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ABSTRACT
Most current models of nonnative speech perception (e.g., extended perceptual assimilation model,
PAM-L2, Best & Tyler, 2007; speech learning model, Flege, 1995; native language magnet model,
Kuhl, 1993) base their predictions on the native/nonnative status of individual phonetic/phonological
segments. This paper demonstrates that the phonotactic properties of Japanese influence the perception
of natively contrasting consonants and suggests that phonotactic influence must be formally
incorporated in these models. We first propose that by extending the perceptual categories outlined in
PAM-L2 to incorporate sequences of sounds, we can account for the effects of differences in native
and nonnative phonotactics on nonnative and cross-language segmental perception. In addition, we
test predictions based on such an extension in two perceptual experiments. In Experiment 1, Japanese
listeners categorized and rated vowel–consonant–vowel strings in combinations that either obeyed or
violated Japanese phonotactics. The participants categorized phonotactically illegal strings to the
perceptually nearest (legal) categories. In Experiment 2, participants discriminated the same strings in
AXB discrimination tests. Our results show that Japanese listeners are more accurate and have faster
response times when discriminating between legal strings than between legal and illegal strings. These
findings expose serious shortcomings in currently accepted nonnative perception models, which offer
no framework for the influence of native language phonotactics.

Keywords: Japanese; perceptual assimilation; phonology; phonotactics; second language perception

Current nonnative (L2) perception models posit that the phonological (abstract
categories of “sound” in a language) and phonetic (acoustic/articulatory realiza-
tions of the phonemic categories) contrasts of a speaker’s native language (L1)
systematically influence how learners perceive phones in a second language (L2;
Best, 1995; Best & Strange, 1992; Best & Tyler, 2007). Such models (e.g.,
extension to the perceptual assimilation model, PAM-L2, Best & Tyler, 2007;
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speech learning model, Flege, 1995; native language magnet model, NLM, Kuhl,
1993, see discussion below) have primarily focused on the effect that non-
overlapping and/or partially overlapping phonemic and phonetic categories have
on L2 speech perception without formal consideration of the role of phonotactics
in L2 perception. Existing research has typically focused on situations in which
L2 listeners perceptually assimilate two or more L2 phones into a single native
phonemic category; this situation commonly results in difficulties discriminating
the two phones in question. The degree of difficulty experienced by listeners in
such studies is often quantified in terms of consistency of L2-to-L1 category
assimilation patterns and L2 contrast discrimination accuracy. The degree of
difficulty of these tasks has, however, also been found to increase the response
time of participants, and this increase in response time is generally assumed to be
a manifestation of increases in cognitive load (e.g., Adank, Evans, Stuart-Smith,
& Scott, 2009; Munro & Derwing, 1995; Schmid & Yeni-Komshian, 1999).
A number of existing studies have shown that L1 phonotactics influences L2

perception (e.g., Dupoux, Parlato, Frota, Hirose, & Peperkamp, 2011;
Hallé, Dominguez, Cuetos, & Segui, 2008; Kabak & Idsardi, 2007). These
studies have typically found that listeners sometimes misperceive speech
sequences that violate native phonotactics as those that do not. However, this
research has almost exclusively focused on constraints on consonant sequences,
such as the consonant clusters in /fmatu/ or /tlabod/ (e.g., Davidson & Shaw,
2012; Hallé, Segui, Frauenfelder, & Meunier, 1998). Limited research to date has
examined the role of co-occurrence restrictions at the consonant–vowel (CV)
level, despite results from 40 years of phonological research suggesting that the
syllable plays a pervasive role in shaping the sounds of languages (e.g., Blevins,
1995; Kahn, 1976). The small volume, and narrow scope, of experimental work
examining the phonotactic shaping of perception likely limits current theories of
speech perception by disregarding phonotactic constraints on the distribution of
L1 phones and the role that such constraints may also have in L2 perception.
The present paper addresses this gap and demonstrates that phonotactic

properties, beyond the constraints on consonant clusters, influence segmental
perception, in this case the perception of English consonants by Japanese learners
of English. Through two experiments, we show that Japanese co-occurrence
restrictions, which limit how Japanese consonants and vowels may combine in
CV sequences, systematically influence L2 perception. The first experiment
examines how Japanese listeners categorize /VCV/ sequences (hereafter,
“strings”) of phones that occur in Japanese which either violate (hereafter, “illegal
strings”) or adhere to (hereafter, “legal strings”) Japanese phonotactic constraints
(see Table 1). The results show that illegal strings are categorized as instances of
the perceptually nearest legal category but, on average, are assigned a lower
goodness-of-fit rating than their legal counterparts, suggesting that listeners
typically perceive illegal strings as less canonical than legal strings.
The second experiment examines the discriminability of legal and illegal

strings in a series of AXB discrimination tests (Table 1). The results indicate that
Japanese phonotactic constraints systematically shape segmental perception, such
that even contrastive L1-occurring phonemes become difficult to discriminate
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when one phone occurs as part of an illegal sequence. These results, however,
show that the relationship between a phoneme and its phonetic realization is
dependent on the sequence in which the phone occurs and that sequence’s
adherence to the phonotactic constraints of the L1. We account for these findings
by extending one of the prevailing models of speech perception, the perceptual
assimilation model (Best, 1995; Best & Tyler, 2007). However, PAM-L2 only
considers the effects of nonoverlapping phonetic and phonemic inventories and
would therefore predict that contrasting legal strings such as /uʃu/-/usu/ would be
equally discriminable to contrasting strings that vary in their legality, such as
/iʃi/-/isi/. The experiments detailed in the present paper show that this is not the
case, and we therefore propose that an extension to PAM-L2 is necessary to
predict and account for this variance. This extension is discussed below. In what
follows, we discuss the crucial aspects of Japanese phonotactics that are required
to understand the foundations of the experimental sections that follow.

JAPANESE PHONOTACTICS

Japanese phonology is prominently characterized by its restrictive phonotactic
system, which disallows non-homorganic consonant clusters (Tsujimura, 2013).
The limits on Japanese consonant sequences have been the focus of most studies
that have examined the influence of phonotactically conditioned constraints on
perception, (e.g., Dupoux, Kakehi, Hirose, Pallier & Mehler, 1999; Dupoux et al.,
2011). In addition to the constraints on consonant sequences, Japanese also has
numerous co-occurrence restrictions on possible /CV/ combinations (Kawahara,
Ono, & Sudo, 2006; Tsujimura, 2013), and we argue that these constraints
provide a unique opportunity to examine the interface between phonology and
phonetics. Therefore, Japanese phonotactic constraints on /CV/ combinations
allow us to show that the typical association between a phoneme and its phonetic
realisation such as between /s/ and [s] can be disrupted by phonotactic constraints
to such an extent that [s] will be more readily assimilated to /ʃ/ than to /s/ under
certain conditions, despite the fact that /s/ and /ʃ/ are contrastive phonemes in the
language. The results suggest that such remappings influence both discrimination
accuracy and the time it takes for participants to respond to discrimination tests.

