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a b s t r a c t

Two speech perception experiments explored the auditory basis of distinctive features. Experiment 1

found that Dutch listeners rated [s] and [P] as more similar to each other than American English

listeners did. We attributed this to the lack of a phonemic distinction between [s] and [P] in Dutch

phonology in addition to their relationship via a productive phonological rule in Dutch. Experiment 1

also found that Dutch listeners rated [y] and [s], and [y] and [P] as more similar to each other than did

American English listeners. We attributed this to the lack of [y] in the Dutch inventory. Experiment 2

found that Dutch and American English listeners did not significantly differ from each other in a

speeded discrimination task with the same stimuli as Experiment 1. Reaction times in Experiment 2

were highly correlated with the rating data of Experiment 1 indicating that the general pattern of

response in Experiment 1 was based on auditory similarity, with language-specific effects super-

imposed on the general pattern. The auditory basis of distinctive features found here accords with

Stevens’ (1989) quantal theory account of the feature [7anterior]. We conclude that phonetic

similarity is comprised of three components: (1) auditory similarity, (2) phonetic inventory, and (3)

language-specific patterns of alternation.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The quantal theory of speech production (Stevens, 1972, 1989)
provides a phonetic basis for distinctive features in nonlinearities
of the mapping between articulatory configurations and acoustic
output of the vocal tract. For example, nonlinearity in the
mapping between channel area and the type of airflow (laminar
vs. turbulent) through the channel provides a physical, language
universal basis for distinguishing approximants and fricatives.
Similarly, Stevens (1972) described configurations of the vocal
tract that will give stable acoustic resonant frequencies over a
range of different constriction locations, and argued that these
quantal regions in articulation/acoustics nomograms form the
basis of phonological distinctive features. This is a powerful
explanatory approach because quantal regions in the articulation-
to-acoustics mapping are simply due to the aerodynamics and
acoustics of tubes, and should be universally present for all
speakers of language (with certain caveats for vocal tract
variation—see Ménard, Schwartz, Boë, & Aubin, 2007). Thus,
quantal theory provides an important language universal account
ll rights reserved.
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of one type of phonetic grounding of distinctive features
(Archangeli & Pulleyblank, 1994; Steriade, 2001).

Stevens (1981) extended the quantal theory of production to
include the mapping between acoustics and audition, the idea
being that ‘‘auditory representation y is a warped or distorted
version of the physical representation’’ (p. 63). and thus ‘‘the
distinctive response of the auditory system to particular classes of
segments could constitute a mechanism for organizing segments
into classes’’ (p. 62). It has been found that auditory perceptual
processing of nonspeech noises and tones is non-linear (e.g. the
Weber fraction for loudness, duration, and frequency discrimina-
tion, the nonlinearity of the auditory frequency and auditory
scales, etc.) and it makes sense to suggest, as Stevens did (see also
Pisoni, 1977), that language-independent properties of the human
auditory system define discontinuities in perception that are
exploited in language sound systems. Consequences of this can be
seen in sound change which is influenced by the perceptibility of
the sounds involved in the change (Hume & Johnson, 2001), and
synchronic phonological patterns that are influenced by phonetic
similarity (e.g. Frisch, Pierrehumbert, & Broe, 2004; Hansson,
2001; Rose & Walker, 2004). It makes sense to suppose that
distinctive features are grounded in the physical systems that deal
with speech sounds—in production and perception.

One example of how auditory perception may shape
distinctive features comes from the perception of simultaneity
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Table 1
Voiceless fricative phonemic inventories of Dutch and English.

Labiodental Dental Alveolar Post-alveolar Velar Glottal

Dutch f s x h

English f y s P h
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(Elangovan & Stuart, 2008; Pastore & Farrington, 1996; Pisoni,
1977; Simos & Molfese, 1997). The temporal offset between two
auditory events (such as tone onsets) that causes them to be
perceived as non-simultaneous is about the same as the
boundary, cross-linguistically, between unaspirated and aspirated
stops (Cho & Ladefoged, 1999). Pisoni (1977) suggested that the
linguistic perception of aspiration is categorical because auditory
perception for simultaneity is categorical. This dimension, in
Stevens’ terms, is quantal—with no detectable difference among
tone onset asynchronies between 0 and 20 ms and then a sudden
discontinuity in perceptual response at about 20–30 ms onset
asynchrony. Thus, the phonological distinctive feature [+spread
glottis] is grounded in a nonlinearity in the auditory perception of
simultaneity of stop burst and voice onset—perception of voice
onset time is warped by the auditory system.

However, research on the role of experience in speech
perception suggests that speech perception is ‘‘warped’’ not only
by the non-linguistic properties of the auditory system, but also
quite substantially by the phonological inventory of the lan-
guage(s) we speak. For example, Japanese listeners’ behavior with
the English /a/-/l/ contrast has been the focus of numerous studies
(Flege, Takagi, & Mann, 1996; Goto, 1971; Lively, Logan, & Pisoni,
1993; Logan, Lively, & Pisoni, 1991; MacKain, Best, & Strange,
1981; Miyawaki et al., 1975; Strange & Dittmann, 1984; Yamada,
Tohkura, & Kobayashi, 1992). Perception of the voice onset time
dimension has also been studied in French/English bilinguals
(Caramazza, Yeni-Komshian, Zurif, & Carbone, 1973) and Spanish
speakers (Elman, Diehl, & Buchwald, 1977; Williams, 1977).
Similarly, Terbeek (1977) studied cross-linguistic differences in
vowel perception in a classic comparison of inventory effects on
speech perception. Listeners who are not familiar with a
phonological contrast used in another language may associate
both members of the contrast with a single native language sound
(see Best, McRoberts, & Goodell, 2001; Kuhl, Williams, Lacerda,
Stevens, & Lindblom, 1992; Werker & Tees, 1984). For example,
the Polish fricatives [b] and [5] both sound like [P] to speakers
of American English and this influences the relative perceptibility
of the contrast for Polish and American English listeners
(McGuire, 2007).

