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This series of experiments concerns the nature of per-
ceptual adjustments that take place in the speech recog-
nition system in response to unusual speech production.
The process of decoding speech is necessarily complex,
to a great extent because, in addition to structural varia-
tion such as coarticulation, speech is characterized by a
large amount of both inter- and intratalker variability.
The realization of a given phoneme varies within indi-
viduals as a function of, for example, voice quality, emo-
tional state, or speaking rate. Interindividual differences,
the focus of the present series of experiments, are caused
by factors such as vocal tract shape, accent, or articula-
tory habits (see, e.g., Klatt, 1986, 1989). The cumulative
effect of all these sources of variability is that mapping
from input to categories is a many-to-many problem: Not
only can one phoneme have different acoustic realiza-
tions, but one acoustic pattern can elicit different pho-
nemic percepts (Nusbaum & Magnuson, 1997; Repp &
Liberman, 1987). How do listeners deal with this vari-
ability? A number of previous studies have shown that
the perceptual system dynamically adjusts to speech that
is initially difficult to understand. The characteristics of
the mechanism that achieves perceptual constancy and
the constraints under which it operates are largely un-
known, however. In this study, we asked whether talker-

specific adjustments are made in the speech recognition
system in response to unusual productions of speech
sounds, and if so, how detailed those adjustments are.

Evidence of such dynamic adjustments, as indexed by
improved intelligibility after sufficient exposure, has been
found with synthetic speech (Greenspan, Nusbaum, &
Pisoni, 1988; see also Maye, Aslin, & Tanenhaus, 2003),
noise-vocoded speech (Hervais-Adelman, Johnsrude,
Davis, & Brent, 2002), and compressed speech (Dupoux
& Green, 1997; Mehler et al., 1993). Such studies have
revealed important constraints on perceptual learning in
speech processing. Greenspan et al., for example, note
that variability in the training materials is crucial for
learning; repetition of a small set of stimuli did not pro-
duce improved intelligibility in their study. Hervais-
Adelman et al. observed that adaptation to noise-vocoded
speech was absent when listeners were presented with
phonotactically legal nonword sentences. This suggests
that higher level (e.g., lexical) information is required for
adaptation to occur.

Perceptual learning has also been found in response to
natural but accented speech input. Moving to a different
dialectal environment often requires adaptation to unfa-
miliar input from a whole community of talkers. British
English speakers who have lived in the United States, for
example, learn to recognize an alveolar tap [ɾ] as an in-
stance of [t] (Scott & Cutler, 1984). Similarly, American
immigrants to Britain may have to learn that the glottal
stop [ʔ] is an instance of the same phoneme. Adjustments
are also made in response to talkers who speak a language
with a nonnative accent. Clarke (2002, 2003) observed
that after short exposure to Spanish-accented American
English, listeners performed faster on a task that required
matching a visual stimulus to accented auditory input than
did control listeners who had had exposure to another
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We conducted four experiments to investigate the specificity of perceptual adjustments made to un-
usual speech sounds. Dutch listeners heard a female talker produce an ambiguous fricative [?] (be-
tween [f] and [s]) in [f]- or [s]-biased lexical contexts. Listeners with [f]-biased exposure (e.g., [wtlo?];
from witlof, “chicory”; witlos is meaningless) subsequently categorized more sounds on an [εf]–[εs]
continuum as [f] than did listeners with [s]-biased exposure. This occurred when the continuum was
based on the exposure talker’s speech (Experiment 1), and when the same test fricatives appeared
after vowels spoken by novel female and male talkers (Experiments 1 and 2). When the continuum was
made entirely from a novel talker’s speech, there was no exposure effect (Experiment 3) unless frica-
tives from that talker had been spliced into the exposure talker’s speech during exposure (Experi-
ment 4). We conclude that perceptual learning about idiosyncratic speech is applied at a segmental
level and is, under these exposure conditions, talker specific.
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voice talking in nonaccented English. Bradlow and Bent
(2003), in a training–test paradigm, investigated percep-
tual adjustment to Chinese-accented English. One group
of listeners who had heard multiple talkers, and another
group that had heard only the test talker at training, per-
formed equivalently, and better than other training groups,
on a transcription task. Listeners who had heard only a
single talker at training, one who was different from the
test talker, did not show improved performance. These re-
sults suggest that perceptual adaptation is useful when the
same talker is encountered again and, furthermore, that
adaptation in response to a single talker does not general-
ize to another talker. However, if there is variability in the
input, as introduced by multiple talkers, the perceptual
system appears to be able to extract abstract information
about the accent that can be used to facilitate comprehen-
sion of other talkers with the same accent. Because of the
nature of Bradlow and Bent’s task, however, the type of
information extracted (e.g., featural, segmental, prosodic,
or rhythmic) cannot be determined. Nevertheless, as was
shown in another study (Evans & Iverson, 2004), it is pos-
sible that learned characteristics of an accent can constrain
the interpretation of subtle phonetic cues.