It is likely that such perceptual behavior is linked to the observation that
contemporary Japanese speakers fall along a continuum that determines how
closely they adhere to Japanese phonotactics when producing loanwords with
phonotactically illegal segmental combinations (Pintér, 2015). It is probable that

Table 1. AXB test contrasts used in Experiment 2

/iʃi/-/iti/
/uʃu/-/usu/
/itʃi/-/iti/
/iʃi/-/isi/

/utsu/-/utu/

Note: Illegal strings are represented by bold type.
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the introduction of recent loanwords has led to a “split” in some of these pho-
nemes so that erstwhile allophones have now become contrastive in environments
in which the contrast was formerly predictable (Mutsukawa, 2009; Pintér, 2015;
Vance, 1987; possible innovative CV combinations are shown in Table 2). To our
knowledge, the present studies provide the first experimental support for such a
language shift with associated changes in perception.
Itô and Mester (1999) propose that Japanese phonological rules, including

phonotactic restrictions, exist in a hierarchy that reflects the stratified structure of
the lexicon. They maintain that lexical items in the more established strata adhere
to a greater number of these phonological restrictions. The rules (expressed as
phonological constraints in an optimality theoretic model of the grammar) pro-
vide a framework for a “core-periphery” structure in which the distance from the
core indicates the degree of integration of lexical items (Pintér, 2015): items that
are closer to the core are more nativelike while items that are on the periphery are
less nativelike. The concept of constraint hierarchies can be applied directly in the
analysis of weakening phonotactics: innovative /CV/ combinations can be
accounted for by extending the lexicon with new constraints at the periphery. For
example, Conservative Japanese maintains the constraint */si/ and the constraint
*/ti/ so one might expect that an English word like “city” /siti/ would be borrowed
by Conservative Japanese speakers as /ʃitʃi/. Itô and Mester propose that these
constraints exist at unequal distances from the core of their model, with */ti/
occurring further from the center than */si/, meaning that the constraint against
/si/ sequences is more strongly maintained than the constraint against /ti/
sequences, for all speakers. They argue that one might expect an Innovative
dialect speaker to produce the word “city” as /ʃitʃi/, /ʃiti/, or /siti/; however, /sitʃi/
contravenes the faithfulness rankings in the loanword stratum. The core-periphery
model finds a direct reflection in the perceptual behavior of the speakers in this
study, thus supporting Itô and Mester’s proposals.
In the following, we propose that the difference in ranking between the */si/ and

*/ti/ constraints likely influences the rate at which listeners are exposed to each
sequence in Japanese discourse and argue that this results in perceptual tuning,
allowing for a more accurate disambiguation between predictable sequences and
their perceptually nearest legal counterparts (/ʃi/ and /tʃi/, respectively). We propose

Table 2. Selection of possible CV combinations in Conservative and Innovative
Japanese

/s/ /ʃ/ /t/ /tʃ/ /ts/

/a/ sa ʃa ta tʃa tsa
/i/ si ʃi ti tʃi tsi
/u/ su ʃu tu tʃu tsu
/e/ se ʃe te tʃe tse
/o/ so ʃo to tʃo tso

Note: Adapted from Bloch (1950, p. 123). Bold type represents innovative combinations.
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a similar relationship between /ti/ and /tu/. Tamaoka and Makioka (2004) have
conducted a corpus analysis of over half a billion CV sequences in Japanese
newspapers, which includes most innovative sequences. While they provide counts
of /ti/ (66,313 occurrences) and /tu/ (1,854 occurrences), they do not provide a /si/
count. This is likely because their interpretation of the kana (script) is based upon a
report by the Cabinet of Japan’s Ministry of Education, Culture, Sports, Science
and Technology (1991), which offers no standardized method for transcribing /si/
(see Table 3). Therefore, we can predict that /ti/ likely occurs more frequently than
/si/ and /tu/ in spoken Japanese discourse, but we can make no such prediction as to
the relative frequency of /si/ and /tu/.

SEGMENTAL PERCEPTION AND PHONOTACTICS

A number of models of speech perception, including the speech learning
model (Flege, 1995), the native language magnet model and its expansion (NLM/
NLM-e; Kuhl, 1993; Kuhl et al., 2008) and the perceptual assimilation model and
its extension to L2 perception (PAM/PAM-L2; Best, 1995; Best & Tyler, 2007),
aim to account for the well-documented difficulties experienced by L2 language
learners and participants in cross-language and L2 perception experiments.
PAM-L2, developed by Best and colleagues (Best, 1994, 1995; Best & Tyler,
2007), contends that nonnative perception is predictable if the degree of
articulatory-phonetic or gesture similarity between native and nonnative phones is
taken into account. PAM-L2 proposes that nonnative speech perception is robustly
filtered by listeners’ linguistic backgrounds, so that listeners assimilate nonnative
sounds into their nearest phonemic (L1) category. This accounts for the well-
documented difficulty Japanese listeners experience in distinguishing English /r/
from /l/. PAM-L2 asserts that these nonnative sounds are perceptually similar due
to their assimilation into a single Japanese category. The perceptual “filter” is the
result of what PAM-L2 describes as a process of perceptual “tuning”: the process
whereby an individual’s linguistic perceptual system adapts to focus on the

Table 3. Katakana graphemes used for transcribing CV combinations

/s/ /ʃ/ /t/ /tʃ/ /ts/

/a/ サ シャ タ チャ ツァ
/i/ シ ティ チ ツィ
/u/ ス シュ トゥ チュ ツ
/e/ セ シェ テ チェ ツェ
/o/ ソ ショ ト チョ ツォ

Note: Innovative combinations (represented by underlines) are standardized forms
proposed by the Cabinet of Japan’s Ministry of Education, Culture, Sports, Science and
Technology (1991). Here, /si/ is left blank because, while スィ is offered as a
suggestion, the report indicates that the transcription of /si/ is up to the discretion of the
individual.

Applied Psycholinguistics 40:2
Kilpatrick et al.: Japanese co-occurrence restrictions

589

https://doi.org/10.1017/S0142716418000711 Published online by Cambridge University Press

https://doi.org/10.1017/S0142716418000711


meaningful information contained within the phonological and phonetic systems of
their native language (Kuhl, Wiliams, Lacerda, Stevens, & Lindblom, 1992;
Werker & Tees, 1984). PAM-L2 also assumes that perceptual tuning and the
acquisition of new phonetic categories is possible throughout the life span,
although infants, children, and adults perceive nonnative speech differently from
native speech because their perceptual systems have been tuned to their native
language to varying degrees as a function of native language exposure.
Research also suggests that perceptual tuning involves two processes: per-

ceptual broadening and perceptual narrowing (Scott, Pascalis, & Nelson, 2007),
which simultaneously improve the ability to detect and differentiate between
commonly occurring stimuli, while causing a decline in the ability to differentiate
between uncommon stimuli (e.g., Lewkowicz, 2014; Scott & Monesson, 2010;
Scott et al., 2007). Perceptual narrowing is demonstrated by studies that examine
the “untuned” perceptual systems of infants, which find that infants can dis-
criminate between unfamiliar, nonnative phones more accurately than adults from
the same speech community (e.g., Werker, Gilbert, Humphrey, & Tees, 1981;
Werker et al., 2007). Once the perception system has been “tuned” (in adulthood),
native speakers experience varying degrees of difficulty in perceiving speech
sounds that do not represent native contrasts for them. PAM-L2 suggests a
number of ways in which nonnative segments may be perceived in relation to
native phones; these include, in gradient fashion: nonnative phones that may be
perceived as a good example of a native phonemic category; an adequate example
of a native phonemic category; a deviant example of a native phonemic category;
and a phone that falls completely outside of any phonemic category.
On the basis of these patterns, PAM-L2 predicts the extent of discriminability

of a given nonnative contrast:

1. Two category assimilation (TC), where both nonnative phones are perceived as
instances of two native phonemic categories. TC distinctions are expected to be
highly discriminable because TC pairs are mapped to different native phonemic
categories.

2. Category goodness difference (CG), where both nonnative phones are perceived
as members of a single native phonemic category, but differ in the goodness-of-
fit to that particular native category. Discrimination of CG contrasts is expected
to range from medium to good depending on the magnitude of difference in the
goodness-of-fit to the native phoneme category into which they are assimilated.

3. Single category assimilation (SC), where both nonnative phones are perceived as
equally good instances of a single native phonemic category. SC distinctions are
expected to be difficult to distinguish, because both phones map to a single
category equally well.