In addition to familiar findings such as these on the influence
of experience with the phonological inventory of one’s native
language, there are now a few reports suggesting that the pattern
of allophonic alternations in the listener’s native language
influences speech perception (Boomershine, Hall, Hume, &
Johnson, 2008 [obstruents]; Dupoux, Pallier, Sebastian, & Mehler,
1997 [stress]; Gandour, 1983 [tone]; Harnsberger, 2001 [nasals];
Huang, 2004 [tone]). For example, Boomershine et al. (2008)
investigated the perception of [d], [j], and [N] by speakers of
Spanish and English. In English, [N] and [d] may alternate with
each other (e.g. [d] in ‘‘odd’’ and [N] in ‘‘odder’’) while [j] does not
alternate with either. The situation is reversed in Spanish, where
[j] and [d] alternate with each other (un [d]edo ‘‘a finger’’, tu
[j]edo ‘‘your finger’’) while [N] does not alternate with either. So,
in English, [d] and [N] are in complementary distribution with
each other while [j] contrasts with both, and in Spanish [d] and
[j] are in complementary distribution both contrasting with [N]
and Boomershine et al. tested for perceptual consequences of
these phonological relations. They found that English listeners
rated [N] and [d] as more similar to each other than Spanish
listeners did, while [j] and [d] were more similar for Spanish
listeners than for English listeners. Interestingly, Boomershine
et al. also found these cross-linguistic patterns of perceptual
similarity in reaction time in a speeded discrimination task, like
the one that we report here in Experiment 2.

These findings and others like them indicate that Stevens’
(1981) suggestion that phonological features are grounded in
speech perception is complicated by the fact that phonology alters
or warps the speech perception system. Although there are many
possible lines of research to pursue in exploring the interelated-
ness of speech perception and phonology, in the present paper
we sought (1) to explore the effects of phonology on speech
perception with a different language comparison and phonologi-
cal feature comparison than has been previously studied, and
(2) to determine whether it is possible under certain experimental
conditions to reduce the effects of linguistic experience. Regard-
ing this last aim, Krishnan, Xu, Gandour, and Cariani (2005) found
crosslinguistic neural–perceptual differences for linguistic tone
perception even in the brainstem’s frequency-following response,
so it is unlikely that the effects of linguistic experience could ever
be completely by-passed in a behavioral experiment. However,
we know also that fast, unreflective responding does sometimes
reduce the effects of linguistic knowledge (Fox, 1984). So there is
some possibility that we could experimentally reduce language
effects. There are two reasons to explore this question. First, by
testing for language effects in different experimental paradigms
we are able to more thoroughly study the effects of linguistic
experience on speech perception. It is obviously not the case that
the Krishnan et al. (2005) finding should be interpreted as
indicating that all speech processing happens in the brainstem
and that linguistic experience is essentially uniformly present at
all levels in the cognitive processing of speech. Thus, exploring the
time course of speech processing is an important way of learning
how speech perception works. Second, we seek an experimental
method that shows limited effect of the listener’s linguistic
biography because we want to study the perceptual basis of
distinctive features. Our assumption is that reducing the impact
of language experience in a perceptual paradigm gives us a test
that measures the perceptual space in a way that is more nearly
cross-linguistically universal—a more useful measure of speech
perception as it may relate to distinctive features.
2. A comparison of Dutch and English

In addition to a methodological comparison, this paper reports
a new crosslinguistic perceptual phenomenon in which differ-
ences in phonological alternations as well as differences in
phonetic inventories impact on speech perception. Dutch
and English have different inventories of fricative phonemes
(Dutch has /x/, while English has /y/ and /P/), as well as different
phonological rules (in Dutch [P] is an allophone of /s/).

The present paper presents the results of two experiments that
explore the language-specificity of speech perception, looking at
similarities and differences in how American English- and Dutch-
speaking listeners discriminate the voiceless fricatives [f y s P x h]
in a subjective similarity rating task (Experiment 1) and in a
speeded discrimination task (Experiment 2).

The voiceless fricative phonemic inventories of Dutch and
English are shown in Table 1. The phonemic inventory of Dutch
(Booij, 1995; Cohen, Ebeling, Fokkema, & van Holk, 1972; De
Groot, 1968) includes the velar fricative [x] and does not include
[P] or [y]. English on the other hand does use [P] and [y] to
contrast words but does not include [x]. We expect then, given
these descriptions of the phonemic inventories and previous
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Table 2
Characteristics of the Dutch listeners in Experiment 1.

Listener Age AOL Gender Years in US

501 60 NA F o1

504 27 12 M 4

505 25 NA M 4
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research on second language speech perception, that Dutch
speakers will have greater sensitivity to [x] than will English
speakers and that English listeners will be more sensitive to the
phonetic properties of [P] and [y]. These predictions depend
though on whether nonnative fricatives are acoustically similar to
fricatives that listeners are familiar with. For example, we might
expect that English listeners would hear [x] as a variant of [h]
because of the acoustic similarities between these sounds. The
possibility that English /h/ is sometimes said with velar frication
(e.g. in ‘‘who’’) may also be a factor. If English listeners make this
association then we would expect that [x] and [h] would be more
phonetically similar to them than they are for Dutch-speaking
listeners (see Best, 1995; Flege, 1995 for detailed discussion of
these issues). Similarly, we might expect that Dutch listeners
would have lowered perceptual sensitivity to [y] particularly in
contrast with their native [f].