Some studies on accent normalization have used intelli-
gibility of words or sentences as a dependent measure and
hence provide few cues as to the level or detail of adjust-
ment. Others have examined the role of phonetic detail in
processing accented speech (Evans & Iverson, 2004; Scott
& Cutler, 1984), but adjustments in these cases were the
outcome of exposure to a whole language community, pos-
sibly over many years, and are therefore not necessarily
carried out by the same mechanism as that responsible for
individual talker normalization. In the present study, in
contrast, we sought to evaluate the degree of detail that lis-
teners learn about the characteristics of an individual talk-
er’s speech after short-term exposure.

There is abundant evidence that listeners make per-
ceptual adjustments to the speech of individual talkers.
Classic studies by Ladefoged and Broadbent (1957) and
Ladefoged (1989) have shown that listeners evaluate a
talker’s vowel space and apply this computation in inter-
preting following vowels within the same utterance. More
recently, Nygaard, Sommers, and Pisoni (1994) found
that spoken word identification was improved for lis-
teners who had previously been familiarized with the
talkers’ voices, compared with control listeners who had
been familiarized with another set of voices (see also
Nygaard & Pisoni, 1998). Their findings suggest that
once a listener has adjusted to the idiosyncrasies of a
particular talker’s utterances, the result of this process is
stored and will be used again to facilitate perception
when this voice is encountered at a later point—a con-
clusion that is in line with the recurrent observation that
listeners encode details of talkers’ voices in long-term
memory (Church & Schacter, 1994; Goldinger, 1996,
1998; Goldinger, Pisoni, & Logan, 1991; Martin, Mul-
lennix, Pisoni, & Summers, 1989; Palmeri, Goldinger, &
Pisoni, 1993; Pisoni, 1993).

In an earlier study, Mullennix and Pisoni (1990) in-
vestigated directly a possible influence of talker-specific
information on linguistic processing. They employed a
same–different classification task of either the dimension
voice or the dimension phoneme (a word-initial voicing
contrast). While the respective other dimension was always
varied in the experimental conditions, response latencies
were compared with a control condition where the other
dimension was held constant. Results showed that vari-
ation of these two dimensions produced mutual interfer-
ence, suggesting that they are not processed indepen-
dently of each other. However, there was an asymmetry
such that variation in voice caused more interference
with phoneme classification than vice versa. Given this
asymmetry, Mullennix and Pisoni concluded that linguis-
tic processing is contingent on voice processing—more
specifically, that talker information is extracted from the
signal first and then influences phonetic processing (see
also Green, Tomiak, & Kuhl, 1997; Knösche, Lattner,
Maess, Schauer, & Friederici, 2002; Lattner, 2002).

Another observation on the constraints of a perceptual
learning mechanism is that the initial adjustment to a
talker comes at a processing cost. Mullennix, Pisoni, and
Martin (1989) reported that identification and naming of
a list of words in noise deteriorates and slows down when
these words are produced by multiple, intermixed talkers,
relative to when they are produced by the same talker.
Mullennix et al. proposed that the perceptual system
must engage in an adjustment process each time a novel
voice is encountered. On the other hand, when there is
only one talker in the set, the system is already in the
right configuration at the time a word is presented, lead-
ing to better identification performance and shorter re-
sponse latencies. Nusbaum and Morin (1992) reported a
similar and consistent effect of multiple-talker compared
with single-talker presentations in response latencies to
vowels, consonants, and words.

