing at the beginning (T1, left panel) and end (T2, right panel) of the
project. Word stress production is represented by green dots and intonation production
by yellow dots. The lines represent linear trendlines, with shaded regions indicating the
95% confidence intervals. Higher prosodic proficiency scores indicate more advanced
proficiency, while lower auditory processing scores signify more precise pitch discrim-
ination. At T1, the role of auditory processing in L2 prosodic proficiency remained
nonsignificant. At T2, participants with more precise auditory processing demonstrated
significantly more advanced L2 prosodic proficiency.

purpose, we applied the Johnson–Neyman technique using the interaction
package. This technique identifies regions where the expected values of a
criterion variable for two groups differ significantly, based on one or more pre-
dictor variables (Potthoff, 1964). This approach allows the statistical analyses
to determine the auditory processing scores at which participants can be cate-
gorized as either improving or regressing, rather than relying on predetermined
indices.

As shown in Figure 4, a pitch threshold of 14 was identified as the cutoff
point: Simple effects of time were significant (p < .05) when participants’
pitch processing scores were above 14 (out of 100). However, the time effects
became nonsignificant when their pitch processing scores were below 14.
Given that higher auditory processing scores indicate lower auditory preci-
sion, these findings suggest that when participants’ auditory precision was
less accurate than the threshold (14 out of 100), auditory processing began to
negatively impact their L2 prosody development.2
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Figure 4 Visual plot showing that simple effects of time reached statistical significance
(p < .05) after the pitch threshold of 14. This indicates that the impact of auditory pre-
cision on L2 speech learning during the period of study abroad was significant among
those beyond the threshold (x = 14), whereas those below the threshold did not show
statistically significant change over time.

To further follow up the nature of the interaction effects (significant effects
among those beyond the pitch threshold of 14 out of 100 points), we divided
the 46 participants into post hoc group categories based on their threshold:
x < 14 for the normative group (n = 33) and x < 14 for the low-precision group
(n = 13). Model 2 (DV ∼ time*dimension*group + (1|ID)) was constructed
to determine how each group (normative vs. low precision) changed their L2
prosodic proficiency over time.

As shown in Table 5, the interaction effects between time and group
reached statistical significance (p = .017). We performed a set of post
hoc multiple comparison analyses using the emmeans package. As visually
summarized in Figure 5, pairwise comparisons adjusted for multiple test-
ing using Tukey’s method revealed no significant difference between T1 and
T2 for the normative auditory precision group (b = −0.012, SE = 0.012,
t = −1.012, p = .313). However, in the lower auditory precision group, a
significant decrease in proficiency was observed from T1 to T2 (b = 0.044,
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Table 5 Summary of Model 2

Fixed effects F p ηp
2 R2

conditional R2
marginal

Dimension 99.3055 < .001 .43 .773 .192
Time 1.7593 .187 .01
Group 3.0576 .087 .06
Dimension × Time 0.7544 .386 < .01
Dimension × Group 0.9142 .340 < .01
Time × Group 5.7688 .017 .04
Dimension × Time × Group 1.2691 .261 < .01

Note. Model formula: DV ∼ time∗dimension∗group + (1|ID).

Figure 5 Changes in group means and 95% confidence intervals for L2 prosodic pro-
ficiency over time (T1 vs. T2), comparing the normative auditory precision group (red)
and the lower auditory precision group (blue). The prosodic proficiency in the norma-
tive precision group remained consistent over time; however, there was a significant
reduction in proficiency among those with lower auditory precision, resulting in signif-
icantly lower scores than those of the normative group at the project’s end (T2).

19 Language Learning 00:0, xxxx 2025, pp. 1–42



Saito and Tierney Auditory Thresholds for L2 Speech Learning

SE = 0.012, t = 2.201, p = .0029). These findings suggest that while there
was no clear improvement in the participants’ L2 prosodic proficiency over
time, the proficiency of those with lower auditory precision became less
targetlike.