The case of [P] in Dutch is different from [x] in English or [y] in
Dutch where the fricatives do not appear in one of the languages’
phonological inventory. This is because phonetic [P] is found in
Dutch through a productive allophonic rule with /s/. The CELEX
Dutch lexicon encodes [P] along with [f s x h] as one of the
phonetically transcribed fricatives of Dutch (Baayen, Piepenbrock,
& van Rijn, 1993). Indeed, Nooteboom and Cohen (1984, p.144)
transcribe Dutch with [P], arguing that words such as meisje [P]
‘‘girl’’, sjaal [P] ‘‘shawl’’, chef [P] ‘‘chef, boss’’, and sjouwen [P]
‘‘carry’’ prove that [P] is a contrastive sound in Dutch. Supposedly
contrastive [P] is only found lexically in borrowed words (e.g.
sjouwen which is of Frisian origin), which suggests that its
existence in these contexts should be analyzed as non-adapted
loan-words and not as a fully contrastive sound. However, other
analysts (Booij, 1995; Cohen et al., 1972; De Groot, 1968) have
noted that [s] and [P] do alternate in diminutive forms like ‘‘girl’’
above (poes [s] ‘‘cat’’—poesje [P] ‘‘kitten’’, tas [s]‘‘bag’’—tasje [P]
‘‘small bag’’) and in connected speech when /s/ and /j/ are
adjacent across word boundaries (was je [P] ‘‘were you’’, zes

januari [P] ‘‘January the 6th’’). In his description of Dutch
phonology, Gussenhoven (1999) treats all instances of [P] as /s/
+/j/. So, on the one hand, Dutch speakers do have extensive
experience hearing [P] in underlying [s] contexts via a productive
allophonic rule and in some words [P] does not alternate with [s]
(non-adapted loan-words). Overall, however, the data suggests
that [P] is an allophone of /s/ in Dutch. There are thus two factors
that link [s] and [P] in Dutch—they are allophones of the same
phoneme and these allophones engage in productive alternations.
Note that in English [s] and [P] sometimes alternate on a low-level
phonetic level (miss [mis]�miss you [miPju]) or through morpho-
phonological alternations (oppress [opaes]�oppression [opaeP=n],
confess [k=nfes]�confession [k=nfeP=n]), but alternations of this
type are infrequent in English and the phonemic contrast between
/s/ and /P/ is very a salient aspect of the English phonological
system. In English [P] cannot be derived from [sj]—underlying /Cj/
is only allowed before /u/ in words like muse, and [s] and [P]
contrast in final position where /j/ is phonotactically excluded as
in lass, lash, etc. One aim in conducting our experiments was to
determine the perceptual consequences of [P] being non-phone-
mic in Dutch compared to a language like English which has a
clear categorical distinction between the [s] and [P] sounds.1
1 Smits, Warner, McQueen, and Cutler (2003) provided part of the answer.

They found with Dutch listeners an asymmetry in [P] and [s] labeling that seems to

be related to their phonological status—14.5% of [P] tokens (in one of their

conditions) were identified as ‘‘s’’, while only 3.3% of [s] tokens were identified as

‘‘sj’’. Interestingly, a similar though less striking asymmetry was also observed for

[x] and [h]—5.9% of [x] were identified as ‘‘h’’ while less than 1% of [h] were

identified as ‘‘x’’.
3. Experiment 1: Rated perceptual similarity

Experiment 1 used a perceptual similarity rating task to study
the role of linguistic structure in phonetic similarity without
requiring that nonnative speakers be ‘‘learners’’ in the process of
acquiring a second language (L2). By not requiring that listeners
identify sounds we avoid dependence upon listeners’ skill in using
the spelling system of a new language and also avoid different
levels of familiarity or study of the L2. Previous research (Huang,
2004; Boomershine et al., 2008) has shown that the perceptual
similarity rating task reveals cross-linguistic differences that
relate to phonological differences between languages. Phonetic
similarity has also been studied using an ‘‘implicit’’ labeling task
in which listeners hear three tokens and indicate whether the
middle token is more similar to the first or the third in the triad
(e.g. Harnsberger, 2001; Hallé, Chang, & Best, 2004). We feel that
the similarity rating task is preferable to this AXB identification
task because it is less memory intensive and is more efficient in
that listeners provide a gradient, more informative, response on
each trial.
3.1. Method

3.1.1. Participants

Sixteen American English speakers (5 males and 11 females)
participated in Experiment 1. These participants were college
undergraduate students who received partial course credit for
their participation in the experiment, and none of them reported
any past or present speech or hearing disorders.

Twelve Dutch speakers (6 females and 6 males) participated in
Experiment 1. Their ages and number of years in the US are listed
in Table 2. The Dutch participants were paid $10 for their
participation and none of them reported any past or present
speech or hearing disorders. Though these speakers lived in the
US at the time of our experiments they continued to speak Dutch
with friends and family in the US and in phone calls to the
Netherlands, and retained a high level of proficiency in Dutch.
Two speakers (#003 and #006) had lived in the US longer than 10
years and they rated their proficiency at speaking and hearing
Dutch as slightly worse than the other Dutch speakers did (3.5 on
a 4-point scale for those in the US longer than 10 years, 4/4 for
those in the US less than 10 years). This difference in time in the
US was not correlated with any difference in the results of the
listening experiment.