4. Both uncategorizable, where both nonnative phones fall in between two or more
existing native phonemic categories. PAM-L2 considers both phonetic and
phonological elements when explaining the discriminability of phones that have
no resemblance to native categories. Both uncategorizable distinctions are pre-
dicted to range from poor to moderate discriminability, depending on their
perceptual proximity to each other and existing categories.
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5. Uncategorizable versus categorizable, where one nonnative phone falls between
two or more native categories while the other is perceived as an instance of a
native category. Uncategorizable versus categorizable distinctions are often
easily distinguished because one sound is mapped to an existing phonemic
category, while the other is not recognisable and is therefore perceived as dif-
ferent to the mapped phone.

6. Non-assimilable, where nonnative speech sounds are so divergent from native
speech sounds that they are not processed as speech. In these instances, phone
discriminability may range from good to excellent, depending on the perceptual
difference between the divergent phones.

While PAM-L2 provides predictions for the ways in which individuals will
perceive nonnative segments, these predictions are made exclusively on the basis
of differences in the phonemic inventories of two languages, and the phonetic
realizations of these phones. PAM-L2 does not take into account the influence of
phonotactics, despite findings suggesting that native phonotactics systematically
influence nonnative segmental perception in some cases (e.g., Cuetos, Hallé,
Dominguez, & Segui, 2011; Dupoux et al., 1999; Hallé & Best, 2007; Hallé et al.,
1998; Wagner, Shafer, Martin, & Steinschneier, 2012). For instance, researchers
have observed that French listeners perceptually repair word initial /tl/ and /dl/
clusters as /kl/ and /gl/ (Hallé et al., 1998), likely because word-initial /tl/ and /dl/
clusters are a violation of French phonotactics, whereas clusters of velar stop plus
lateral are phonotactically legal. A limited number of previous studies have,
however, relied on PAM to provide a theoretical framework to explain the
influence of phonotactics on nonnative/L2 segmental perception. For example, in
a study of Japanese perception of nonnative phonology, it is argued that Japanese
listeners perceptually repair consonant clusters with epenthetic vowels, as in the
case of /ebzo/→ /ebuzo/ (Dupoux et al., 1999). Here, the researchers propose that
PAM might be altered to span larger chunks of signal (Dupoux et al., 1999).
Following this suggestion, we present such an extension of PAM to the level of
phonotactics, which proposes that monolingual Japanese speakers decode the
speech signal as individual units but are tuned to the frequency at which units co-
occur.

EXTENDING PAM-L2

PAM-L2 argues that listeners are tuned to the phonological and phonetic con-
trasts of their L1, and in the following, we extend this model to incorporate the
influence of L1 phonotactics in cross- and L2 perception. We propose that lis-
teners perceive and map cross-language and L2 input not only in terms of indi-
vidual phones (which has generally been the focus in PAM/PAM-L2 based
research) but also in terms of the transitional probability of sequences of sounds.
Phonotactically prohibited sequences of phones are mapped to sequences that are
both perceptually similar to the incoming signal and transitionally probable. In
the context of the present paper, this extension predicts that stimuli that contain
diphones that Japanese listeners are infrequently exposed to in their L1 (such as
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/si/, /tu/, and /ti/) will sometimes be assimilated to their perceptually nearest legal
match (/ʃi/, /tsu/, and /tʃi/). Consistent with PAM-L2, we propose that listeners are
sensitive to the frequency at which sounds co-occur and because these phono-
tactically illegal diphones vary in how frequently they occur in Japanese dis-
course, we predict that illegal tokens will also vary in their discriminability
against their legal matches. Here, we predict that the /itʃi/-/iti/ contrast will be
easier to distinguish than /iʃi/-/isi/ and /utsu/-/utu/ contrasts due to the likely
increased frequency with which /ti/ occurs in Japanese discourse. This inter-
pretation would suggest that frequently occurring sequences behave as instances
of existing native categories, while less frequently occurring sequences behave as
less canonical instances of their perceptually nearest match, depending on how
often listeners are exposed to them. Essentially, our model proposes that certain
patterns of segment assimilation outlined in PAM-L2 can be extended to
sequences of speech, and while PAM-L2 only considers contrasting phonetic and
phonemic inventories, our extension also considers the frequency at which lis-
teners are exposed to certain sequences of sounds.
We propose that, by extending PAM-L2 to incorporate phonotactic constraints

on nonnative phoneme sequences, the above /ebzo/-/ebuzo/ example can be
framed as a PAM-L2 CG contrast, whereby the illegal consonant cluster is
undergoing perceptual assimilation. Due to restrictions in Japanese phonotactics,
Japanese listeners are infrequently exposed to non-homorganic consonant clus-
ters, and /VbzV/ is thereby sometimes assimilated to its most perceptually similar
match, /VbuzV/. It is important to note that in this case, /u/ is epenthesized
because the Japanese /u/ is the most phonetically minimal Japanese vowel
(Dupoux et al., 2011), making it a nearer match to the missing sound.
In the light of our extension of PAM-L2 presented above, we can formulate a

number of general predictions for how native phonotactic constraints shape the
perception of nonnative phonological (and phonetic) segments. In general, we
predict that nonnative listeners with limited L2 experience (i.e., listeners whose
phonology is closer to the “core” in Itô and Mester’s, 1995, terms) will more
accurately discriminate between sequences of phones that are assimilated into two
discrete native phonotactic structures (TC contrasts) and less accurate at dis-
criminating between sequences of phones that are assimilated into the same native
phonotactic structure, whether equally well (an SC contrast) or with differences in
the goodness-of-fit to the native category (a CG contrast). Just as is generally
predicted for SC contrasts, it is likely that nonnative phonotactic strings that are
assimilated equally well into the same native phonotactic structure will be nearly
impossible to discriminate. We also predict that TC contrasts will require less
processing time than CG contrasts, resulting in differences in response time on
perception tasks involving these contrasts. In summary, we predict that tests that
measure the discriminability of phonotactically illegal and legal diphones are
more difficult than those that measure between two legal diphones, and that this
will increase both inaccuracy and response time.
In the following, we present a two-part experiment (Experiment 1: Categor-

ization and Experiment 2: Discrimination) investigating the perception of English
/VCV/ strings, some of which violate Japanese phonotactic constraints, by
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Japanese learners of English. Experiment 1 is a cross-language mapping task in
which Japanese listeners categorize nonnative strings (legal and illegal) into
existing Japanese categories and assign goodness-of-fit ratings to indicate how
well these strings “fit” the Japanese categories. Here, we predict that participants
will categorize illegal strings, /isi/, /iti/, and /utu/ into their perceptually nearest
legal category, respectively, /iʃi/, /itʃi/, and /utsu/. We predict that participants will
assign phonotactically illegal strings a lower goodness-of-fit rating than legal
strings. In Experiment 2 the same Japanese participants discriminate a series of
contrastive strings consisting of pairs of legal strings as well as pairs of legal and
illegal strings. We predict that discrimination of two legal strings will be easy
(corresponding to a TC phonemic contrast) because chunks within both strings
will be mapped to existing sequences. We also predict that legal–illegal string
contrasts will be less accurately discriminated, corresponding to PAM-L2 CG
phonemic contrasts, and that this drop in accuracy will be accompanied by an
increase in response time.

EXPERIMENT 1: CATEGORIZATION AND GOODNESS-OF-FIT

Method

Stimuli. The stimuli were produced by three female Australian English (AustE)
speakers, who were PhD candidates in the field of linguistics and have phonetic
training. The recordings took place in the Horwood recording studio located at
the University of Melbourne, using a Charter Oak E700 condenser microphone
and Tieline Commander G3 codec protocol recording in mono with a bit depth of
64 kb/s and a sample rate of 48 kHz. Speakers were asked to produce strings in
accordance with AustE stress patterns. Each speaker produced five consecutive
repetitions of eight /VCV/ strings, and strings 2, 3, and 4 were selected as stimuli
(to avoid tokens with potential hesitation due to list initial unfamiliarity and
tokens with list final intonation). The /VCV/ strings were excised using a Praat
(Boersma & Weenink, 2015) script and manually checked. Using a second Praat
script, the excised strings were normalized for volume and enveloped with a 20
ms ramp-in and a 10 ms ramp-out.

