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ABSTRACT:
Most current theories and models of second language speech perception are grounded in the notion that learners

acquire speech sound categories in their target language. In this paper, this classic idea in speech perception is

revisited, given that clear evidence for formation of such categories is lacking in previous research. To understand

the debate on the nature of speech sound representations in a second language, an operational definition of

“category” is presented, and the issues of categorical perception and current theories of second language learning are

reviewed. Following this, behavioral and neuroimaging evidence for and against acquisition of categorical

representations is described. Finally, recommendations for future work are discussed. The paper concludes with a

recommendation for integration of behavioral and neuroimaging work and theory in this area.
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I. INTRODUCTION

For decades, researchers have asked how non-native

speakers learn novel categories in a new language. Native

listeners are thought to typically demonstrate categorical

perception of speech sounds (Liberman et al., 1957). That

is, they demonstrate increased sensitivity for sounds across a

category boundary, but reduced sensitivity for sounds within

the category. However, non-native speakers typically do not

demonstrate such perception of contrasts in their second lan-

guage (L2), especially early in learning (e.g., Miyawaki

et al., 1975). Instead, they are typically unable to differenti-

ate between sounds that are not contrastive in their native

language (L1). The bulk of previous work in L2 speech

sound learning has directly examined the extent to which

non-native speakers are able to learn to differentiate

between two sounds that do not exist in their L1. Years of

work have demonstrated that, indeed, listeners are capable

of learning to differentiate between speech sounds in their

L2 after training in the lab, in the classroom, or from natu-

ralistic experience (e.g., Bradlow et al., 1997; Lively et al.,
1993; Logan et al., 1991).

While significant ground has been covered in our inves-

tigations of non-native speech sound category learning in

adults, a question remains: are these learners actually

acquiring native-like categories?1 While most models of L2

speech perception rely on the notion of emergent categorical

representations, very few directly define how “categories”

are operationalized for L2 listeners and what native-like

“categorical” performance would entail.

In native language contexts, speech perception is

thought to be “categorical” in that adult listeners demon-

strate not only increased sensitivity to sounds across cate-

gory boundaries in their L1, but also reduced sensitivity

within a category (Kuhl, 1991; Xu et al., 2006). That is, sen-

sitivity to equivalent acoustic steps is non-linear. For some

“steps,” the sensitivity is much lower than one would expect

if perception were continuous (i.e., reduced sensitivity), and

for others, the sensitivity is much higher than one would

expect (i.e., increased sensitivity). Adult L1 users flexibly

utilize their category representations to deploy position- and

context-sensitive versions of these speech sounds (i.e., allo-

phones) in production and interpret acoustically similar ver-

sions in perception (e.g., Mitterer and Reinisch, 2017).

Native listeners can flexibly generalize this knowledge to

novel speakers and novel lexical items (Munson, 2011).

Further, according to some theories of category learning,

learners extract features from their learned categories and

use this information in categorizing other sounds (e.g., Xu

et al., 2006). That is, features of the sounds could be used to

generalize to novel talkers, novel words, novel contexts, and

perhaps even other sounds that share some features.

However, these factors of “categorical” perception of

speech sounds are typically not systematically examined in

L2 speech category learning. Instead, the focus is somewhat

reductionist, a small number of tasks designed to examine

discrimination and/or identification of novel speech sounds.

Recent evidence from neuroimaging suggests that even

when behavior on tasks typically used to investigate L2 cat-

egory learning stabilizes, the neural signatures of category

formation differ substantially between L2 learners and L1

language users (Feng et al., 2021; Reetzke et al., 2018).

a)This paper is part of a special issue on Reconsidering Classic Ideas in

Speech Communication.
b)Electronic mail: mbaesebe@uoregon.edu
c)Also at: Center for the Neural Basis of Cognition, Pittsburgh, PA 15232,

USA.

J. Acoust. Soc. Am. 152 (5), November 2022 VC 2022 Acoustical Society of America 30250001-4966/2022/152(5)/3025/10/$30.00

FORUM.................................

https://doi.org/10.1121/10.0015230
mailto:mbaesebe@uoregon.edu
http://crossmark.crossref.org/dialog/?doi=10.1121/10.0015230&domain=pdf&date_stamp=2022-11-16


Therefore, it is possible that non-native speakers are not

acquiring categories, per se or at least that their behavior is

not consistent with acquisition of a categorical, abstract

representation. If this is the case, most models of L2 speech

perception would need to be drastically revised, as

“category learning” is currently the basis of the assump-

tions of these models. Indeed, this suggestion is in line

with a growing body of work questioning the role of cate-

gories in perception during L1 learning and in L1 speech

perception more broadly (Feldman et al., 2021; Jusczyk,

1992; McMurray, 2022; Schatz et al., 2021; Toscano et al.,
2010).