The fact that our Dutch speakers also spoke English as a second
language is not a concern in this experiment because the aim of
the experiment is to document that differences in linguistic
experience are related to differences in speech perception.
508 19 NA M 4

509 24 NA F 5

001 18 8 M 2

002 24 8 M o1

003 40 12 F 11

004 29 12 F 4

005 27 10 F o1

006 18 6 F 12

007 19 7 M o1

AOL=age when listener started English instruction. NA=the data are not available.
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Table 3
Durations (in ms) of the first vowel (V1), the fricative (Fric), second vowel (V2),

and the total duration of the stimulus, for each of the stimuli used in the rating and

discrimination conditions.

V1 Fric V2 total

afa 186 141 200 527

ifi 235 144 154 533

ufu 198 171 209 578

aya 185 157 148 490

iyi 172 204 224 600

uyu 175 140 224 539

asa 174 187 223 584

isi 184 192 217 593

usu 195 165 189 549

aPa 180 166 206 552

iPi 181 171 241 593

uPu 175 177 218 570

axa 156 168 157 481

ixi 189 186 222 597

uxu 174 161 205 540

aha 180 148 212 540

ihi 215 144 221 580

uhu 163 160 206 529
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We tested the possibility that even bilingual speakers with a fairly
high level of attainment in their second language will show effects
of native language in speech perception. The fact that the Dutch
listeners were also able to speak English only works against our
hypothesis by minimizing the chances that language-specific
effects will be found.
3.1.2. Stimuli

Eighteen disyllabic vowel-fricative-vowel stimuli were used in
this experiment. They were composed of the six fricatives [f y s P x
h] embedded in three vowel environments [a_a], [i_i], and [u_u].
The first author (a native speaker of American English) was
recorded saying multiple instances of the 18 disyllabic sequences
that result from placing each of the six fricatives into the three
vowel environments. We then selected one instance of each VCV
so that the tokens were approximately matched on intonation
pattern (Hn accent on the first syllable and LL% over the second
syllable), and duration. Table 3 shows the vowel and fricative
durations of the stimuli.
3.1.3. Procedure

Taking all possible pairs of the six fricatives regardless of order
gives 62=36 pairs, with 62

�6=30 DIFFERENT pairs and 6 SAME
pairs for each of the 3 vowels [i], [a], and [u]. The SAME pairs were
each presented twice so that there were 42 trials per vowel
(30 DIFFERENT pairs and 12 SAME pairs). Listeners heard each of
the AX trials (42 trials per vowel) three times for a total of 378
trials, with an interstimulus interval of 100 ms between the A and
X stimuli.2 The 378 trials were randomized separately for each
listener. Listeners had 5 s to respond with a button press, rating
the pair on a 5-point scale from ‘‘very similar’’ (1) to ‘‘very
different’’ (5). They were not given feedback. The session began
with four practice trials after which listeners were given a chance
to ask questions about the task before proceeding to the test trials.
2 The ISI in this experiment is quite short for an experiment seeking to

examine language influences on perception. We chose to use such a short ISI so we

could compare Experiments 1 and 2 with very few differences in the physical

presentation of the stimuli in the two experiments.
3.2. Results

The rating scores were analyzed in a repeated measures
analysis of variance with the between-listeners factor native
language (English vs. Dutch) and the within-listeners factors
vowel (/i/, /a/, or /u/) and fricative pair (15 pairs). The vowel main
effect was significant (F[2,52]=65.3, po0.01) as was the fricative
pair main effect (F[14, 364]=94.5, po0.01). The fricative pair by
vowel interaction was also reliable (F[28, 728]=15.5, po0.01).
The fricative pair by language interaction was significant
(F[14,364]=3.8, po0.01), as was the three-way, pair by vowel
by language, interaction (F[28,728]=1.6, po0.05).

Fig. 1 shows the fricative pair by language interaction, and in
this figure we see that the main points of difference between the
Dutch and English listeners were with pairs that contrasted [s]
and [P] (labeled ‘‘s_sh’’ on the horizontal axis of the graph), pairs
that contrasted [s] and [y] (labeled ‘‘s_th’’), and pairs that
contrasted [P] and [y] (labeled ‘‘sh_th’’). Dutch listeners rated
these three pairs of stimuli as more similar than did English
listeners.

Fig. 2 shows the three-way pair by vowel by language
interaction. The three pairs for which Dutch and English
listeners differed in the pair by language interaction also
differed in the [i_i] environment. In the [u_u] environment
the only language effect was for the s/y pair. While in the [a_a]
environment Dutch and English listeners differed only for the
s/P pair.
3.3. Discussion

In this experiment, we found that Dutch listeners rated [s] and
[P] more similar to each other than did English listeners. This
pattern was reliably present for [isi]/[iPi] and [asa]/[aPa] and we
observed a trend in this direction for [usu]/[uPu]. This finding
accords with a number of studies that demonstrate that the lack
of a phonemic contrast reduces the perceptual discriminability
and, hence, perceived difference of sounds. Of interest here is the
status of [s] and [P] in Dutch, because while the contrast is non-
phonemic, our Dutch listeners have certainly had experience with
phonetic [P] — in words where it is derived from [s] in the context
of a palatal glide and in some loan-words. The results of this
similarity rating experiment suggest that the allophonic relation-
ship between [s] and [P] had an impact on speech perception. For
our Dutch listeners, we found the perceived phonetic difference
between [s] and [P] to be reduced, relative to the phonetic
difference reported by English listeners, both in a context where
[s] becomes [P] (e.g. before [i]) and in environments where [s]
and [P] may contrast (e.g. before [a] in sjaal ‘‘shall’’ and saal a
pronounceable nonword).