The stimuli included five /VCV/ combinations that adhere to Conservative
Japanese co-occurrence restrictions, /iʃi/, /itʃi/, /usu/, /uʃu/, and /utsu/; and three
that do not; /isi/, /iti/, and /utu/. Speakers were asked specifically to produce /itʃi/
and /utsu/ strings as affricates. All but one (/uʃu/) of the phonotactically legal
strings used in our experiments constitute existing Japanese lexical items: /itʃi/
means “one”; /iʃi/ “stone”; /utsu/ “depression”; and /usu/ “mill-stone.” This is an
inevitable outcome of a language with a very limited phonological system, in
which it is difficult to randomly combine legal sequences without creating
existing Japanese words.

Participants. Twelve female native speakers of Japanese participated in this
study. All participants were recruited by word of mouth. Participant ages ranged
from 27 to 34 (M= 29.6, SD= 2.22). All participants were born in the Yamagata
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prefecture of Japan and had spent the majority of their lives in Yamagata. Some
of the participants had holidayed in a foreign country; however, none of them had
spent more than 1 month in total outside of Japan. All participants had undertaken
6 years of compulsory English instruction through middle and senior high school.
Depending on the school, these classes occasionally (ranging from weekly to
monthly) involved additional instruction from native English-speaking assistant
language teachers. Other than these occasional assistant language teachers, the
participants’ English instruction in compulsory classes was conducted by native
Japanese teachers.

Five of the participants had undertaken further English instruction outside of
the compulsory 6 years, ranging from .5 year to 4 years of further study
(M= 1.58, SD= 1.42). Of these five, only one participant had received instruction
from a native English speaker. This instruction was conducted by a native British
English speaker and occurred in an English language extended-hours school that
the participant attended for 4 years. None of the participants had studied an
additional language other than English. Two participants were excluded from the
analyses: one participant’s experiment was disrupted and she was unable to
complete the tasks; the other failed to understand the task.

Procedure. All experiments were conducted in quiet rooms in Tokyo and
Murayama City. The experiment was presented over noise canceling headphones
from a MacBook Pro using PsyScope X (Bonatti, 2010). Before the experiment
commenced, all participants completed a detailed language background ques-
tionnaire and were given an instructional handout, both of which were presented
in Japanese.

Experiment 1 consisted of a categorization experiment in which the
participants were exposed to randomized presentations of the selected /VCV/
strings and asked to categorize each string into one of four string categories
(discussed in detail below). The experimental strings were drawn from a library
consisting of nine repetitions, three from each speaker, of the eight /VCV/ string
types listed in above. The four categorization options were presented in hiragana
orthography on “buttons” on the computer screen, as shown in Table 4.
Participants only had access to four categories, despite there being orthographical
conventions for transcribing most of the phonotactically illegal strings. These
were not provided in order to determine how Japanese speakers categorize strings
according to Conservative Japanese. Participants were not given any information
regarding the language in which the strings had been produced; however, given
that experiments were conducted by an English-speaking non-Japanese
researcher, participants likely assumed that strings would be produced by non-
Japanese speakers.

Table 4. Categories presented in hiragana and romaaji

Hiragana いし いち うす うつ
Romanization ishi ichi usu utsu
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Upon selecting one of the four available string categories, participants would
be presented again with the same string and asked to assign a goodness-of-fit
rating to the category match, along a scale from 1 to 7.

The categorization trials were spaced with a 1500-ms intertrial interval. There
was a 1000-ms pause between categorizing and goodness-of-fit rating tasks. If
participants failed to respond to either task within a 3500-ms response window,
the entire missed trial would be replayed at a random time during the remainder
of the experiment. All data from tasks that timed out in this way were discarded.
Two hundred categorization and goodness-of-fit responses were elicited from
each participant, 25 per /VCV/ string.

Predictions

Experiment 1 tests the following hypotheses:

∙ H1. Strings that do not violate Japanese phonotactics will be accurately mapped to
the nearest Japanese diphonic category. Hiragana is described as a phonetic
orthographical system, and while this is not entirely accurate, Japanese categories
were determined by the way in which hiragana graphemes typically correspond to
International Phonetic Alphabet symbols: い /i/, う /u/, し /ʃi/, ち /tʃi/, す /su/, and
つ /tsu/. Therefore, we predict that /iʃi/ will be mapped toいし, /itʃi/ toいち, /usu/
to うす, and /utsu/ to うつ. We predict that participants will categorize /uʃu/,
the only phonotactically legal string without a corresponding category presented as
an on-screen option, as うす (/usu/) but allocate a low goodness-of-fit rating to
reflect the perceptual distance between these native strings. Despite /uʃu/ being
phonotactically legal, we did not provide an /uʃu/ category. We did this to provide
identical experimental conditions between /iʃi/-/isi/ and /uʃu/-/usu/ discrimination
trials in Experiment 2.

∙ H2. Strings that violate Japanese phonotactics will be mapped to the perceptually
most similar Japanese category: /isi/ toいし (/iʃi/), /iti/ toいち (/itʃi/), and /utu/ to
うつ (/utsu/).

∙ H3. Japanese phonotactics will affect the goodness-of-fit ratings such that legal
/VCV/ strings will achieve a higher goodness-of-fit rating than illegal strings
because legal strings are perceptually closer to the selected Japanese category
prototypes.

Categorization results

In the categorization and goodness-of-fit experiment, participants largely cate-
gorized strings as predicted based on PAM-L2 and our extension to phonotactics,
and in accordance with documented loanword assimilation patterns.

Categorization. The categorization performance of the Japanese participants was
extremely consistent: all strings were assimilated into a single Japanese category
at least 98% of the time (see Table 5 below). Having two strings, one that adheres
to Japanese phonotactics and a perceptually similar string that does not, assimilate
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to a single native category suggests that listeners will perceive these strings as CG
string contrasts. However, as mentioned above, we have not provided a category
for the legal string /uʃu/ and, although both /uʃu/ and /usu/ were categorized
within the /usu/ category, /ʃu/ and /su/ are contrastive in Japanese and are a likely
TC contrast. We therefore argue that English /iʃi/-/iti/ and /uʃu/-/usu/ are per-
ceived as likely TC contrasts (with predicted good discriminability) by Japanese
listeners, while /itʃi/-/iti/, /iʃi/-/isi/, and /utsu/-/utu/ are perceived as likely CG
contrasts (with predicted less accurate discriminability).

Goodness-of-fit ratings. As Table 5 illustrates, the goodness-of-fit ratings indi-
cate that participants perceived the two members of the three within-category
(CG) /VCV/ contrasts differently, such that each of the three Japanese assim-
ilation categories had a more prototypical member and a nonprototypical mem-
ber. We infer this from the fact that there is a difference between the average
goodness rating for those /VCV/ combinations that adhere to Japanese phono-
tactics (/iʃi/= 5.96, /itʃi/= 5.95, /usu/= 5.59, /uʃu/= 2.47, /utsu/= 5.11) compared
to those that violate co-occurrence restrictions (/isi/= 4.23, /iti/= 2.88, /utu/
= 2.71). Although /uʃu/ is a legal string, うしゅ/uʃu/ was not an available choice
in the categorization experiment, and thus was categorized and ranked in
accordance with the perceptually nearest available category, うす/usu/. Of the
nonprototypical (illegal strings) /VCV/ goodness-of-fit ratings, the /isi/ string
receives a rating which is surprisingly high (M= 4.23, SD= 0.76), compared to
/uʃu/ (M= 2.47, SD= 0.44), /utu/ (M= 2.71, SD= 1), and /iti/ (M= 2.88,
SD= 0.91).