In this perspective article, we investigate speech sound

learning in L2 and the evidence for and against native-like

category representations.2 We draw from both behavioral

and neuroimaging work in the area, investigating how

these two approaches could be used synergistically to bet-

ter understand speech sound learning and how it may (or

may not) connect to other types of learning later in life. We

conclude with recommendations for future work in this

area.

II. OPERATIONAL DEFINITION OF CATEGORY

The discussion of the extent to which L2 learners are

acquiring categories begs the question “What is a cat-
egory?” Before continuing our review of behavioral and

neuroscientific evidence for and against the formation of

novel sound categories in adulthood, we provide an oper-

ational definition of category and what features learned

categories, from our perspective, should demonstrate.

Broadly, we define a category as an abstract and general-

izable representation that enables listeners to perceive

highly variable acoustic input and efficiently process it

through a more parsimonious representation with fewer

perceptual dimensions than the raw sensory input. That

is, rather than having to process every individual feature

to perceive the item, we can rely instead on compact,

abstract category representations (Niv, 2019; Tang et al.,
2019).3 Below, we outline four facets of how behavior or

neural representations may reflect truly categorical

representations.

A. Categorical representations should reflect both
acquired distinctiveness and acquired equivalence

If non-native speech sounds are represented categori-

cally, learners should demonstrate both distinctiveness

between categories and equivalence within categories. A

hallmark of categorical perception is the heightened dissimi-

larity between categories and the reduced dissimilarity

within categories (Harnad, 2003). Native listeners are both

better able to detect differences between categories and less

able to detect differences within categories (e.g., Liberman

et al., 1957). If the representations of non-native learners are

truly categorical, then this bidirectional relationship should

also be present.

B. Categorical representations should enable robust
and flexible generalization

Categorical representations enable generalization to

novel exemplars never encountered during training. Truly

categorical representations should enable robust (i.e., con-

sistent and widespread) generalization that is flexible in dif-

ferent contexts (i.e., variable talker or acoustic contexts) and

stable over time. Native listeners can accommodate much

variability to generalize to novel talkers and contexts (e.g.,

Maye et al., 2008). If non-native speech sound representa-

tions are categorical, they should enable consistent percep-

tion across novel and/or atypical category exemplars.

Generalization is crucially important for understanding the

formation of categorical representations because it suggests

a level of abstraction that is assumed necessary in most

models of speech perception. That is, to handle the variabil-

ity a listener receives, they must be able to generalize from

prior experience to novel experiences that often do not have

direct acoustic matches to the listener’s previous input.

C. Categorical representations should be
independent of the learner, learner’s strategy,
and learning pathway

Categorical representations should reflect more about

the category and less about the perceiver. While there are

some individual differences in native language speech per-

ception and categorization, there may be fewer individual

differences than in non-native language speech perception

(Feng et al., 2021; Schertz et al., 2015) (Fig. 1). During

non-native language learning, learners may rely on different

cognitive processes or strategies to form representations and

learn the categories (Chandrasekaran et al., 2015; Yi et al.,
2016). It is not well understood how these different paths of

non-native speech learning influence learners’ psychological

or neural representations of the sounds. For example, while

learners who can show high-dimensional, compact represen-

tations demonstrate improved learning compared to learners

who do not (Tang et al., 2019), the impact of this on strategy

or learning outcome in L2 speech is unclear. That is, it is

possible that individual differences are not simply differ-

ences in individual performance on the same task, but rather

are indicative that some learners are learning one thing

while others are learning another. We propose that truly cat-

egorical representations of speech should be independent of

the learner.

D. Category representations should be able to drive
plasticity at multiple levels of the speech network

In a native language, listeners can leverage abstract,

high-level speech sound representations across the auditory

hierarchy to aid perception in challenging listening condi-

tions (Chandrasekaran et al., 2009; Krishnan et al., 2005;

N€a€at€anen et al., 1997). Per the reverse hierarchy theory

(Ahissar and Hochstein, 2004), expertise is characterized by

the ability of an individual to categorize using top-down

neural mechanisms as well as the ability to reach down to
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lower sensory levels during perceptual challenges (e.g., due

to low signal-to-noise ratio). If speech representations in L2

reflect categorical representations, listeners should demon-

strate the same ability to flexibly utilize multiple levels of

the speech network to improve performance in challenging

listening conditions.