In terms of the group differences at T1 and T2, another set of post hoc
analyses showed that the difference in L2 prosodic proficiency between the
normative and lower auditory precision groups was small and not statistically
significant at T1 (b = 0.041, SE = 0.041, t = 0.990, p = .326). At T2, however,
a statistically significant difference was observed between the same groups,
where the group with lower auditory precision showed less advanced L2
prosodic proficiency relative to the normative group (b = 0.098, SE = 0.041,
t = 2.362, p = .022). The results suggest that the effects of auditory processing
in L2 speech learning could be mainly attributable to those with relatively
low auditory precision, as their learning patterns appear limited and may be
characterized as regression despite their intensive input opportunities during
study abroad. See Figure 5 for the post hoc group summary (normative vs.
low) and Figure 6 for individual learners’ trajectories within each post hoc
group category.

While the majority of the participants with relatively low auditory precision
(x > 14) showed regression, the normative group’s L2 prosodic proficiency
(x < 14) did not show significant changes over time. A follow-up analysis was
performed to examine whether certain variables are linked to improvement
over time within individuals in the normative precision group (n = 33). Given
the relatively small sample size, the subsequent findings should be considered
tentative.

Model 3 (DVnormative group ∼ time*dimension*L2_use + (1|ID)) was con-
structed to examine the complex interaction effects of time, L2 use, and audi-
tory processing across the two dimensions of L2 prosodic proficiency (word
stress, intonation). L2 use was calculated based on the percentage of time in
which participants used L2 English (relative to L1 Mandarin) outside schools
at the beginning and endpoint of the project (M = 28.3%, SD = 18.8%,
range = 2.5–95%). As summarized in Table 6, the interaction effects of L2 use
and time reached statistical significance, F = 5.613, p = .019. This suggests
that the predictive power of auditory processing for L2 prosodic development
among those with normative auditory processing profiles may depend on their
experience profiles.3

For the post hoc analysis, participants were divided into two subcategories.
First, we categorized them into regular users versus nonregular users, using
a median split for L2 use (23.75%). Calculating and analyzing the estimated
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Figure 6 Changes over time (T1 vs. T2) in individual participants’ L2 prosody per-
formance, plotted by prosodic features (word stress, intonation) and group (normative
precision, low precision). Significant individual variation was observed within the nor-
mative precision group, whereas a general declining trend in performance characterized
the low precision group.

marginal means (via the emmeans package), multiple comparison analyses
demonstrated that regular users with normative auditory precision signifi-
cantly improved their proficiency over time, from M = 0.525 to M = 0.584;
b = −0.059, SE = 0.023, t = −2.498, p = .014 (Bonferroni adjusted).
However, such significant learning was not observed in the other group
context. The results suggest that a subset of participants with good auditory
processing and high L2 use demonstrated improvement. In essence, normative
auditory precision alone may not guarantee continuous development; how-
ever, it can positively influence L2 speech proficiency, provided that learners
regularly use the target language.

While the analyses presented so far have supported a dimension-specific
relationship between auditory processing and L2 pronunciation learning (i.e.,
pitch discrimination scores significantly predicting participants’ L2 English
prosody development), our final objective was to examine the presumably
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Table 6 Summary of Model 3

Fixed effects F p ηp
2 R2

conditional R2
marginal

L2 Use 5.328 .022 .04 .770 .104
Time 6.310 .013 .06
Dimension 35.618 < .001 .28
L2 Use × Time 5.613 .019 .05
L2 Use × Dimension 3.278 .073 .03
Time × Dimension 0.606 .438 < .01
L2 Use × Dimension 1.202 .275 .01

Note. Model formula: DVnormative group ∼ time∗dimension∗L2_use + (1|ID).

Table 7 Summary of Model 4

Fixed effects F p ηp
2 R2

conditional R2
marginal

Dimension 30.549 < .001 .19 .764 .167
Time 1.046 .308 < .01
Formant processing 1.746 .193 .04
Dimension × Time 0.080 .776 < .01
Dimension × Formant Processing 0.113 .736 < .01
Time × Formant Processing 2.075 .152 .02
Dimension × Time × Formant Processing 0.004 .948 < .001

Note. Model summary: DV ∼ time∗dimension∗formant_processing + (1|ID).

nonsignificant role of participants’ auditory processing in another dimension
(formant discrimination scores) in L2 prosodic learning. To this end, Model
4 (DV ∼ time*dimension*formant_processing + (1|ID)) was constructed.
As summarized in Table 7, the results from mixed-effects modeling analyses
revealed no significant main or interaction effects of time and auditory pro-
cessing (p > .05) when formant discrimination scores were entered as group
variables. These findings confirmed our prediction that auditory processing
impacts L2 speech learning at dimension-specific levels, with pitch but not
formant discrimination scores being predictive of L2 prosodic learning.