To assess the significance of the differences in goodness-of-fit ratings between
the more versus less canonical English /VCV/ strings assimilated into a single
Japanese category, we conducted a series of paired-sample t tests. As Table 6

Table 5. Categorization patterns

Categories

Stimuli
いし
ishi

いち
ichi

うす
usu

うつ
utsu

/iʃi/ 100% (5.96)
/isi/ 100% (4.23)
/itʃi/ 100% (5.95)
/iti/ 100% (2.88)
/usu/ 98% (5.59) 2%
/uʃu/ 98% (2.47) 2%
/utsu/ 1% 99% (5.11)
/utu/ 1% 99% (2.71)

Note: Initial figures represent the percentage of responses to a given category, and
figures in parentheses present the average goodness-of-fit ratings on a scale from 1
(bad) to 7 (very good).
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illustrates, there was a significant difference between prototypical and
nonprototypical strings in all tests. The perceptual distance between within-
category strings can somewhat be inferred from the Cohen’s d effect sizes in
Table 6. These show that /utsu/-/utu/ strings were the most perceptually similar,
while /uʃu/-/usu/ had the greatest perceptual distance.

As discussed above, the Japanese participants were extremely consistent in
assimilating the English /VCV/ strings into the predicted Japanese categories,
with no string assimilated less than 98% of the time (M= 99.25%, SD= 0.83).
Moreover, categorization consistency did not significantly differ for prototypical
and nonprototypical strings, and we note that, of the 2,000 categorizations
included in these analyses, a total of only 15 strings were not categorized into
expected categories. A detailed analysis of each of those 15 responses that were
not consistent with our cross-language mapping predictions revealed that they
typically received low goodness-ratings (M= 2.73, SD= 1.94).

Experiment 1: Discussion

The present experiment examines how near-monolingual Japanese listeners map
nonnative phoneme sequences that violate Japanese co-occurrence restrictions to
phonotactically legal Japanese sequences. The results indicate that there is a
prototypical and nonprototypical string mapped to each category which differ in
goodness-of-fit ratings. This difference in goodness-of-fit ratings suggests that
those strings that are mapped to the same native category are CG distinctions.
These results are consistent with our hypothesis (H2) that listeners categorize
nonnative strings into their perceptually closest category and in accordance with
previous observations of the typical patterns of conservative loanword assimila-
tion for /CV/ sequences. No string was assimilated less than 98% of the time into
the acoustically/articulatory most similar phonotactically legal Japanese /VCV/
string, and those few items that were not categorized as predicted received low
goodness ratings, suggesting that participants were aware that the category match
had poor goodness-of-fit.

The categorization task results (Figure 1) also demonstrate, despite clear and
highly consistent categorization patterns for all English /VCV/ strings, that strings
that violate Japanese phonotactics were given lower goodness-of-fit scores, likely
reflecting their status as less acceptable or prototypical to native Japanese lis-
teners. The series of paired-sample t tests calculated to test for significant

Table 6. Within-category paired-sample t test results

Category
Paired
samples

Mean
diff. Standard deviation t p Cohen’s d

いし /iʃi/-/isi/ 1.726* 1.028 6.883 <.001 3.017
いち /itʃi/-/iti/ 3.074* 0.792 9.454 <.001 3.994
うす /uʃu/-/usu/ 3.121* 0.815 12.111 <.001 5.440
うつ /utsu/-/utu/ 2.401* 1.231 6.169 <.001 2.548
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differences between the goodness ratings of each string contrast returned a sig-
nificant difference between all prototypical and nonprototypical strings, clearly
suggesting that strings were not perceived as equally good instances of assigned
categories. A measurement of effect size (Cohen’s d) calculated on the results of
the paired-sample t tests (Table 6) indicated that those strings assimilated to the
うす (/uʃu/-/usu/) category achieved the largest effect size of all categories. We
propose that this difference in effect size is the result of a greater perceptual
difference between the phonotactically legal and illegal /VCV/ strings because, as
predicted by our extension of PAM-L2, these two particular strings (/uʃu/-/usu/)
are being assimilated into two existing phonotactically acceptable Japanese
strings. We hypothesize that, similarly to those processes outlined in PAM-L2,
the perceptual distance, and in turn discriminability, of /usu/ and /uʃu/ is the result
of these strings representing existing or legal Japanese strings. If this analysis is
extended to the other native string categories, then the string pairs within these
categories might be ranked in accordance with their perceptual distance. Under
this analysis, the /uʃu/-/usu/ strings are the most perceptually dissimilar, followed
in order by the /itʃi/-/iti/, /iʃi/-/isi/, and /utsu/-/utu/ strings, as reflected by the
Cohen’s d effect sizes presented in Table 6. This perceptual distance ranking of
string pairs can be used to predict PAM-L2 assimilation types (Table 7), where
TC test strings are predicted to be perceptually dissimilar while CG test strings
are predicted to be perceptually more similar (Table 8).
In Experiment 1, we assigned no assimilation criterion due to the extremely

high assimilation rates as outlined in Table 5. Cross-language mapping
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Figure 1. Average goodness-of-fit results. Error bars indicate standard deviation.

Table 7. AXB discrimination trials organized into PAM-L2 based
categories

Two category difference Category goodness difference

/iʃi/ & /iti/ /itʃi/ & /iti/
/uʃu/ & /usu/ /iʃi/ & /isi/

/utsu/ & /utu/
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experiments that follow a similar methodology normally employ assimilation
criteria of between 50% and 70% (e.g., Bundgaard-Nielsen, Best, & Tyler, 2011).
However, in the present paper, this was not necessary as no string achieved an
assimilation rate of less than 98%. We propose that this high level of assimilation
was due to both the relatively small number of categories within which strings
might be assigned and the perceptual distinctiveness of strings. Given that both
the consonants and vowels differed across strings, participants were able to
accurately assign strings to expected categories.

Finally, of the illegal tokens, /isi/ achieved the highest goodness-of-fit rating.
Given that this finding is not consistent with the results presented in Experiment 2,
we propose that this may be due to there being no standardized method for
transcribing /si/. We hypothesize that this lack of standardization means that
Japanese listeners are accustomed to /si/ being transcribed in multiple ways
including in the katakana variant (シ) of the hiragana し (typically transcribed as
/ʃi/), which was presented in the present experiment. Given that categories were
presented orthographically, it is possible that participants may have been more
forgiving when assigning a score to this token due to its lack of standardization.

EXPERIMENT 2: DISCRIMINATION

Method

Stimuli. The stimuli were the same /VCV/ strings used in Experiment 1. We
categorized the five AXB discrimination contrasts into either TC categories or CG
categories (see Table 7). The /iʃi/-/iti/ contrast was selected as a control whereby we
could measure two tokens that are presumably easy to distinguish due to the medial
consonants varying in their method of articulation. The /uʃu/-/usu/ contrast was
selected to give an indication of the influence of the */si/ constraint when measured
against the /iʃi/-/isi/ contrast. We predicted that the /uʃu/-/usu/ contrast was also
relatively easy to discriminate but wanted to test the discriminability of two legal
tokens that shared a phonetically similar medial consonant. The /itʃi/-/iti/ contrast
provides a measure of the discriminability of a legal sequence against a sequence
that is currently undergoing change in its status due to the weakening of the */ti/
constraint. The /iʃi/-/isi/ and /utsu/-/utu/ contrasts were selected to provide a mea-
sure of the discriminability of licit–illicit sequences.

Table 8. Goodness-of-fit ratings for prototypical and nonprototypical strings

Category Prototypical Score Nonprototypical Score

いし /iʃi/ 5.96 /isi/ 4.23
いち /itʃi/ 5.95 /iti/ 2.88
うす /usu/ 5.56 /uʃu/ 2.47
うつ /utsu/ 5.11 /utu/ 2.71
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Participants. The listeners were the same 10 native speakers of Japanese who
successfully completed Experiment 1.