There is a similar effect of inventory differences on Dutch and
English listeners’ perception of [y]. Dutch listeners rated [y] as
more similar to [s] than did English listeners both for the [isi]/[iyi]
and the [usu]/[uyu] pairs. Dutch listeners also rated [iPi]/[iyi] as
sounding more similar than did English listeners. In these pairs,
Dutch listeners found [y] to be less distinct than did English
listeners. It may be that our Dutch listeners were attending more
to the vowel formant transitions of [y] than to the fricative noise
(McGuire, 2007). Interestingly, this effect of phonological inven-
tory was not found across the board for all pairs involving [y].
For example, we might have expected [y] and [f] to be more
confusable for Dutch than for English listeners and though
the average ratings do trend in this direction in [ufu]/[uyu] and
[afa]/[aya] these differences were not significant. It might be that
for highly confusable pairs such as [f]/[y] the rating task is not
sensitive to language differences because a floor effect on rating
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Fig. 1. Results of Experiment 1 showing the language by fricative pair interaction. Rating scores given by Dutch-speaking listeners are plotted with a solid line and an filled

square, while scores given by English-speaking listeners are plotted with a dashed line and open triangles. In the pair labels, ‘‘sh’’ is used to indicate [P] and ‘‘th’’ is used for

[y]. Pairs marked with ‘‘nn’’ or ‘‘n’’ showed a significant language difference in a planned comparison at po0.01 and 0.05, respectively.

Fig. 2. Results of Experiment 1 for the vowel by pair by language interaction. Pairs for which Dutch and English listeners differed are marked as in Fig. 1.

K. Johnson, M. Babel / Journal of Phonetics 38 (2010) 127–136 131
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Table 4
Average ‘‘nativeness’’ ratings for stimuli of Experiment 1 as provided by four

speakers of Dutch and four speakers of English. A rating of 5 indicates the token is

a native sound produced by a native speaker, and a rating of 1 indicates that the

token is not native at all.

f h s P y x

Dutch

a 4.25 3.25 4.25 2.5 1.5 3.75

i 3 2.25 3.75 2.25 1.5 2.75

u 3.25 2.25 3.5 2.75 1 2.33

Ave. 3.5 2.6 3.81 2.5 1.3 2.94

English

a 5 3.5 4 4 2.5 1.25

i 2.75 4.5 4.5 3.5 3.5 1.25

u 3.25 4 4 3 2 3.25

Ave. 3.4 4 4.2 3.6 2.7 1.9
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scores obscures any differences between the Dutch and English
listeners. Note in support of this interpretation that the [f]/[y]
pairs that show the largest (though still not significant) Dutch vs.
English differences have higher, more ‘‘different’’ average ratings.

Another phonological inventory difference that led us to
expect perceptual differences did not have an effect. This is the
presence of [x] in Dutch and the lack of a velar fricative in English.
The pattern of [x] in the perception results is different from [y].
While we saw no language difference for [f]/[y] there were
indications that the Dutch and English listeners differed in how
they perceive [y]. With [x] we found that none of the pairs
involving [x] showed any difference between the Dutch and
English listeners—not the highly similar pair [x]/[h] or any of the
less similar pairs. One concern regarding this result is that the
velar fricative is not native for the speaker who produced
the experimental tokens. It might be possible that neither
American English nor Dutch listeners considered the [x] tokens
to be examples of a sound in their language.

We explored this with a small follow-up study on the
perceived nativeness of the stimuli. We asked four Dutch speakers
and four American English speakers (drawn from the same
populations as in Experiment 1) to judge the ‘‘nativeness’’ of
each of the stimuli used in Experiment 1. Listeners used a 5-point
scale where a rating of 5 indicated that the stimulus was a native
sound produced by a native speaker and 1 indicated that the
stimulus was not native at all. Each listener judged each stimulus
token once.

The average ‘‘nativeness’’ ratings are shown in Table 4. For
Dutch listeners, [y] received the lowest nativeness ratings while
for English listeners [x] had the lowest nativeness ratings, though
[uxu] sounded native to these listeners—probably being taken as
an instance of /uhu/.

Although there is some variation in the nativeness ratings for
the other fricatives—with [y] rated somewhat low by English
listeners and [P] and [h] rated low by Dutch listeners—there is
little reason to conclude that the native language of the speaker
who produced these tokens explains the lack of a difference
between Dutch and English listeners perception of [x] pairs in
Experiment 1.
4. Experiment 2—speeded discrimination

The main results of Experiment 1 are clear. Dutch and English
listeners judge the phonetic similarity of fricatives differently and
these differences are tied to the differing phonologies of Dutch
and English—particularly the absence of [y] and [P] as phonemes
in the Dutch inventory and also the presence of allophonic
alternations between [s] and [P] in Dutch. However, these are
effects observed when listeners are allowed to introspect about
the sounds presented in an experimental trial. Experiment 2 was
designed to by-pass this level of conscious introspection in an
attempt to test for language effects in a less explicitly linguistic
task.

There is evidence suggesting that linguistic experience affects
speech perception by warping low-level auditory processing
(Guenther, Husain, Cohen, & Shinn-Cunningham, 1999). For
example, Boomershine et al. (2008) found that Spanish- and
English-speaking listeners showed reaction time differences in a
speeded discrimination task that mirrored differences found in a
similarity rating task. Similarly, Huang (2004) found language
differences for tone perception in a low-uncertainty fixed
discrimination task. Krishnan et al. (2005) have also found that
the brainstem ‘‘frequency-following response’’ to Mandarin tones
is different (more accurate and less variable) for speakers of
Mandarin than for speakers of English. Together, these findings
suggest that linguistic experience may influence speech percep-
tion by altering auditory response to speech in tuning the
auditory pathway to be particularly sensitive to the phonetic
patterns that are used in one’s native language.