A recent study by Norris, McQueen, and Cutler (2003)
provides some insight into how a perceptual learning
mechanism in speech perception might operate. This
study demonstrated a lexically driven modulation of the
category boundary for a consonant contrast, which was
induced in an exposure phase and measured in a subse-
quent phonetic categorization task. In the exposure phase,
listeners heard naturally produced words, some of which
were edited. For one group of listeners, all instances of
the fricative sound [s] were replaced by a perceptually
ambiguous sound lying midway between [s] and [f]. For
another group of listeners, all cases of [f] were replaced
by the same ambiguous fricative sound. Results showed
that the group that had heard the ambiguous sound in
[s]-biased lexical contexts categorized more sounds on
an [f]–[s] continuum as [s], whereas the other group cate-
gorized most sounds as [f]. In accord with what Hervais-
Adelman et al. (2002) found for noise-vocoded speech,
this study thus shows that a perceptual adjustment is
made when an idiosyncratic production of a speech sound
is placed in an appropriate lexical context.
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Previous studies have therefore shown that the speech
perception system makes adjustments to both natural
speech and to speech that is in some way unusual. The
adjustment requires processing capacity, and evidence
has been found for one specific adjustment mechanism,
which is lexically driven. Patterns extracted from these ad-
justments are stored, and the information is reused when
speech with similar characteristics is encountered again.

A number of important questions about the constraints
of perceptual learning remain unanswered, however. In the
present study, we addressed two issues regarding its speci-
ficity. First, it is not clear how detailed the adjustments are:
Are adjustments made at a segmental level (i.e., with re-
spect to individual phonemes), at a lexical level (i.e., with
respect to individual words), or more globally (i.e., with re-
spect to pitch characteristics of a talker’s voice)? Second,
it is not clear whether the effect of perceptual learning is
applied talker specifically, or whether it also affects pro-
cessing of speech from other talkers. Although studies on
accent learning have shown that the outcome of perceptual
adjustment is beneficial for comprehension when, subse-
quently, talkers with the same accent are encountered
(Bradlow & Bent, 2003; Scott & Cutler, 1984), it is uncer-
tain whether such learning may be misapplied to other talk-
ers who do not have that accent. Similarly, the outcome of
individual talker normalization is clearly beneficial when
one is listening to the speech of the same talker again (Ny-
gaard et al., 1994) but may have a detrimental effect when
applied to another talker. These two issues, that of the level
and detail of application of learning, and that of general-
ization to other talkers, were investigated using the expo-
sure–test paradigm developed by Norris et al. (2003). We
chose this paradigm because it provides tight control over
the learning effect; the bias in the interpretation of an am-
biguous sound is determined by lexical knowledge alone,
not by differences in the ambiguous sound, or any other
sounds, between conditions. It is therefore well suited to
test whether the learning effect is specific to a phonetic
contrast alone. Furthermore, the paradigm allows testing
for talker specificity of the adjustment. Listeners were ex-
posed to edited, natural speech coming from one talker,
and then tested for a perceptual learning effect with mate-
rials made from another talker’s utterances.

EXPERIMENT 1

In Experiment 1, we sought to examine whether per-
ceptual learning after exposure to a (female) talker with
unusual fricative productions would generalize to a test
situation where listeners are presented with a new (fe-
male) talker. Conditions where the talker at test and the
talker at exposure were the same (replicating the experi-
mental conditions of Norris et al., 2003) served as a com-
parison for the talker-change conditions. Two further con-
trol conditions (identical to the nonword conditions of
Norris et al., 2003) were included to provide a measure of
the extent to which the adjustment is lexically driven.