Procedure. Experiment 2 was conducted shortly after Experiment 1. The
experimental conditions, including the experimental setting and the manner in
which the task was explained to the participants, were identical to Experiment 1.
Experiment 2 consisted of 5 separate AXB discrimination blocks (1 per contrast),
consisting of 60 trials, a total of 300 AXB discrimination responses per partici-
pant (See Table 7 for AXB contrasts). Of the five consecutive repetitions pro-
duced by our speakers for each sequence, only the third token was used in
Experiment 2. To avoid triad sequence bias, tokens were organized into a Latin
square. Each contrast test contained tokens from each of the three speakers
organized into six speaker sequences (123, 132, 213, 231, 312, 321), and each of
the speaker sequences was organized into four token sequences (AAB, ABB,
BAA, BBA). AXB discrimination tests were drawn at random from this pool of
24 individual triads. The AXB discrimination task was presented using Psyscope
X (Bonatti, 2010), and discrimination responses and response times were both
recorded. Response time was measured after AXB triads were presented com-
pletely. Response times were recorded because studies have shown that response
time is a better indicator of phonotactic probability than response accuracy
(Edwards, Beckman, & Munson, 2004). The AXB discrimination triads were
spaced with a 1500-ms intertrial interval. Within AXB trials, the interstimulus
interval was 1000 ms, to ensure phonological rather than phonetic processing
(Werker & Tees, 1984). The order in which the five blocks were presented was
counterbalanced across participants, reducing the possible influence of test fati-
gue or task-specific learning systematically affecting one or more of the indivi-
dual tasks. If participants failed to respond to trials within a 2000-ms response
window, they were presented with an on-screen message in Japanese, politely
asking them to respond faster. Missed trials were replayed at a random time
during the remainder of the experiment.

Predictions

In Experiment 2, we test the following hypotheses based on our extension of
PAM-L2:

∙ H4. Participants will be more accurate at discriminating between TC contrasts
(/iʃi/-/iti/ and /uʃu/-/usu/) than CG contrasts (/itʃi/-/iti/, /iʃi/-/isi/, and /utsu/-/utu/).
Listeners will be better at discriminating between strings that can be mapped to two
native categories (TC) than those strings that present as instances of a single
category (CG) but vary in how well listeners perceive them to “fit” to that category.

∙ H5. Pairs of phonotactically legal and illegal strings will vary in their dis-
criminability. This variance will depend on the perceptual difference between
illegal and legal strings. We propose that the effect size calculations from the t
tests conducted on the mean goodness-of-fit ratings in Experiment 1 (Table 6)
provide an indication of the perceptual distance of the English phoneme strings,
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because they standardize differences between the means of the goodness-of-fit
ratings assigned to phonotactically legal and phonotactically illegal strings.

∙ H6. Participants will take longer to respond to CG contrasts than TC contrasts.
We hypothesize that this is due to CG discrimination trials constituting a heavier
cognitive load.

Discrimination: Results

A series of one-sample t tests was run to measure discrimination accuracy against
chance (50%). All t tests returned a significant result, as shown in Table 9,
indicating that the discrimination performance for all contrasts differed from
chance performance.

As predicted by our hypothesis (H4), the participants were more accurate in
discriminating TC contrasts than they were in discriminating between CG con-
trasts (Figure 2). Moreover, the native Japanese participants displayed excellent
discrimination accuracy for both of the TC contrasts /iʃi/-/iti/ (97% correct dis-
crimination) and /uʃu/-/usu/ (90% correct discrimination), while the discrimina-
tion accuracy for the three CG legal–illegal contrasts, /itʃi/-/iti/ (80% correct
discrimination), /iʃi/-/isi/ (75% correct discrimination), and /utsu/-/utu/, (68%
correct discrimination), was poorer.

A one-way, between groups analysis of variance (ANOVA) confirmed that
there was a significant difference between the contrasts, F (4)= 19.279,
p= < .001, with a large effect size (Cohen, 1988), partial η2= .473. Further post
hoc Bonferroni-corrected analyses confirmed that participants were more accurate
in discriminating between predicted TC contrasts than predicted CG contrasts
(see Table 10 for the complete results from the Bonferroni-corrected multiple
comparisons). Further, there are significant differences between the discrimin-
ability of the /iʃi/-/iti/ contrast and all CG contrasts (pairs of legal and illegal
strings): /itʃi/-/iti/, p= .019, /iʃi/-/isi/, p= .001, and /utsu/-/utu/, p= < .001. These
results support H4 because they reveal a significant difference in discriminability
between the /iʃi/-/iti/ TC contrast and all CG contrasts. The /uʃu/-/usu/ pair, in
contrast, only differed significantly from /iʃi/-/isi/, p= .047, and /utsu/-/utu/,
p= .001, and not from /itʃi/-/iti/, p= .55. This is possibly the result of the large

Table 9. One-sample t tests measuring dissimilarity between AXB discrimination test
results and chance results (50%)

AXB test Accuracy t p

/iʃi/-/iti/ 97% 29.986 <.001
/uʃu/-/usu/ 90% 18.864 <.001
/itʃi/-/iti/ 80% 5.494 <.001
/iʃi/-/isi/ 75% 5.362 <.001
/utsu/-/utu/ 68% 6.306 <.001
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variability in the /itʃi/-/iti/ results, as can be seen in the standard deviation shown
in Figure 2.
To test the hypothesis that participants would take longer to respond to CG

tests than TC tests (H6), we examined the response times of participants across
the five AXB discrimination tasks using a between-groups ANOVA. The results
indicate that there is a significant difference between the response times of AXB
tests with a medium effect size, F (4)= 39.779, p= < .001, partial η2= .05. As a
comparison, a between-groups ANOVA was calculated to determine the effect of
different participants on response time. This ANOVA exposed a much larger
effect size, F (9)= 128.870, p= < .001, partial η2= .279 (Figure 3).
To further test H6, a Bonferroni analysis was calculated to determine response

time pairwise comparisons between AXB tests. The Bonferroni post hoc
comparisons revealed that participants took significantly longer to respond to CG
discrimination tests (/itʃi/-/iti/: M= 1130, SD= 161; /iʃi/-/isi/: M= 1207,

Table 10. Bonferroni pairwise comparisons of AXB test results

95% Confidence interval

Pairwise comp. Mean diff. SE p Lower bound Upper bound

/iʃi/-/iti/ /uʃu/-/usu/ 4.1 3.096 1 –5.04 13.24
/itʃi/-/iti/ 10.2* 3.096 .019 1.06 19.34
/iʃi/-/isi/ 13.3* 3.096 .001 4.16 22.44

/utsu/-/utu/ 17.3* 3.096 <.001 8.16 26.44
/uʃu/-/usu/ /itʃi/-/iti/ 6.1 3.096 .55 –3.04 19.34

/iʃi/-/isi/ 9.2* 3.096 .047 0.06 18.34
/utsu/-/utu/ 13.2* 3.096 .001 4.06 22.34

/itʃi/-/iti/ /iʃi/-/isi/ 3.1 3.096 1 –12.24 6.04
/utsu/-/utu/ 7.1 3.096 .265 –2.04 16.24

/iʃi/-/isi/ /utsu/-/utu/ 4 3.096 1 –5.14 13.14
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Figure 2. Percent correct discrimination for the five contrasts. Error bars represent standard
deviation.
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SD= 151; and /utsu/-/utu/: M= 1193, SD= 174) than to TC discrimination tests
(/iʃi/-/iti/: M= 1022, SD= 130; /uʃu/-/usu/: M= 1071, SD= 147).