Study 2: Corpus Data

In the context of Chinese learners’ acquisition of English prosody during 5
months of study abroad, Study 1 confirmed emerging evidence suggesting a
relationship between auditory precision and L2 speech learning (Mueller et al.,
2012). Specifically, our results align with previous findings that the effects of
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auditory processing are particularly pronounced among individuals with lower
auditory precision, especially when these learners are exposed to real-life,
naturalistic, and challenging learning environments (Chandrasekaran et al.,
2010; Correia et al., in press; Perrachione et al., 2011; Ruan & Saito, 2023; Xu
et al., in press; W. Zhang et al., 2024). The findings indicate a threshold of 14
out of 100 on the pitch discrimination task: Those unable to detect differences
smaller than 4.2 Hz in fundamental frequency exhibited very limited learning
progress. Based on the data, we tentatively conclude that approximately one
quarter of the population (28.2%; 13 out of 46 participants) may fall into the
category of relatively low auditory precision, which could negatively impact
relevant areas of L2 speech acquisition, particularly English prosody.

In order to get a precise idea of how many individuals fall below the thresh-
old measured in Study 1, we designed Study 2 to recruit a larger sample of
participants with similar backgrounds (400 university-level Chinese learners
of English). These participants were asked to take the same pitch discrimi-
nation tests (along with other auditory processing tests). Specifically, Study 2
aimed to determine what proportion of learners would fall above or below the
14 out of 100 score (i.e., 4.2 Hz differences in fundamental frequency) in the
broader corpus of auditory processing data among Mandarin Chinese learners
of English.

Participants
To represent adult individuals with varied proficiency levels and account for
the influence of their L1 background, we initially recruited 400 Mandarin
Chinese learners of English in both China and the UK. To represent the
potential age range of university-level students and match the range of the
participants in Study 1 (M = 23.60, SD = 2.27, range = 21–29), we focused
on learners within a narrow age range: 18 to 32 years old. To maximize the
sample size, we utilized the online psychology experiment builder, Gorilla
(Anwyl-Irvine et al., 2020). We implemented a procedure, established in our
previous research (Saito & Tierney, 2024), to ensure the homogeneous quality
of data collected via online platforms, comparable to face-to-face conditions.
Of the total participants, 95 were derived from our team’s previous published
study (Saito et al., 2024). The remaining participants formed a combined data
set from seven unpublished master’s dissertation projects, which investigated
the auditory processing profiles of Chinese learners of English and their
relation to various types of naturalistic and instructed L2 speech proficiency.

While participants in each project underwent slightly different combi-
nations of auditory processing tests (e.g., discrimination of pitch, formant,
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duration, and amplitude rise time; reproduction of melody and rhythm),
all 400 participants completed both pitch and formant discrimination tests.
In this paper, we report the results of these pitch and formant discrimina-
tion tests, meanwhile continuing to collect and develop sufficiently large
data sets for the other auditory processing test results to inform future
analyses.

The participants’ ages ranged from 18 to 32 years (M = 24.8, SD = 2.8).
They had received an extensive period of English-as-a-Foreign-Language ed-
ucation in China (M = 13.5 years, SD = 3.8, range = 5–24). Of these partic-
ipants, 167 had no experience abroad, while 333 reported varying lengths of
immersion experience in the UK (M = 1.6 years, SD = 2.9, range = 0.4–11),
with different timings of arrival (M = 21.3 years, SD = 3.6, range = 15–32).
Additionally, 154 participants reported having musical training, with durations
varying widely (M = 4.8 years, SD = 4.6, range = 0.5–23). All participants
reported normal hearing.