E. Summary

Finally, it is important to note that the definition of a

category and how it is reflected in psychological and neural

representations is not widely agreed upon, and many other

researchers have posited other facets of a category that we

do not directly consider here. For example, we do not con-

sider the nature of categorical representations (e.g., exem-

plar vs prototype vs boundary representations). We believe

that any of these models are not necessarily in conflict with

the definition presented here and could be incorporated into

the definition proposed above.

In Secs. III–VII, we review evidence for categorical

perception in L1 to better contextualize the hypothetical

goal of L2 speech sound learning, discuss theories of cate-

gorical representations in current theories of L2 speech

learning, present evidence for and against category represen-

tations in L2 speech learning, and finally present recommen-

dations for future research in better consideration of the

nature of speech sound representations.

III. CATEGORICAL PERCEPTION

Categorical perception is frequently considered a hall-

mark of native speech perception. An oft-used example to

assess is voice onset time (VOT), the amount of time

between the release of a stop consonant and the onset of

periodic voicing of the vowel (Abramson and Whalen,

2017). This contrast differentiates /t/ from /d/ in English

(Lisker and Abramson, 1964). In English, certain words

are distinguished only by whether they contain one of these

two sounds (e.g., “tab” and “dab” are different words in

English). Along this acoustic–phonetic continuum, listen-

ers show good discrimination when contrasting sounds

belong to two categories in their language but reduced dis-

crimination when the sounds are within a single category

(Liberman et al., 1957). That is, listeners demonstrate dis-

continuities in their perception. Rather than perceiving

each acoustic step as equally distant from the previous

step, some acoustic steps are perceived as more distinct

than others.

Identification and discrimination of sounds by non-

native listeners mirrors meaningful, behaviorally relevant

distinctions in the listener’s native language. For example,

native English listeners are able to categorize and discrimi-

nate tokens from an /r/–/l/ continuum, a contrast that is

meaningful in their native language. However, Japanese lis-

teners demonstrate poor discrimination between those same

sounds, since the distinction is not meaningful in their native

language (Iverson et al., 2003; Lotto, Sato, and Diehl, 2004;

Yamada and Tohkura, 1992). That is, listeners’ perception

relies on the category structure of their language (e.g., Best

et al., 1988; Kuhl et al., 1992; Werker et al., 1981; Werker

and Tees, 1984). How these categories are acquired is a mat-

ter of substantial debate. While some theoretical approaches

to language acquisition have hypothesized that “category” is

the unit of acquisition, other work has suggested that catego-

ries are simply emergent properties that develop as a func-

tion of exposure (Goldinger and Azuma, 2003; Hall et al.,
2018; Samuel, 2020). Indeed, the notion of phonetic catego-

ries in infant learning, which has long been held as a given

in the field, has been recently brought into question

(Feldman et al., 2021; Schatz et al., 2021). That is, the type

of learning most commonly thought of as “categorical”

learning in infant perception may be better accounted for

with explanations that rely on infants learning a perceptual

FIG. 1. (Color online) (A) Performance on Mandarin tone learning task for non-native learners (native English listeners) and native Mandarin listeners.

Error bars reflect standard error of the mean. Individual subject performance is shown in gray and group mean in black. (B) Decision strategies, assessed

with decision bound models (Ashby and Maddox, 1992, 1993) for non-native learners and native Mandarin listeners from the final block in (A). Most native

listeners use procedural-based strategies, whereas non-native learners use a variety of strategies, including conjunctive rules and unidimensional rules based

on pitch height and pitch direction of the stimulus. A subset of non-native participants randomly guess the category identity even in the final block of

learning.
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space that appropriately represents the speech they are

exposed to, without reliance on categories, per se.

Specifically, under many circumstances, listeners dem-

onstrate more gradient perception in their L1 than discrimi-

nation and identification results alone might suggest. For

example, employing tasks that allow for more gradient

responses or measurements (e.g., eye-tracking, event-related

potentials, and visual analog scales, among others;

Kapnoula et al., 2017; McMurray et al., 2002; Toscano

et al., 2010) results in listeners demonstrating gradient sen-

sitivity to categories. Indeed, the observation that

“categorical perception” may be relatively task dependent

has been discussed for many years (e.g., Pisoni and Lazarus,

1974; Pisoni and Tash, 1974). In the provocatively titled

“The end of categorical perception as we know it,”

Schouten and colleagues note that categorical perception as

it is typically conceived may be an artefact of bias within

tasks (Schouten et al., 2003). However, despite these chal-

lenges, which we also address below, categorical perception

is often used as a benchmark task for successful acquisition

of non-native speech sounds. That is, by comparing discrim-

ination and/or identification performance by native speakers

to this same performance by learners or by comparing per-

formance at different points in learning, investigators have

inferred whether language learners are successful or

unsuccessful.