The Bonferroni-corrected post hoc comparisons showed that there was no
significant difference between the response times for those trials that involved TC
discrimination (/iʃi/-/iti/ and /uʃu/-/usu/). Similarly, there was no significant dif-
ference between /iʃi/-/isi/ and /utsu/-/utu/ CG discrimination trials. However,
there was a significant difference between the response times of /itʃi/-/iti/ and the
other CG discrimination trials, /iʃi/-/isi/ and /utsu/-/utu/. Together, these results
reveal that participants required significantly less time to respond to the /itʃi/-/iti/
CG discrimination task compared to the other two CG tasks, /iʃi/-/isi/ and /utsu/ -
/utu/. These results, as well as the discrimination accuracy results, show that the
/itʃi/-/iti/ contrast is perceptually more distinct than /iʃi/-/isi/ and /utsu/-/utu/.

Correlations between discrimination accuracy and response time. A Spearman’s
correlation was computed to assess the relationship between average time taken to
respond to AXB trials and correct answers. There was a significant negative
correlation between average response time and AXB trial scores (r= –.617,
p= < .001) with a large effect size (d= –8.611). The scatter plot in Figure 4
illustrates this negative relationship. This is an important finding because it
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Figure 3. Average response time for each AXB test. Error bars represent standard deviation.
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Figure 4. Scatter plot showing the negatively correlated relationship between average response
time and AXB test accuracy.
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confirms the usefulness of measures of response time as an indicator of perceptual
distance and, in turn, task difficulty. Contrasts that are more easily discriminable
achieve higher accuracy and lower response times while the opposite is true of
contrasts that are more difficult to discern. This also allows for a more fine-
grained analysis than task accuracy because each participant only provides 5 data
points for accuracy (1 per contrast), whereas each participant returns 300
response times (60 per contrast).

Experiment 2: Discussion

Experiment 2 tested the discrimination accuracy and response time of Japanese
participants in discriminating TC and CG string contrasts. The discrimination
results are consistent with our H4 and show that the participants were sig-
nificantly less accurate in discriminating between CG contrasts than TC contrasts,
such that the discrimination accuracy of the TC /iʃi/-/iti/ contrast was much
greater than the accuracy of the three CG tests. Further, while the TC /uʃu/-/usu/
contrast was more accurately discriminated than the /iʃi/-/isi/ and /utsu/-/utu/
contrasts, discrimination accuracy for this contrast did not differ significantly
from that of the CG /itʃi/-/iti/ contrast. This lack of a difference in discrimination
accuracy between TC /uʃu/-/usu/ and CG /itʃi/-/iti/ contrasts is likely the result of
a large variation in the latter. However, despite the lack of a significant difference
in discrimination accuracy between /uʃu/-/usu/ and /itʃi/-/iti/, the results generally
support the prediction that the participants would more accurately discriminate
between TC contrast pairs than between CG contrast pairs. This is consistent with
our predictions that phonotactically illegal /CV/ combinations will be perceived
as similar to their perceptually nearest phonotactically legal Japanese
string, increasing the likelihood that they will be perceived inaccurately by native
listeners. In addition, we find support for our predictions in the fact that the
Bonferroni comparisons found no statistical difference in discrimination accuracy
within the subsets of TC versus CG contrasts.
The Bonferroni correction conducted on the between-groups ANOVA on AXB

trial discrimination accuracy and response times also support our hypotheses.
While the significant relationship, with a large effect size (see Table 11), shows
that, of the three AXB trials consisting of pairs of phonotactically legal and illegal
/VCV/ strings, the /itʃi/-/iti/ trial responses were significantly faster than
those responses to the /iʃi/-/isi/ and /utsu/-/utu/ trials, the results also show that the
/iʃi/-/isi/ and /utsu/-/utu/ contrasts do not differ. We propose that the observed
differences in the response times are due to differences in the cognitive loads of
discrimination between different string types (TC vs. CG). Given that pairwise
comparisons between /iʃi/-/iti/ and /uʃu/-/usu/, and /iʃi/-/isi/ and /utsu/-/utu/ failed
to achieve significance, this suggests that the response times classify tests into the
following three categories:

1. Pairs of English strings that are mapped to two phonotactically legal contrasts in
Conservative Japanese (/iʃi/-/iti/ and /uʃu/-/usu/).
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2. Pairs of English strings that violate Japanese phonotactics but frequently occur
as contrasts in Innovative Japanese (/itʃi/-/iti/).

3. Pairs of English strings that violate Japanese phonotactics and infrequently occur
as contrasts in Innovative Japanese (/iʃi/-/isi/ and /utsu/-/utu/).

GENERAL DISCUSSION

The present paper examines the influence of Japanese phonotactics on the per-
ception of English consonant strings by native speakers of Japanese with very
limited L2-English proficiency. To our knowledge, this is the first study to
examine the influence of native (Japanese) consonant-vowel co-occurrence
restrictions on the perception of nonnative (English) consonants. The results
provide clear evidence that the attunement of perceptual systems to native pho-
notactic restrictions results in a decrease of discriminability of consonants in
environments that violate native phonotactics. The present paper extends the
PAM (Best, 1995; Best & Tyler, 2007) to include phonotactics in order to
account for the crucial role of phonotactics in cross-language and L2 segmental
speech perception. According to this novel framework, strings of native segments
in sequences that violate native phonotactics follow similar patterns of assim-
ilation as individual, nonnative segments, as outlined in models like PAM and
PAM-L2. The present paper then tests these predictions in two experiments
focusing on the perception of English /VCV/ strings by near-monolingual Japa-
nese listeners. Experiment 1 showed that Japanese listeners categorized English
/VCV/ strings in a manner consistent with our predictions, assimilating phono-
tactically illegal strings to the perceptually nearest phonotactically legal /VCV/
string. Experiment 2 showed that Japanese listeners are more accurate and have

Table 11. Bonferroni pairwise comparisons of AXB test response time results

95% Confidence interval

Pairwise
comparison

Mean
diff. SE p

Lower
bound

Upper
bound

/iʃi/-/iti/ /uʃu/-/usu/ 23.31 15.997 1 –68.19 21.57
/itʃi/-/iti/ 82.91* 15.997 <.001 –127.80 –38.03
/iʃi/-/isi/ 160.06* 15.997 <.001 –204.95 –115.18

/utsu/-/utu/ 145.6* 15.997 <.001 –190.48 –100.72
/uʃu/-/usu/ /itʃi/-/iti/ 59.61* 15.997 .002 –104.49 –14.73

/iʃi/-/isi/ 136.74* 15.997 <.001 –181.64 –91.88
/utsu/-/utu/ 122.3* 15.997 <.001 –167.18 –77.42

/itʃi/-/iti/ /iʃi/-/isi/ 77.15* 15.997 <.001 –122.03 –32.27
/utsu/-/utu/ 62.69* 15.997 .001 –107.57 –17.81

/iʃi/-/isi/ /utsu/-/utu/ 14.46 15.997 1 –30.42 59.34
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faster response times when discriminating between two phonotactically legal
strings than between legal and illegal strings that are assimilated into the same
native (phonotactically legal) string.
These results show the necessity for an extension of PAM-L2 as they indicate

that the phonological status of a nonnative segment is not the only important
feature in predicting nonnative categorization patterns and discrimination accu-
racy. The native Japanese participants’ discrimination accuracy differs even
between /uʃu/-/usu/ and /iʃi/-/isi/ AXB tests, where the same pairs of English
phones /s/ and /ʃ/ have different levels of discrimination accuracy depending on
the phonotactics of the string in which they are presented. PAM-L2 (as opposed
to the current extension) would predict that Japanese listeners would discriminate
between /s/ and /ʃ/ in varying contexts with equal accuracy; however, as indicated
by the different results from the /uʃu/-/usu/ and /iʃi/-/isi/ AXB discrimination
tasks, phonotactic context does influence discriminability. In contrast to
PAM-L2, our extension predicts that while English /su/ and /ʃu/ are mapped to
existing native Japanese string categories (す /su/ and しゅ /ʃu/), English /si/ by
contrast is perceived as a less canonical version of its perceptually nearest legal
Japanese sequence (し /ʃi/). Japanese co-occurrence restrictions thus provide new
insights into the influence of phonotactics on nonnative language perception. This
suggests that listeners’ perceptual systems are focused on discriminating between
those sequences of sounds that occur frequently in L1 discourse.
We suggest that these results indicate that weakening phonotactic restrictions