Results

All the relevant data sets are available via the Open Science Framework
(http://doi.org/10.17605/OSF.IO/9UAN8). In the current investigation, our
primary objective was to define various levels of auditory processing abilities
(first, second, third, and fourth quartiles) among a total of 400 college-level
Chinese learners of English with normal hearing. The descriptive statistics
of participants’ auditory processing scores are summarized in Table 8 and
visually represented in Figure 7. The results of the Kolmogorov–Smirnov
normality test indicated that both pitch and formant discrimination scores sig-
nificantly deviated from a normal distribution (pitch discrimination: D = .208,
p < .001; formant discrimination: D = .076, p < .001). Similarly to Study
1, participants demonstrated notably lower scores, indicating more precise
auditory processing, for pitch information (M = 14.70, interquartile range
[IQR] = 11.37) compared to formant information (M = 31.64, IQR = 27.54).
However, Spearman correlation analyses revealed a statistically significant cor-
relation between pitch and formant discrimination scores (r = .378, p < .001).

An interquartile analysis was conducted to determine the relative position
of the threshold identified in Study 1 (pitch processing score = 14 out of
100) within the larger data set (n = 400 college-level Chinese learners of
English). The results indicated that the pitch discrimination threshold from
Study 1 (x = 14.00) falls into the third quartile (11.16 < x < 17.91). Based
on the raw data, 259 participants scored below 14 (indicating more precise
pitch processing; range = 2.33–13.83), while 141 participants scored above
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Figure 7 Distribution of two types of auditory processing scores among a total of 400
college-level Chinese learners of English in Study 2. In a similar pattern to that of
Study 1, participants’ pitch processing scores were generally lower, indicating greater
precision, compared to their formant processing scores.

14 (indicating less precise pitch processing; range = 14.00–97.75), suggesting
that approximately 35.2% of the population has lower auditory precision.
Interestingly, the suggested ratio in Study 2 (35.2%) was slightly higher than
the ratio in Study 1 (28.2%).

Discussion

Emerging evidence suggests that domain-general auditory precision signifi-
cantly impacts the rate of naturalistic L2 speech learning. Notably, individuals
exhibiting lower auditory precision seem to make limited progress and
regress, even when receiving similar input opportunities to those with nor-
mative auditory processing abilities (e.g., Perrachione et al., 2011). These
findings are crucial, as learners with relatively low auditory precision may
require remedial strategies to fully benefit from each learning opportunity,
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regardless of their aptitude profiles. Recently, auditory processing tests have
been made publicly available for researchers and practitioners to evaluate
individuals’ aptitude profiles, particularly in real-life, naturalistic, and chal-
lenging L2 speech learning environments (e.g., study abroad; Saito & Tierney,
2024).

The current investigation aimed to define what constitutes relatively low
auditory precision in the context of English prosody acquisition among
college-level Chinese learners of English with varying pitch processing abil-
ities. In Study 1, we tracked the English prosodic proficiency of 46 Chinese
learners over a 5-month period of study abroad in the UK, seeking to identify
the pitch discrimination threshold that determined who progressed or regressed
during the study. To estimate the percentage of the population that may fall
into the categories of relatively high versus low auditory precision, we carried
out Study 2, developing a larger corpus data set of 400 college-level Chinese
learners of English.

First and foremost, individual differences in auditory processing were
significantly correlated with the rate of L2 learning. As predicted, a negative
aptitude effect was observed among learners with relatively low pitch process-
ing abilities. Thirteen out of 46 learners who did not meet the pitch processing
threshold (x > 14 out of 100 points; unable to detect differences smaller
than 4.2 Hz in fundamental frequencies) exhibited a significant decline in L2
prosodic proficiency after an extended period of study abroad.

Our findings align with those of existing research on L2 speech training,
which show that learners with normative auditory processing benefit from
real-life speech stimuli (e.g., multiple talkers; Chandrasekaran et al., 2010),
communicatively authentic tasks (e.g., task-based language learning; Ruan
& Saito, 2023; Xu et al., in press), and incidental L2 speech training without
provision of explicit phonetic information (Correia et al., in press). In contrast,
learners with lower auditory precision may encounter obstacles and could
benefit more from tailored speech stimuli, such as those produced by a single
talker (Perrachione et al., 2011) or stimuli where key acoustic features are
enhanced (Iverson et al., 2005).

In our data set, participants with low pitch processing abilities demon-
strated less L2-like and more L1-like prosody after 5 months of immersion.
Those with low pitch precision may struggle to notice crosslinguistic dif-
ferences in pitch usage between Mandarin (a tonal language) and English
(a stress-timed language). Mandarin uses pitch variations within a syllable
to convey meaning, whereas English uses pitch variations across syllables
to emphasize meaning at the sentence level. Learners with imprecise pitch
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processing may reinforce L1 prosodic structures, such as varying pitch at
every syllable, without fully adopting L2-like sentence-level prosody, thereby
producing L2 prosody that is less L1-like over time (Chrabaszcz et al., 2014;
J. Zhang et al., 2018).