With this question in mind, we turn to a related, critical

question: what is the extent to which adult learners can

acquire novel non-native categories, given the apparent

robustness of categorical perception in one’s native lan-

guage? How flexible are perceptual categories in adulthood?

Much previous work has addressed this issue in a variety of

modalities. In many perceptual modalities, it is clear that

flexibility allows for new categories to be acquired with

exposure (e.g., olfaction and taste or bird watching; Royet,

2013; Tanaka and Curran, 2001). However, many perceptual

categories, including novel speech sound categories, are

notoriously difficult to acquire in adulthood (Flege, 1991;

Fox et al., 1995; Wang et al., 1999), as sensitivity to these

contrasts typically declines during childhood (e.g., Pegg and

Werker, 1997; Sundara et al., 2008; Tsao et al., 2006). Even

after substantial experience with a non-native language, per-

ception and production of non-native speech sounds remain

a challenge for many learners (Ingvalson et al., 2011).

Previous work suggests several possible explanations for

this difficulty, and some studies have examined whether,

and how, novel sound categories can be acquired in adult-

hood, focusing largely on perceptual learning.

IV. CURRENT THEORIES OF L2 SPEECH SOUND
LEARNING

Various theories have provided explanations for the dif-

ficulty in non-native speech sound learning along with pre-

dictions about how such learning of sound categories ought

to proceed (e.g., Best, 1995; Best and Tyler, 2007; Elvin

and Escudero, 2019; Escudero, 2009; Flege, 1995; Flege

and Bohn, 2021; Iverson and Kuhl, 1995; Kuhl et al., 2008;

van Leussen and Escudero, 2015). Most of these theories

forecast how non-native listeners will learn novel contrasts.

One commonality among them is their assumption that new

languages will be learned through the lens of the learner’s

L1. Our ability to learn new contrasts is shaped by the con-

trasts we already know.

While each of these theories predicts that perception of

novel contrasts, and subsequent acquisition of these con-

trasts, is shaped by the learner’s L1, the specifics of how the

L1 will impact the second vary. For example, Flege’s speech

learning model (Flege, 1995; Flege and Bohn, 2021) pre-

dicts that sounds in the L2 that are similar to sounds in the

L1 may be more difficult for a learner to acquire than other

sounds in the learner’s L2. The perceptual assimilation

model (Best, 1995; Best and Tyler, 2007) similarly suggests

that the learner’s L1 will impact their perception of novel

speech sounds and that this perception is likely to vary

depending on how listeners assimilate novel sounds into

their existing L1 categories. In contrast, the native language

magnet model (Iverson and Kuhl, 1995; Kuhl et al., 2008)

focuses primarily on perception within categories. This

model suggests that, while listeners are likely to use their L1

as a lens for perception of L2 sounds, this lens “pulls” per-

ception toward L1 categories. Predictions are made for how

listeners not only categorize L1 sounds but also identify the

best exemplars of a target category. In contrast, the L2 lin-

guistic perception model (Elvin and Escudero, 2019;

Escudero, 2009; van Leussen and Escudero, 2015) proposes

that not only must listeners shift their L1 phoneme category

boundaries, but they may also need to increase or decrease

the number of categories they deploy during perception of

their L2. That is, in addition to influence from the L1 in

terms of exact phonetic implementation of categories in

their L2, listeners must also contend with the issue that the

number of categories may differ across their L1 and target

languages, requiring more drastic reorganization than simple

shifting of boundaries between two categories.

Supporting these theoretical stances, previous research

has contributed to knowledge of how novel speech sound

categories are formed in both L1 and L2. For example, sev-

eral researchers have demonstrated that in the laboratory,

listeners are able to learn novel speech sounds after a rela-

tively short period of exposure (e.g., Bradlow et al., 1997;

Bradlow et al., 1999; Iverson et al., 2005; Lively et al.,
1993; Logan et al., 1991). Learning in these cases is typi-

cally defined as above-chance discrimination or identifica-

tion or as a significant change from a participant’s

performance before training to their performance after train-

ing. Therefore, the bulk of previous work and the aforemen-

tioned theories focus primarily on the extent to which a

learner is able to differentiate between two contrasting

sounds in their non-native language better than chance. The

models do not directly address the issue of whether learners

are acquiring categorical representations or how these repre-

sentations might be reflected in participant behavior across a

variety of tasks. That is, our understanding of speech sound

learning in L2 is largely limited to acquired dissimilarity
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across a small number of perceptual and production tasks.