Experiment 2 was designed to test for linguistic differences in
lower-level auditory processing in fricative perception by
Dutch and English-speaking listeners. Additionally, we noted
in Experiment 1 that Dutch and English listeners responded
with very similar rating judgments for pairs ([f]/[y] and [x]/[h])
which are contrastive in one language and not in the other.
So this experiment was designed to explore the auditory basis
of the similarities among the Dutch and English listeners of
Experiment 1.

4.1. Methods

4.1.1. Participants

Nineteen American English speakers (12 females and 7 males)
participated in Experiment 2. These participants received partial
course credit for their participation in the experiment, and none
of them reported any past or present speech or hearing disorders.
Data from two participants (1 male and 1 female) were removed
because English was not their native language.

Fifteen Dutch speakers (9 males and 6 females) participated in
Experiment 2. Their age at the time of the experiment, age at the
onset of English language instruction, and number of years in the US
are listed in Table 5. The Dutch participants were paid $10 for their
participation and none of them reported any past or present speech
or hearing disorders. Nine of the Dutch participants in this
experiment also participated later in Experiment 1—with a gap of
about 3 months between participation in Experiment 2 and
Experiment 1. Dutch listener number 013 was born and grew up
in the US, speaking Dutch in the home. This listener rated her
proficiency in speaking and hearing Dutch as 4 on a 4-point scale.
She also rated her proficiency in speaking and hearing English as a 4.
The other Dutch listeners rated their speaking/hearing proficiency as
4 for Dutch and 3.8 for English. Listener 013’s performance in the
task was not noticeably different from the other Dutch listners.

4.1.2. Stimuli

The same stimuli that were used in Experiment 1 were also
used in this experiment.

4.1.3. Procedure

The speeded AX discrimination task that we used in Experi-
ment 2 has a low memory load with a short 100 ms interstimulus
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Table 5
Characteristics of the Dutch listeners in Experiment 2.

Listener Age AOL Gender Years in US

501a 60 NA F o1

504a 27 12 M 4

505a 25 NA M 4

508a 19 NA M 4

509a 24 NA F 5

001a 18 8 M 2

002a 24 8 M o1

004a 29 12 F 4

005a 27 10 F o1

008 30 NA M 4

009 22 10 M o1

010 22 12 F o1

011 19 7 M o1

012 18 7 M o1

013 21 0 F 21

AOL=age when the person started English instruction. NA=the data are not

available.

a These listeners also participated in Experiment 1.
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interval (ISI) (Pisoni & Tash, 1974). Additionally, Fox (1984) showed
that lexical effects in speech perception are eliminated by fast
responding. He found that when listeners responded within 500 ms
of the onset of a stimulus there was no lexical effect in continuum
labeling (Ganong, 1980). Therefore, in this experiment listeners were
given an AX discrimination task, with a 100 ms ISI and a 500 ms.
reaction time target. This condition was designed to elicit responses
that tap a low-level auditory/perceptual representation of speech.

The listener’s task was to identify the last member of a pair of
stimuli (X) as ‘‘same’’ (physically identical) or ‘‘different’’ from the
first member (A) of the pair. We used the same list of 36 SAME
and 90 DIFFERENT pairs that was used in Experiment 1. The
stimuli were presented in the clear (no added background noise)
at a comfortable listening level. For most comparisons listeners
could achieve almost perfect performance in this task, and the
overall performance across all listeners and stimulus pairs was
95% correct. Reaction time was measured for each response, and
following Shepard, Kilpatric, and Cunningham (1975), Nosofsky
(1992) and others, reaction time was taken as a correlate of
perceptual distance, where a longer response to a ‘‘different’’ pair
is taken as an indication that it was relatively difficult to hear the
difference between the stimuli, and a short reaction time
indicates that the difference was more salient. Reaction time
was measured from the onset of the fricative noise in the second
VCV stimulus of each pair.3

Listeners in the speeded discrimination task were given
feedback on every trial. They were shown their reaction time
(from the onset of the X stimulus) and their overall percent
correct score. We emphasized speed of responding, asking
listeners to keep their reaction times to 500 ms or less.

4.2. Results and discussion

In a repeated measures analysis of variance of the log reaction
times for correct ‘‘different’’ responses, there was a vowel
main effect (F[2, 11]=18.9, po0.01), a fricative pair main effect
3 Reaction time feedback was calculated from the onset of the X stimulus, not

from the onset of fricative noise in the X stimulus because this was easy to

program in the experiment running software and it was not necessary that the

feedback be perfectly accurate because the purpose of the feedback was simply to

push listeners to respond quickly. Reaction time data was calculated by later

subtracting the initial vowel durations from the RT from onset values because

these data more accurately measure the elapsed time between the onset of the

consonant acoustic information and the completion of a button press response.
(F[14, 393]=15.8, po0.01), and a pair by vowel interaction (F[28,
888]=3.4, po0.01). None of the interactions involving the
language of the listener reached significance, though the pair by
language interaction was close (F[14, 393]=1.6, p=0.071). Visual
inspection of the pair by language interaction indicated that this
marginally significant interaction was due to longer reaction
times for American English listeners for the hardest pairs [f]/[y]
and [h]/[x], rather than any pattern that matches the language by
pair interaction that was found in Experiment 1 (Fig. 1). This
nominal difference between language groups may be an indica-
tion that the Dutch listeners were trying harder to keep their
reaction times under 500 ms even when the discrimination
judgment was difficult to make.