Given the findings of recent longitudinal research, regression in L2 speech
learning is not unexpected. Some learners may continue to rely on L1 strategies
even when exposed to L2 input. For instance, Munro et al. (2024) demonstrated
that while certain Slavic learners’ production of English stops became more
intelligible in the initial months of immersion (voice onset time = 30 ms),
their production became more L1-like as they received more L2 input (voice
onset time = 10 ms). Similarly, Japanese learners of English struggle with
the distinction between [r] and [l], often relying on F2 and duration variations
rather than the more reliable F3 variations, reflecting patterns from their L1
(e.g., the Japanese tap). Research on adult Japanese learners indicates that their
perceptual strategy for distinguishing English [r] and [l] tends to be resistant to
change, even after extensive focused training (Ingvalson et al., 2012) and years
of immersion experience (Saito, 2013).

In Study 2, using the larger corpus data set of 400 learners, we found that
approximately 35.2% of the population of L1 Chinese speakers fell below the
pitch discrimination threshold identified in Study 1 (x > 14 out of 100 points).
Without remedial strategies, these learners may face challenges when engag-
ing in naturalistic L2 speech learning (as in study abroad). This figure (35.2%)
is relatively high and needs to be discussed with caution, especially in light
of research on neurodiversity and language learning challenges. In both the
UK and USA, for example, around 10–20% of children are considered neu-
rodiverse, with many experiencing language-related difficulties (e.g., dyslexia,
affecting 5–10% of children; Snowling, 2013). Similarly, approximately 10%
of UK children struggle with language disorders severe enough to impact aca-
demic performance (Norbury et al., 2016).

While the 35.2% figure represents a relatively large proportion, the find-
ings do not suggest that the negative impacts of auditory imprecision are
inevitable. Even individuals diagnosed with amusia can improve their pitch
perception and surpass the amusia threshold (Whiteford & Oxenham, 2018).
Instead, our findings align with the concept of aptitude–treatment interaction
(DeKeyser, 2012), which advocates for profile-matched treatment based on
individual neurocognitive backgrounds. Learners with adequate auditory
precision (approximately the top 2.5 quartiles; 65%) are encouraged to engage
in real-life L2 speech learning environments, such as study abroad, task-based
language learning, and incidental L2 speech learning. Conversely, learners
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with low auditory precision (bottom 1.5 quartiles) may benefit from additional
directed training, such as explicit phonetic instruction (Suzukida & Saito,
2023) or auditory processing training (Saito, Petrova et al., 2022).

Here, it is crucial to stress our conceptual stance once again (i.e., mech-
anistic functionalism: McMurray et al., 2023), which posits that learners with
varying perceptual-cognitive profiles require different optimal strategies for
any learning experiences. We do not view learners with low auditory preci-
sion in terms of deviations or deficits (e.g., regressing during L2 immersion
compared to normative auditory learners who benefit from such immersion).
Instead, we argue that a combination of naturalistic immersion and follow-up
training (e.g., phonetic and/or auditory training) represents an optimal strategy
for learners with low auditory precision to fully capitalize on the naturalistic
immersion experience. It is important to stress that this follow-up training is
intended to complement, rather than replace, naturalistic immersion.

Another key methodological consideration is that the analysis was limited
to a very specific time window of L2 speech learning (LOR = 5–10 months).
Although learners with relatively low auditory precision were found to be at
a disadvantage for L2 English prosody acquisition during this period, we still
lack insight into the rest of their L2 learning journey. Future studies that track
the prosodic development of learners with low auditory precision beyond the
mid-phase of immersion could shed light on whether these learners cease pro-
gressing, with their L1-like performance fossilized, or whether they eventually
notice the acoustic characteristics of L2 speech and resume finetuning. In the
latter case, significant individual variation may still exist in terms of how much
and to what extent these “readjusted” learners halt regression (L1-like perfor-
mance) and ultimately attain L2-like performance over time.