More importantly, however, the primary models that have

been used to describe category formation have relied exten-

sively on the notion of categories and that novel categories

are the target of learning.

V. EVIDENCE FOR AND AGAINST CATEGORIES IN L2
SPEECH SOUND LEARNING

As mentioned above, previous work in this area has

focused largely on a limited number of tasks. For example,

in discrimination tasks, participants are asked to tell one

sound (or set of sounds) apart from another. These tasks

take a variety of specific forms (e.g., AX, ABX, 4IAX, etc.),

but the intuition embedded in all of them is that before train-

ing, learners should be quite poor at discriminating between

sounds across the (new) category boundary. However, after

training, participants should demonstrate improved perfor-

mance when discriminating between these sounds.

Similarly, for identification tasks, participants are asked to

classify or label sounds that they hear. Before training, it is

expected that learners should demonstrate poor performance

on these tasks but should improve after training. This

improvement, or increased discrimination, from pre- to post-

test for example, is often taken as evidence that participants

have acquired novel categories. While this change from pre-

to post-test certainly demonstrates some type of learning, it is

unclear whether these tasks (often implemented separately

and not in connection with any other measures of category

formation) paint a complete picture of what participants are

actually learning. That is, it is unclear whether these tasks can

speak to the notion of whether learners are acquiring a cate-

gory at all, especially given that L1 perception has demon-

strated that tasks can impact how “categorical” perception is

(Kapnoula et al., 2017; McMurray et al., 2002; Pisoni and

Tash, 1974; Toscano et al., 2010).

However, even under the assumption that these tasks

can demonstrate what a learner is acquiring, the issues with

demonstrations of categorical perception (or lack thereof)

remain. A specific challenge to the pre-to-post-test learning

improvements being evidence of the emergence of categori-

cal representations is that non-native learners often perform

at lower levels than native listeners, even with extensive

training (Bradlow et al., 1997, 1999; Ingvalson et al., 2011;

Lim and Holt, 2011; Lively et al., 1993; Lotto et al., 2004;

McCandliss et al., 2002; Yamada and Tohkura, 1990).

Additionally, after initial stages of learning, while some

learners demonstrate evidence of acquired distinctiveness

(i.e., increased dissimilarity between categories), evidence

of acquired equivalence (i.e., increased similarity within a

category) is often not investigated. Indeed, while it seems as

though these two changes should go hand in hand, most

studies only report evidence of improved discrimination for

across-category comparisons and do not report whether lis-

teners acquire similarity over time. This is critically impor-

tant because while, in general, listeners do not accurately

differentiate among tokens from novel categories, there are

some contrasts that listeners do more successfully

differentiate between, even without any significant training

(Best et al., 1988; Flege, 1995). That is, it is unclear whether

the bulk of the data in this area can speak to whether learn-

ers are acquiring categorical representations, even in cases

where this is claimed to be the case [see, e.g., M.M.B.-B.’s

own work (Baese-Berk, 2019) for claims about the categori-

cal nature of L2 speech sound representations].

An even clearer sign that perhaps listeners are not

acquiring categories comes from generalization to novel

instances not encountered during training. In general, this

type of learning is quite specific to the stimuli used during

training (Logan et al., 1991). That is, even if learners dem-

onstrate robust performance on the trained stimuli, they

often fail to generalize this learning to novel stimuli. Even if

generalization is somewhat successful, performance is often

below that of the trained stimuli (Iverson et al., 2005). This

is true for new words containing the same contrast, trained

words spoken by new talkers, related contrasts that differ in

their exact phonetic realization (i.e., a trained contrast word-

initially now presented word-finally), and related contrasts

that share some features of the trained contrast (i.e., a voicing

contrast at a new place of articulation). This lack or reduction

in generalization could be taken as a suggestion that listeners

are failing to develop categories under the definition that a

category ought to be flexibly and robustly generalizable to

new instances that a learner has not previously encountered.

This is not to say that generalization is impossible. Indeed,

under some circumstances, learners do generalize to novel

items and novel talkers. However, to achieve this generaliza-

tion, learners may require extensive amounts of variability in

both talkers and trained items during their training input (e.g.,

Logan et al., 1991; but see Brekelmans et al., 2022).