resulting from loanword influence have exposed even monolingual Japanese
speakers to /CV/ strings that were once absent from the Japanese language,
allowing for a process of perceptual tuning whereby an individual’s linguistic
perceptual systems adapt to focus on novel phonologically and phonetically
meaningful information. In addition, the results provide support for the obser-
vation that contrasting Japanese /CV/ sequences that occur at a high frequency
have undergone perceptual broadening (e.g., /ti/) and that this process has
enhanced the perceptual distance between commonly occurring strings, making
them easier to distinguish between.
This effect of weakening phonotactics inducing perceptual reattunement is

supported by the fact that participants more accurately discriminated between
the /itʃi/-/iti/ contrast than /iʃi/-/isi/ and /utsu/-/utu/ contrasts. This appears
consistent with our prediction that listeners are better tuned to discriminate /iti/
due to the probable increased frequency at which /ti/ occurs in Japanese dis-
course based on Tamaoka and Makioka’s (2004) corpus analysis and Itô and
Mester’s (1999) core periphery model. Differences of occurrence frequency
between /VCV/ sequences thus account for a difference in the perceptual tuning
of sequences undergoing phonotactic weakening, creating perceptual distance
between frequently occurring /CV/ sequences and perceptual nearness between
infrequently occurring sequences and their closest native category (see
Bundgaard-Nielsen & Baker, 2014, for evidence that this also occurs on a
segmental level). This perceptual tuning is reflected in the TC discrimination
results, the discrimination response times, and in the effect size calculations on
t tests, from Experiment 1, which measure between-category goodness-of-fit
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ratings (see Table 8). In all of these results, the /itʃi/ and /iti/ pair is intermediate
between TC and CG pairs.

Consistent with research on phonotactic probability (Edwards et al., 2004) and
perception of accented speech (Munro & Derwing, 1995), the results of the
present paper indicate that response time is a more accurate indicator of per-
ceptual distance than accuracy in studies with highly consistent L2 phone or
string discrimination. We propose that response time is directly influenced by the
perceptual distance between phonotactically legal and illegal nonnative phoneme
strings, and that perceptually more similar contrasts require more time to process
than perceptually distant contrasts. However, in the experiments presented here,
discrimination test response times were not only significantly different between
TC and CG tests but also between /itʃi/-/iti/ and other CG tests (Table 11),
indicating that, for near-monolingual Japanese listeners, the perceptual distance
between /ti/-/tʃi/ is greater than that of /si/-/ʃi/ and /tu/-/tsu/, despite similar
categorization patterns in Experiment 1. We maintain that the perceptual distance
between /ti/-/tʃi/ is greater than that of /si/-/ʃi/ and /tu/-/tsu/ due to the different
rates of phonologization of these allophones, which is in turn likely the result of
weakening phonotactic constraints over time.

The results from the present study are also consistent with the notion that
extended response times are the manifestation of an increased cognitive load
due to the difficulty experienced in differentiating between perceptually similar
phones (e.g., Adank et al., 2009; Munro & Derwing, 1995; Schmid & Yeni-
Komshian, 1999). While the exact nature of an increased cognitive load can
only be speculated upon, it may involve either Type 1 or Type 2 processing
(Stanovich & West, 2000). Type 1 processing involves more autonomous,
unconscious processes, whereas Type 2 processing is reliant on top-down
cognition and requires effortful and conscious control by the central executive.
A Type 2 explanation might involve listeners replaying the stimuli in the
phonological loop for further analysis or a similar process within those systems
associated with working memory. Alternatively, nonnative perception might
require an extra layer of more autonomous, Type 1 processing, which may
account for the extra time required to assimilate nonnative phones. For example,
when Japanese listeners are exposed to [isi], they autonomously perceive three
separate phones, but their perceptual system recognizes that this string is a
violation of native phonotactics and perceptually repairs the string to adhere to
the nearest phonotactically legal string. The recognition and repair sequence in
this example might account for the response time differences observed in the
present paper.

Our extension of PAM-L2 (Best & Tyler, 2007) recommends the consideration
of larger chunks of signal in perceptual assimilation models. However, we do not
maintain that larger chunks of signal constitute basic coding units of speech. Our
amendment must then consider an alternative explanation for the influence of
phonotactics on perception. We submit that when listeners are exposed to illicit
sequences of speech, their perceptual systems sometimes make erroneous pre-
dictions as to the nature of the incoming signal. These predictions are based on
the listeners’ linguistic experience where they try to match unfamiliar speech to
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that which is both perceptually similar and maintains a high transitional prob-
ability in their L1. The likelihood that a listener will make such an erroneous
prediction is therefore based upon the perceptual distance between the incoming
signal and its nearest match as well as the frequency at which the listener has been
exposed to the illicit sequence. The proposal that the frequency with which a
phonological sequence occurs in a given language motivates perceptual tuning
has been established in a range of studies designed to measure implicit phono-
tactic knowledge. Studies examining the relationship between phonotactic
probability and perception have found that high-frequency sequences are
recognized with greater speed and accuracy than those that occur at low fre-
quencies (e.g., Vitevitch & Luce, 1998; Vitevitch, Luce, Pisoni, & Auer, 1999).
Studies have demonstrated that listeners are perceptually biased to recognize
ambiguous phonemes in phonological sequences to match high-frequency
sequences (Pitt & McQueen, 1998). Phonotactic probability has also been
found to influence nonnative speech production. For instance, researchers have
found that adult speakers are faster and more accurate at repeating nonce words
that contain /CV/ and /VC/ sequences that occur frequently in their native
languages than those that do not (Vitevitch & Luce, 1998; Vitevitch, Luce,
Charles-Luce, & Kemmerer, 1997). However, the relationship between repetition
accuracy and phonotactic probability in these studies is not as robust nor as
consistently replicated across experiments as is the relationship between response
time and phonotactic probability (Edwards et al., 2004).
While the results of this paper clearly show that Japanese co-occurrence

restrictions influence L2 perception, there are a number of limitations of this
study that should be addressed. All of our participants have been exposed not
only to a considerable amount of the English language but also have undergone
English language instruction. Ideally, our participants would have had little
English exposure; however, Japan has a policy of compulsory English instruction,
so this was unavoidable with adult participants. In addition, our extension of
PAM-L2 proposes that the frequency in which sounds co-occur in a language
influences their perception, yet four of our five legal strings constitute existing
lexical items in Japanese, and numerous studies have shown an effect of fre-
quency and semantics on speech perception. As mentioned previously it is dif-
ficult to randomly combine mora without creating existing Japanese words. This
was unavoidable given the co-occurrence restrictions we were aiming to test.
However, of the four Japanese words in our experimental strings, /itʃi/ “one” is
likely the most frequently occurring, and if this was influencing our results, then
we would expect that /iti/ and /itʃi/ would be more difficult to discriminate
between than other CG pairs, which was not the case.
In conclusion, the present paper demonstrates that Japanese phonotactics

influence perception of English consonants. Japanese co-occurrence restrictions
have a direct and systematic influence on the ability of listeners to differentiate
between English strings, consistent with our predictions, and we contend that L2
segmental perception may be shaped not only by the L1 segmental inventory but
also by L1 phonotactics, and finally that perceptual tuning to nonnative diphones
depends on relative exposure frequencies in the input. We argue that studies such
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as that of the present paper have clear theoretical implications given that most
contemporary models of nonnative and cross-language speech perception, like
PAM-L2, predict and account for the varying degrees of success that learners
have with nonnative phonetic and phonological contrasts on a segmental level
alone but offer no framework or predictions for the ways in which native pho-
notactics may play a role in nonnative segmental perception.
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