Indeed, Munro et al.’s (2024) 10-year longitudinal data set of Slavic L2
learners of English revealed that even if some L2 learners regressed, particu-
larly around 6–12 months of immersion (following an initial spike in L2 speech
learning), they often regained L2-like performance after extensive immersion
(LOR = 7 years). This developmental trajectory reflects a U-shaped learning
pattern, where initial success is followed by regression and then further re-
finement. This phenomenon has been observed in many different L2 gram-
mar learning contexts, where learners first display success, then regression
due to overgeneralization, and finally refinement as they gain more exposure
(McLaughlin, 1990). According to the usage-based and emergentist account of
L2 learning (Ellis, 2015), learners initially restructure their mental representa-
tions of language based on the frequency and distribution of forms encountered
in their L2 input. They often overgeneralize linguistic rules during this pro-
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cess, leading to errors. However, through exposure to more input and corrective
feedback in socially interactive environments, learners refine their L2 system.

In the context of L1 acquisition, it is important to note that, while auditory
imprecision may slow down the speed of learning, auditorily disadvantaged
individuals still demonstrate normal language development in the long run.
This could be attributed to ample exposure to caregivers’ linguistic input
(Rosen, 2003), their reliance on executive functions (e.g., greater attentional
control; Snowling et al., 2018), and their optimal use of compensatory percep-
tual strategies (e.g., amusic individuals using duration rather than pitch cues
for speech processing; Jasmin et al., 2020).

Taken together, our current investigations provide some of the first longitu-
dinal evidence suggesting that normative auditory processing is necessary, but
not sufficient, for successful L2 speech learning. On the one hand, normative
auditory precision facilitates and accelerates L2 learning, particularly when
learners actively seek, receive, and use more communicatively authentic L2
input (Flege & Bohn, 2021). On the other hand, a lack of adequate auditory
precision may disadvantage learners in such environments. These learners
may struggle in naturalistic L2 speech settings at least within a short period
of time (LOR < 1 year), and thus may benefit more from explicit phonetic
instruction and/or auditory processing training, particularly before engaging
in naturalistic L2 learning. This approach would help them to fully optimize
their L2 learning opportunities.

Given the results presented so far, it is finally pertinent to discuss why we
observed significant correlations between auditory processing and L2 prosodic
proficiency at the endpoint (T2) but not at the outset of the project (T1). These
results align with emerging cross-sectional evidence indicating that auditory
processing can explain significant variances, particularly among L2 learners
with adequate amounts of L2 immersion experience but not among those with
little or no immersion experience (e.g., Saito et al., 2021). These studies sug-
gest that the effects of auditory processing on L2 speech learning become more
apparent as learners gain more naturalistic immersion experience (the link be-
tween pitch processing and L2 prosody performance being significant at T2
but not T1).

At the onset of naturalistic immersion, learners can quickly improve their
L2 speech proficiency, regardless of their auditory processing profiles. After
the initial phase of L2 speech learning, those with greater auditory processing
capabilities can maximize each practice opportunity, provided they actively
seek such opportunities. However, those who do not reach normative auditory
precision may become confused if merely exposed to real-life, complex L2
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input. This exposure could potentially fossilize L1 speech processing patterns
and hinder L2 speech processing (Perrachione et al., 2011).

Limitations

Given the exploratory nature of this project, several limitations should be
acknowledged to guide future replication studies. These are discussed in the
sections below.

Scope of Auditory Processing and Diversity of Participants
While insightful, the benchmarks suggested in this study are exclusively
limited to pitch and formant discrimination and their relation to Chinese
learners’ English prosody development. Future studies should extend the
scope to include (a) a larger and more diverse sample of L2 learners with
varied L1 backgrounds and (b) different types of auditory processing tests
(see, e.g., Holt et al., 2018, for dimension-selective attention; Saito et al.,
2021, for audio-motor integration). Validation studies are also needed to deter-
mine how L2 learners’ auditory processing performance can uniquely predict
dimension-specific aspects of L2 speech learning (e.g., discrimination of
second and third formants vs. English [r] and [l] acquisition among Japanese
learners; Saito, Hanzawa, et al., 2022).