However, this type of high variability training is not a

successful strategy for all learners (e.g., Perrachione et al.,
2011). This observation brings us to an additional major

challenge in the category learning literature, which is that

individuals demonstrate substantial differences in terms of

both quantity of learning and strategies used to learn. There

are large individual differences in how well individuals

learn non-native speech categories (Golestani and Zatorre,

2009; Heffner and Myers, 2021; Llanos et al., 2020;

McHaney et al., 2021). In one prior study, a large sample of

native English listeners learned to categorize Mandarin

tones produced by multiple talkers (Chandrasekaran et al.,
2015) using trial-by-trial feedback. On average, participants

showed above-chance performance [mean (M)¼ 60% accu-

racy by the final block, standard deviation (SD)¼ 28%], but

different individual learners span the entire range of perfor-

mance from at-chance levels to perfect performance [Fig.

1(A)]. The same variability is not evident in the perfor-

mance of native listeners of Mandarin on the same

sound-to-category mapping task [Fig. 1(A)]. What underlies

different levels of success in speech category learning in

non-native listeners is not well understood.

Additionally, it is possible that learners may ultimately

achieve similar levels of performance but use entirely differ-

ent strategies. Even in highly controlled nonspeech category
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learning tasks, learners differ widely in the strategies they

use to separate the sounds into categories (Chandrasekaran

et al., 2016; Roark and Chandrasekaran, 2021; Roark and

Holt, 2019a, 2019b, 2022). During Mandarin tone learning,

there was large variability in the strategies that non-native

learners used even in the final block of training [Fig. 1(B)].

The same strategy differences are not apparent in native lis-

teners’ categorizations [Fig. 1(B)]. Learners differ in the

acoustic cues or dimensions they use for categorization and

how they weigh the cues or dimensions. Learners also can

change strategies over the course of early learning, as they

get more and more accurate. Even high performing learners

can use different strategies relative to experts. Further, in

some cases, the same listeners demonstrate different cue-

weighting, and different amounts of cross-listener variability

in their cue-weighting strategies, across their L1 and L2

(Schertz et al., 2015).

There is also evidence to suggest that experiences or

identities—beyond L1 language experience—that the learner

brings to a category learning problem can also influence their

learning strategies and outcomes. For example, individuals

with elevated depressive symptoms learned non-native

Mandarin tone categories better than those without elevated

depressive symptoms, using category-optimal strategies ear-

lier and more frequently during learning (Maddox et al.,
2014). Similarly, musicians learned better than non-

musicians and used category-optimal strategies earlier and

more frequently (Smayda et al., 2015), though it is important

to note that using a single term “musicians” for a wide range

of experiences also likely does not capture the substantial

individual differences within this group (Tervaniemi, 2009).

Individual differences in cognitive abilities like working

memory have also sometimes been shown to relate to the

ability to learn non-native speech categories (McHaney et al.,
2021). However, in other studies, working memory has been

shown to be unrelated to non-native speech learning (Heffner

and Myers, 2021; Ingvalson et al., 2017; Perrachione et al.,
2011). Given the operational definition of category presented

above, this level of individual variability in performance and

learning strategy is problematic for the notion of category

learning in general. That is, if category learning is founda-

tional either to L2 acquisition (i.e., is the clear target of learn-

ing) or is foundational to L1 performance (i.e., is a hallmark

of native-like perception), these categories and how they are

learned ought to be robust across learners. While there may

be individual differences in learning speeds or strategies for

novel categories, these differences should not be so robust

that some learners acquire the structure while others remain

at chance-level performance. That is, these individual differ-

ences must be considered to understand the nature of learned

representations of L2 speech sounds—whether these repre-

sentations are categorical or not.