Some recent research has found effects of the listener’s
language in both a similarity rating task and in an AX
discrimination task (Boomershine et al., 2008; Huang, 2004), but
in this study we found that the listener’s language only affected
the results of our similarity rating task—the AX discrimination
reaction times showed no significant effect of listener’s language.
One difference that may be important for understanding the
difference between these earlier studies and this one is that in this
speeded discrimination experiment we emphasized speed of
responding. The observed reaction times (Fig. 3) were between
500 and 800 ms. This is faster than the reaction times seen in
Boomershine et al. for consonant discrimination where a language
effect was found in AX discrimination. On the other hand, Huang’s
listeners also produced reaction times between 500 and 800 ms
but nonetheless showed a language effect. The fact that highly
salient lexical tones were being distinguished may have
something to do with her result, but more research is needed to
understand the experimental situations that will result in
language effects in experiments like these. For instance, the
degree of Dutch–English bilingualism of our Dutch listeners may
have had an impact.

The Experiment 2 ‘‘pair by vowel’’ interaction is shown in
Fig. 3. The parallels between the reaction time data shown in this
figure and the average similarity ratings that were obtained in
Experiment 1 are striking. For example, in the rating data (Fig. 2)
we found that the phonetic difference between [uhu] and [uxu]
was smaller than the phonetic difference between [ufu] and [uyu],
while in the [i_i] environment the opposite trend was found—the
difference between [ihi]/[ixi] was larger than the difference
between [ifi]/[iyi]. This pattern is also apparent in the reaction
time data in Fig. 3. Reaction times for ‘‘different’’ responses to
[uhu]/[uxu] were longer than to [ufu]/[uyu] while reaction times
for ‘‘different’’ responses to [ifi]/[iyi] was longer than to [uhu]/
[uxu]. To quantify the similarity between the results of Experi-
ments 1 and 2 we calculated correlations between the reaction
time data in Fig. 3 and the rating data in Fig. 2 comparing data
from vowel environments across the experiments. These correla-
tions are shown in Table 6. This table shows that, for each vowel
environment, the similarity rating data that best fits the
‘‘different’’ reaction time data are from the same vowel
environment.

In summary, Experiment 2 has two main results. The first
is that we found no consistent effect of the language of the
listener. Dutch and English listeners showed similar reaction
time patterns in this experiment, suggesting that this experiment
was successful in measuring the raw auditory distances between
these stimuli without influence from the listener’s native
language. The second main finding is that the reaction time
patterns found in this experiment are highly correlated with
the phonetic similarity ratings found in Experiment 1. These
findings suggest that (1) the language differences found in
Experiment 1 are not due to low-level linguistic warping of the
auditory system, though previous research clearly demonstrates
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Fig. 3. Reaction times for correct ‘‘different’’ responses in Experiment 2 averaged over all listeners regardless of native language. Reaction times for different consonant

pairs (regardless of which consonant was in the X position) is shown on the horizontal axis, and pairs in the [i_i] environment are plotted with open circles, pairs in the

[a_a] environment are plotted with open triangles, and pairs in the [u_u] environment are plotted with asterisks.

Table 6
Correlations, all of which are significant (po0.01) between (log) reaction time in

Experiment 2 and rated similarity in Experiment 1 for pairs in different vowel

environments (Pearson’s product–moment correlation coefficient, r). The highest

correlation in each row is underlined.
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that such warping does occur in some circumstances, and (2) that
responses in the phonetic similarity rating task of Experiment 1
were highly influenced by raw auditory similarity as measured in
Experiment 2.
Phonetic similarity

a_a i_i u_u

a_a �0.86 �0.80 �0.77

Reaction time i_i �0.90 �0.96 �0.80

u_u �0.68 �0.63 �0.87
5. Conclusion

Best (1995) posited that during perception foreign sounds are
compared with the phonetic inventory of the speaker’s native
language and ‘‘assimilated’’ to the native inventory in one of
several ways. For example, from our data, the foreign [y] for Dutch
listeners appears to have been assimilated to [s], perhaps on the
basis of similarity in their vowel formant transitions, even though
for both Dutch and English listeners [y] is more auditorily similar
to [f]. In addition to similarity in the vowel formant transitions of
[y] and [s], here it may also be important to note that phonetic
similarity may encompass visual, motor, and auditory properties.
The perceptual assimilation process by which phonetic input is
related to the listener’s linguistic knowledge involves a compar-
ison (in this or any other plausible model) that must rely on a
mechanism that permits foreign sounds and native sounds to be
phonetically compared. Whether the comparison mechanism
operates using an auditory or gestural code (as Best suggests) is
open to debate, but the findings of this study contribute to the
emerging consensus that linguistic/phonological knowledge is
phonetically very rich.

However, beyond differences in phoneme inventories, lan-
guages vary in their choice of allophones, and the status of [P] in
Dutch as a prominent allophone of /s/, as well as allophonic
alternations between [s] and [P], may further bias Dutch speakers
toward assimilating [P] to [s]. So, while Dutch and English both
have a phonetic [P] sound, [s] and [P] are contrastive in English,
but in Dutch [P] is allophonically derived from /s/. This linguistic
difference is reflected by listeners’ similarity rating judgments in
Experiment 1, thus emphasizing that phonetic similarity is to
some degree shaped by language-specific phonological pattern-
ing. For example, Dutch listeners rated [isi]/[iPi] as more similar
than English listeners; in this vowel environment, [s] and [P]
never contrast in Dutch. The ambiguity of the phonological
relationship between [s] and [P] becomes more apparent
considering that Dutch listeners also rated [asa]/[aPa] as more
similar than English listeners, but their responses to [usu]/[uPu]
did not differ from those of the English listeners. So in addition to
accounting for cross-linguistic perceptual differences that arise
from phonological inventory differences we must be able to
account for effects that show sensitivity to more complex patterns
of phonological contrast and allophonic alternation.