Normative Auditory Precision
The study hinted at the possibility that a lack of normative auditory precision
may hinder successful L2 speech learning. In the L1 acquisition literature,
while many studies have shown such negative impacts, these often compare
groups that are substantially contrastive (those with vs. without language
disorders). The relationship between auditory processing and its impact on
language learning/delay could be highly mixed within normal hearing indi-
viduals (Suprenant & Watson, 2001). Thus, it is premature to draw definitive
conclusions about the negative effects of auditory imprecision in L2 speech
learning. Further studies are needed to precisely disentangle why less precise
auditory processing can slow down or hinder L2 speech learning processes.

Cognitive Abilities and Auditory Processing
Although we demonstrated that participants’ pitch discrimination scores were
independent of formant discrimination scores, these test scores could be linked
to other cognitive abilities such as attentional control and working memory,
given that auditory processing was measured via behavioral tasks (Rosen,
2003). Future studies should control for the confounding effects of other
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cognitive abilities and explore the relative strength of predictive power among
auditory processing and other well-studied cognitive variables (see, e.g.,
Huensch, 2024, for working memory; Darcy, Mora, & Daidone, 2016, for
inhibitory control). It would be particularly interesting to investigate whether
those with low auditory precision can compensate for the negative impact of
auditory processing, especially when they possess relatively great cognitive
abilities (Snowling et al., 2018). Another way to investigate the predictive
power of auditory processing for language learning without the confounding
influence of cognitive variables would be to make use of neural measures
such as the frequency-following response, an assessment of auditory neural
encoding that is relatively unaffected by attention and cognitive state (Varghese
et al., 2015).

Long-Term L2 Immersion and Cognitive Abilities
Our analyses focused on moderately experienced L2 learners (length of resi-
dence < 1 year), whereas much attention has been given to the role of aptitude
in ultimate attainment among highly experienced L2 learners (length of resi-
dence > 10 years; Abrahamsson, 2012). The incidence of highly advanced L2
speech proficiency has been linked to a range of cognitive abilities, such as
associative, working, and procedural memory (Granena & Long, 2013; Linck
et al., 2013; Silbert et al., 2015). Future studies could explore how those with
varied perceptual and cognitive abilities engage in long-term L2 immersion ex-
periences and the extent to which they can improve their L2 speech proficiency.

Tonal Versus Nontonal L1 Backgrounds in L2 Prosody Acquisition
While the current study highlighted the acquisition of L2 prosody, there is
ongoing discussion regarding how tonal versus nontonal language speakers
approach this feature differently. Research suggests that tonal language users
may possess an advantage in L2 prosody acquisition, particularly when pitch-
related cues, such as in English word stress and intonation, are involved, owing
to their enhanced sensitivity to various pitch features, including pitch height
and contour. In contrast, nontonal L1 speakers tend to be more influenced
by the spectral properties of stress, such as vowel duration and intensity,
even when these are not the primary cues in L2 prosody acquisition (for a
comprehensive summary, see Jongman & Tremblay, 2020). The present study
represents an initial step toward examining the complex interaction between
pitch processing and L2 prosody acquisition, focusing on Chinese speakers
as tonal language users. This emphasis opens up several avenues for future
research. First, it would be informative to explore whether the findings differ
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if the L2 learners are nontonal language speakers (e.g., French speakers), who
may rely more on spectral and intensity cues rather than pitch for L2 prosody
acquisition. Second, the findings could be replicated in contexts where English
prosody is driven by pitch as a primary cue (e.g., word stress and intonation),
as well as in contexts where duration, rather than pitch, plays a critical role
(e.g., phrase boundaries).

Temporal Cues in L2 Prosody Acquisition
In the current investigation, we posited and provided supporting evidence that
more precise pitch processing could facilitate L2 English prosody acquisition.
In the case of word stress, existing research suggests that native English
listeners utilize not only pitch as a primary cue but also duration and intensity
as secondary cues (Fry, 1958; Lieberman, 1960). Interestingly, Mandarin Chi-
nese listeners tend to rely excessively on pitch (Y. Zhang et al., 2008). Future
research should investigate how Chinese listeners with heightened sensitivities
to duration and intensity may enhance their English prosody proficiency,
enabling them to continue using pitch as a cue while achieving near-native
performance.