VI. NEUROIMAGING EVIDENCE FOR AND AGAINST
CATEGORY LEARNING

Recent advances in neuroimaging analytic approaches

provide insights into the nature of emergent speech

representations in learners, how these representations are

acquired, and the extent to which these representations

resemble native listeners (e.g., Bidelman et al., 2013; Feng

et al., 2021; Yi et al., 2021; Song et al., 2008). An emergent

perspective is that unlike native acquisition of speech cate-

gories, category learning in adulthood requires some amount

of supervision (Vallabha and McClelland, 2007). The under-

lying hypothesis is that unsupervised learning processes are

less effective in adults. Adults, therefore, rely on domain-

general neural systems to assist in shaping emergent

representations (Feng et al., 2019, Feng et al., 2021). In par-

ticular, the dual-learning systems (DLS) model states that

initial learning is facilitated by a sound-to-rule mapping net-

work (termed “reflective” learning) involving the executive

cortico-striatal loop, the anterior cingulate cortex, and the

medial temporal lobe (Yi et al., 2016). Such learning is

characterized by generation of hypotheses on the basis of

the underlying cues and validation of these hypotheses via

an error monitoring process that validates rules (or promotes

the generation of new rules). In contrast, later learning is

facilitated by a sound-to-reward mapping network (termed

“reflexive learning”) involving the associative cortico-

striatal loop. Such learning is characterized by stimulus-to-

response mapping, facilitated by the reward value induced

by motor response. Per the DLS model (Chandrasekaran

et al., 2014; Yi and Chandrasekaran, 2016), individual dif-

ferences can emerge via the balance between the two learn-

ing systems; some learners can get stuck with their

exclusive reliance on the reflective learning network, when

the multidimensional nature of the categories renders learn-

ing via the reflexive network more optimal (Feng et al.,
2021).

Neuroimaging studies have yielded support for key

components of the DLS model (Feng et al., 2021).

Specifically, learners tend to activate both the reflective and

reflexive network when they are processing feedback infor-

mation during the sound-to-category learning task (Yi et al.,
2016). Crucially, there appears to be a shift in the balance

between these systems for successful learners. By the end of

a session of training, learners who tend to activate the puta-

men, a part of the reflexive learning network, tend to use

more multidimensional (reflexive) strategies during learning

and achieve better learning performance. These results sug-

gest a significant involvement of domain-general learning

systems during L2 speech acquisition. These systems have a

protracted developmental timeline and are unlikely to play a

key role in native acquisition (Reetzke et al., 2016). Feng

et al. (2018) showed that “representations” of tone catego-

ries can emerge in left auditory association cortex within a

few hundred trials of sound-to-category training. These rep-

resentations are tolerant of talker and segmental variability,

suggesting some level of “abstractness.” When learners

encounter an error via incorrect feedback, there is greater

coupling between the auditory associative cortex and the

reflexive network, suggesting a role for domain-general cor-

tico-striatal network in shaping the emergent category repre-

sentations in the left temporal lobe. A question that is
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relevant to the premise of this article is the nature of the

emergent representation and the extent to which these repre-

sentations are native-like. Using an analytic approach called

representational similarity analyses (Kriegeskorte et al.,
2008), Feng et al. (2021) demonstrate that emergent repre-

sentations in successful learners show similarities with those

in native listeners in that they are high-dimensional and

emerge in similar brain regions within the speech perceptual

network. Crucially, there are striking differences between

successful and less successful learners. In contrast to

successful learners, less successful learners show less effi-

cient and low-dimensional representations. Indeed, low-

dimensional representations may be enough for accurate

performance under some task conditions; a higher-

dimensional representation may be crucial for accurate per-

formance across a range of task conditions (Niv, 2019).

Reetzke et al. (2018) examined the impact of longer-

term training on the sensory encoding of Mandarin tone cat-

egories in non-native listeners. In this study, learning

stages were operationally defined by directly comparing

learning performance to native listeners. Reetzke et al.
binned learning stages into “novice” (after the first session),

“experienced” (performance is “native-like” for three con-

secutive sessions), “over-trained” (ten additional sessions

beyond the “experienced” stage), and “retention” (2 months

after cessation of training). A categorical perception task

involving a continuum from level to rising pitch trajectories

was used to assess perceptual changes as a function of train-

ing across sessions. The frequency-following response

(FFR), a neural measure that reflects the representational

fidelity of early sensory processing, was used to assess the

impact of training on sensory representation. Despite signifi-

cant inter-individual differences during the early stages of

learning, learners were able to categorize non-native tone

categories with native-like accuracies and retained this high

performance in the retention session. Native-like categorical

perception emerged by the “experienced” stage of process-

ing, indicating a shift in category identification as a function

of training. In contrast, the FFRs were subject to change

only by the over-trained session, indicating that low-level

sensory plasticity emerges at a slower time scale (after

extensive training). Crucially, plastic changes to the FFRs

were retained during the retention session, suggesting that

experience-dependent changes were not transient.

Taken together, neuroimaging evidence suggests that

the process of category learning and the nature of emergent

category representations in L2 learners show distinct differ-

ences relative to native learners. These may partially reflect

fundamentally different brain dynamics in perceptual learn-

ing in adulthood. L2 category acquisition in adulthood

follows a reverse hierarchy that is more supervised and

top-down, whereas L1 acquisition is likely to be more unsu-

pervised and “bottom-up” (Vallabha et al., 2007). L2 acqui-

sition may be subserved by feedback-dependent, domain-

general cortico-striatal learning systems, whereas L1

acquisition may reflect unsupervised statistical-based learn-

ing processes that are minimally dependent on feedback.