In summary, the experiments described in this paper highlight
three components of phonetic similarity in speech perception—

auditory distance, phonological inventory, and patterns of
allophony. These components of phonetic similarity, which arise
from the auditory system and the deployment of speech sounds
in a language’s lexicon, form a phonetic basis for phonological
features.

The perceptual consequences of phonological inventory have
been widely documented over a number of years, as reviewed in
the introduction to this paper. The experiments here also found
some phonological inventory effects, but they were rather more
subtle than we thought we might find. For example, we saw a
difference between Dutch and English in the perception of pairs
involving [y] which is not used in Dutch. Although [y] and [f] were
judged to be equally similar by English- and Dutch-speaking
listeners (compare this with findings for English [a]/[l] presented
to Japanese speakers) we found that Dutch speakers judged [y] to
be more similar to [s] and [P] than did English speakers. Although
a definitive explanation of this result cannot be given at this time,
we could speculate that our Dutch listeners as bilinguals in
English were aware of [y] and called up visual and perhaps motor
phonetic experience to supplement their limited auditory experi-
ence with this sound—reporting a combination of visual, motor,
and auditory phonetic similarity. Another speculation about this
finding is that our Dutch listeners are aware of some conventio-
nalized nonnative pronunciations of English words in which [y] is
replaced by [s] and thus report as a part of phonetic similarity a
conventional relationship between the sounds. Regardless of what
explanation is correct, the results of the experiments make it clear
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that the inventory of contrastive sounds in the native language
influences phonetic similarity.

We also expected to see some difference in how Dutch and
English listeners perceived pairs involving the velar fricative [x]
which is found in Dutch but not English. The data however
showed no differences at all. In addition to the possibility that the
particular instances of [x] were not produced in a native Dutch
way, it is important to note that [h] and [x] have a high degree of
auditory similarity with each other and dissimilarity with the
other sounds being tested. This leads us to consider the first
component of phonetic similarity.

With respect to the first component of phonetic similarity, we
found that auditory contrast between the stimuli strongly
influenced the perceptual distances reported in the similarity
rating experiment. The fact that rating judgments from Experi-
ment 1 were so highly correlated with reaction times in
Experiment 2 (together with the assumption that reaction time
reflected non-linguistic perception of auditory contrast) lends
support to the notion that the phonetic similarity judgments in
Experiment 1 were largely based on raw auditory similarity.
Though English does not have [x] as a phonological category,
English native-speakers, like Dutch native-speakers rated it as
more similar to [h] than to other sounds. Similarly, the Dutch
speakers’ lack of [y] in their native inventory did not keep them
from patterning with English listeners in rating [y] as more
similar to [f] than to other sounds.

The third component of phonetic similarity that we have seen
in these experiments is related to the patterns of allophony. The
observation here, which has been made before (Boomershine
et al., 2008; Harnsberger, 2001; Hume & Johnson, 2003), is that
even when listeners have experience with sounds—having to
recognize them and produce them in their native language—

when the sounds are phonologically identified with each other
they are perceived to be more similar than when they are not
phonologically related. Our result is that listeners do not perceive
speech in terms of phonemes (a view that has been attributed to
the American structuralists). For example, Dutch listeners do hear
the difference between [s] and [P], but the phonological relation-
ship increases the perceived phonetic similarity of the sounds.

In Stevens’ quantal theory, [s] and [P] are distinguished by the
feature [7anterior], and are known to be separated by a strong
quantal boundary (Stevens, 1989). The quantal theory as usually
stated for speech perception (Stevens, 1981) would predict no
differences between Dutch and English listeners’ perception of [s]
and [P]. Our experiments tested this prediction and found both
support for the quantal view, and a challenge. In support of
quantal theory, we found no language differences in a speeded
discrimination task. Although the view that linguistic differences
in perception can be totally eliminated in speeded discrimination
is not correct (Boomershine et al., 2008; Huang, 2004; Krishnan
et al., 2005), it does seem to be the case that perceptual methods
that tap lower levels of processing do engage less language-
specific modes of perception and quantal theory is pretty
successful at predicting the contours of this language-indepen-
dent phonetic similarity space (with e.g. features like [7ante-
rior]). In a challenge to quantal theory we found, in our rating
task, differences between English, a language in which [s] and [P]
are contrastive, and Dutch, in which [s] and [P] are not distinct
phonemes but engage in a productive pattern of alternation. This
suggests that at some level of perceptual processing the raw
auditory contrast predicted by quantal theory is modified by
linguistic experience—even when the listeners have had experi-
ence listening to the sounds in their native language, and even
when the listeners are bilingual.

Our conclusion leads us to a somewhat circular view of the
relationship between phonetics and phonology (see also Hume &
Johnson, 2001). We conclude that speech perception is largely
determined by physical properties of sounds and the auditory
system’s response to sound. But we also find that speech
perception is to a lesser extent determined by the listener’s
linguistic experience of sounds in language—the inventory of
contrastive sounds and the patterns of alternation in his/her
native language. The circularity is that this phonetic similarity
which is partly determined by phonological facts is in turn a basis
for phonological patterns. Seen from a purely synchronic point of
view it makes no sense to speak of phonetic similarity as
simultaneously the result and cause of phonological patterning,
but when phonology is viewed diachronically the circularity of
our perspective is just a reflection of the cycle of language
acquisition and transmission. Phonological patterns contribute to
phonetic similarity for the present generation, which is then a
basis for the development of new phonological processes in a later
generation.
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