Conclusion

Drawing on the sensory theory of L1 acquisition, a growing body of research
suggests that domain-general auditory processing mechanisms underpin the
rate of adult L2 speech learning (Mueller et al., 2012). This is particularly
relevant when learners engage with the target language in real-life, commu-
nicatively authentic contexts in a similar way to L1 acquisition (Saito et al.,
2022). In this study, we built on the emerging hypothesis that, while auditory
precision generally relates to language learning, its influence would be most
evident among those with lower auditory precision, suggesting that reduced
auditory precision could impede their L2 speech development.

Our analysis focused on the dimension-specific relationship between the
development of English prosody proficiency in Chinese learners and their in-
dividual differences in pitch processing abilities. Study 1 tracked 46 Chinese
learners in study-abroad contexts and found a significant interaction between
L2 usage and improvement in the group with normative auditory processing
abilities. Echoing prior literature (Flege & Bohn, 2021), this suggests that
learners with normative pitch processing abilities continued to improve their
English prosody production as a result of increased daily L2 usage.

In contrast, learners with low pitch processing abilities exhibited re-
gression, likely because these perceptually unprepared learners processed
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more authentic L2 input through the prosodic patterns of their L1, leading
to outputs that were more characteristic of the L1 and less representative of
the L2. As noted by Munro et al. (2024), and conceptualized as the U-shaped
learning trajectory under the usage-based account of L2 learning (Ellis, 2015),
the phenomenon of regression could be found among certain L2 learners,
especially during the early-to-mid phase of L2 speech learning. Here, we
add that the regression could be linked to individual differences in imprecise
auditory processing. Drawing on a large corpus of pitch discrimination data
from a similar population (n = 400 university-level Chinese learners of En-
glish), Study 2 indicated that approximately the bottom 1.5 quartiles (35.2%)
of individuals with normal hearing fell into this low auditory precision
category.

The interplay of experience, auditory processing, and L2 speech learning
offers multiple implications for both practitioners and researchers. First,
exposing learners with suboptimal auditory processing abilities to naturalistic,
real-life L2 speech input might hinder—or at least not promote—their L2
speech learning. Such individuals may benefit from modified, tailored L2 in-
put and training to effectively discern and comprehend perceptual differences
between the L1 and L2, thereby developing new L2 phonetic representations
relative to their L1 counterparts. Those considered perceptually unready (i.e.,
below the normative auditory precision range) should be encouraged to engage
in explicit phonetic instruction, wherein they can hear acoustically enhanced
speech, particularly in face-to-face settings (Suzukida & Saito, 2023).

In contrast, individuals with normative auditory processing should be en-
couraged to use and practice the target language as often as possible. They
are considered perceptually ready to make the most of ample and communica-
tively authentic L2 practice opportunities. These individuals should be encour-
aged not only to develop and revise their L2 phonetic representations but also
to automatize them through such opportunities (e.g., study abroad, task-based
language learning).
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Notes

1 It is important to note that the overreliance on pitch cues may not be an optimal
strategy because other aspects of acoustic information equally play important roles
in English prosody perception (e.g., formant processing for vowel reduction; Y.
Zhang & Francis, 2010).

2 In the main analysis, we adopted a less conservative threshold, suggesting that
participants with pitch processing scores above 14 exhibited significant time effects,
indicative of slower L2 speech learning. However, as shown in Figure 4, the time
effects became nonsignificant when participants’ pitch processing scores ranged
between 25 and 30. These findings suggest a more conservative threshold of 30,
with significant time effects observable only when participants’ pitch processing
scores exceeded this value. Referring to the corpus data results from Study 2,
approximately 15% of the normal hearing population may fall into the category of
learners with low auditory precision based on the more conservative threshold. By
contrast, using the less conservative threshold, approximately 35% of the normal
hearing population could be classified as learners with low auditory
precision.

3 The low-auditory-precision group showed comparable L2 use profiles at T1 and T2
(M = 27.1%, SD = 18.1%, range = 3.5–80%). A one-way analysis of variance
(ANOVA) indicated no significant group difference in L2 use, F = 0.164, p = .687.
To examine whether L2 use predicted speech development within the
low-auditory-precision group, we conducted a similar analysis: DV low auditory
group ∼ time*dimension*L2_use + (1|ID). The interaction effect between L2 use
and time was not statistically significant, F = 0.002, p = .958. These findings
suggest that, unlike in the normative group, L2 speech development among
low-auditory-precision learners may not be influenced by their amount of L2 use
during the study period (LOR = 5–10 months).
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