Representations in native listeners are robust to talker and

segmental variability, multidimensional, and efficient.

While there are indications that some L2 learners may show

similarities to native listeners, many other learners do not.

These large-scale individual differences indicate that L2

acquisition is shaped by the individual factors (e.g., musi-

cianship, working memory capacity) in the manner that L1

is not.

VII. FUTURE DIRECTIONS AND
RECOMMENDATIONS: RETURNING TO THE
OPERATIONAL DEFINITION OF CATEGORY

Given this evidence, we return to the operational defini-

tion of “category” we presented above to outline recommen-

dations that would enable researchers to more directly

answer whether learners are acquiring categories in their L2,

especially early in learning.

A. Categorical representations should reflect both
acquired distinctiveness and acquired equivalence

Learners should demonstrate both distinctiveness

between categories and equivalence within categories.

Recommendations: To probe whether learned representa-

tions are truly categorical, researchers should assess both

acquired dissimilarity and equivalence. This would require

additional methods in many cases where researchers com-

monly rely on tests of dissimilarity only (i.e., ability to

group stimuli into separate groups). Tests of equivalence

could include discrimination tasks, sampling along a contin-

uum. Truly categorical representations should invoke both

distinctiveness between categories and equivalence within

categories.

B. Categorical representations should enable robust
and flexible generalization

Truly categorical representations should enable robust

(i.e., consistent and widespread) generalization that is flexi-

ble in different contexts (i.e., variable talker or acoustic

contexts) and stable over time. Recommendations:

Researchers should thoughtfully include variability during

both training and generalization. This may include acoustic

descriptions of the stimuli being presented to participants

and a characterization of the variability being presented to

participants. If researchers plan to make claims about the

categorical nature of the representations being learned, they

should include tests of generalization and should be clear

about what these results demonstrate. Researchers should

use longitudinal approaches to understand the emergence of

representations from initial exposure to true expert levels.

C. Categorical representations should be
independent of the learner, learner’s strategy,
and learning pathway

Categorical representations should reflect more about the

category and less about the perceiver. Recommendations:

One challenge to understanding the underlying causes of
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variability in strategies and performance is that they are often

not reported in the literature. That is, authors tend to report

group means and variability, rather than showing individual

subject data. We recommend that part of the solution to

understanding non-native learners’ representations is

acknowledging and embracing the individual variability. This

approach will better enable examining the different processes

or resulting representations that different learners may

acquire. For instance, it is possible that different learners may

acquire different structures of representations, with some

forming highly abstract and categorical representations and

others relying on low-level acoustic representations without

underlying categorical representations.

D. Category representations should be able to drive
plasticity at multiple levels of the speech network

Categorical representations should enable flexible

utilization of multiple levels of the speech network to

improve speech perception in noise. Recommendations:

Neuroimaging approaches in humans rarely provide infor-

mation at multiple hierarchical levels. Functional magnetic

resonance imaging (fMRI), extensively used to document

emergent representations of L2 categories, often disregards

lower levels of the auditory hierarchy. These lower-level

structures are small, physiologically noisy, and often disre-

garded due to a cortiocentric bias in fMRI literature (Ress

and Chandrasekaran, 2013). In contrast, electroencephalog-

raphy (EEG) offers access to multiple hierarchical levels,

but without the spatial precision of fMRI. One recommenda-

tion to overcome these methodological challenges is to con-

duct multimodal neuroimaging studies that are capable of

assaying neuroplasticity across the auditory hierarchy.

E. Additional considerations

In addition to these recommendations, it is critical that

researchers clearly differentiate between perceptual learning

and category learning. That is, while we do not dispute the

fact that leaners are changing behavior from pre- to post-test

or are able to demonstrate above-chance discrimination on

some trained stimuli, we caution that, given the definition of

categorical representations described above and the prob-

lems laid out by L1 research in this area regarding the prob-

lematic definitions of categorical perception, this learning

cannot always be described as category learning. Given this,

theories and models of L2 speech sound learning should be

modified such that the reliance on category structure is an

emergent property during learning over a longer period of

time, rather than an early-stage learning outcome that could

be easily testable after only an hour or two of training.

Finally, we would like to suggest that future work can

incorporate insights from a wide range of methodological

approaches. By including linguistic, cognitive, computa-

tional modeling, and neuroscientific approaches, we will

be better able to address questions of what learners are

acquiring during training and will be able to devise better

theories and models to test predictions around how learn-

ing proceeds.
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