A pretest was conducted in order to find a fricative
[f]–[s] sound that was sufficiently ambiguous to Dutch

listeners. The main experiment then consisted of an ex-
posure phase (auditory lexical decision) followed by a
brief test phase (phonetic categorization). Four exposure
conditions were defined by the types of words and non-
words used in the lexical decision task. In one experi-
mental condition, all 20 instances of [s] (in word-final
position) were replaced by a perceptually ambiguous
sound [?], whereas all 20 [f] sounds (also in word-final
position) remained natural. A second condition con-
sisted of items in which all the [f] sounds were replaced
by [?], but all [s]s were natural productions. Two control
groups listened to the ambiguous sound [?] in nonword
contexts, one of which additionally received naturally
produced [f]-final words, the other group receiving nat-
ural [s]-final words. As in the Norris et al. (2003) study,
these groups were used to control for the possibility that
an effect in the experimental conditions was due to se-
lective adaptation or contrast effects, as opposed to a lex-
ical effect (see Norris et al., 2003, for a discussion). These
four groups were then tested on an ambiguous [εf]–[εs]
continuum, made from materials constructed from utter-
ances of the talker of the exposure phase. Given that
these conditions were an exact replication of the Norris
et al. study, using the same words and procedure but a
different talker, we expected to replicate the earlier re-
sults. The experimental exposure group that listened to
ambiguous [f]-final and natural [s]-final words was ex-
pected to subsequently categorize more sounds on the
[εf]–[εs] continuum as [f], whereas the other experi-
mental exposure group was expected to categorize more
sounds as [s]. The control groups were expected to give
intermediate responses and not to differ from each other.

Our main interest, however, was in two further groups
of participants who listened to the stimuli of the two lex-
ically biased exposure conditions, but were then tested
on an [εf]–[εs] continuum in which the vowel [ε] came
from an utterance by a novel talker who was also female
and was similar in age to the exposure talker. Since vow-
els are a rich source of talker identity information, this
manipulation was expected to signal a change in talkers
between exposure and test. If perceptual learning gen-
eralizes to another talker, a shift in category boundary as 
a function of exposure condition should be evident in 
the categorization data. That is, the categorization data 
for these groups should show the same pattern as those
for listeners in the lexically biased exposure conditions
who were tested on the exposure talker. If, however, 
perceptual learning does not generalize to a different
talker, listeners would not be expected to apply a previ-
ously learned adjustment when they noticed a change in
talkers. No difference in categorization performance
would then be expected between the two novel talker test
groups.

Method
Participants

A total of 105 native speakers of Dutch drawn from the MPI for
Psycholinguistics participant pool took part in the experiment. Nine
volunteers participated in the pretest and the remaining 96 in the
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main experiment. None of them reported having any hearing disor-
ders. All were paid for their participation.

Pretest
Stimulus construction. A number of tokens of the three sylla-

bles [εf], [εs], and [εx], produced by a female native speaker of
Dutch, were recorded in a sound-attenuated booth onto digital
audio tape (DAT). Recordings were redigitized at a 16-kHz sam-
pling rate and 16-bit quantization on a Sun Sparc workstation and
edited with Xwaves. One token each of [εf] and [εs] was selected
to create an [εf]–[εs] continuum. The fricatives were excised from
the vowel at a zero crossing at the onset of frication energy and
edited to match the mean duration and intensity of [f] and [s] in
spoken word contexts. These mean duration and intensity values
(202.4 msec and 55.2 dB SPL) were derived from measurements of
the experimental items recorded for the lexical decision part of the
experiment (see below). The waveforms of both fricatives were cut,
then linearly smoothed at offset over a 75-msec window, and finally
scaled to be of equal intensity. The resulting [s] and [f] sounds were
then used to make a 21-step continuum, employing an algorithm
that combined each of the two sounds sample by sample in 21
graded proportions, such that Step 1 was the original [f] and Step 21
the original [s], with 19 equally spaced steps in between (McQueen,
1991). Each step was then spliced onto the vowel [ε], which was
isolated from one of the [εx] syllables and which was 112 msec in
duration. A vowel from a velar context was used in order to avoid
transitional cues to the labiodental [f] or alveolar [s] place of artic-
ulation. (Note that Norris et al., 2003, used vowel tokens that al-
ways cued labiodental place, which resulted in a residual [f]-bias.)

Procedure. Informal listening by 4 native Dutch speakers indi-
cated that the most ambiguous range of the [εf]–[εs] continuum was
Steps 6–15. These 10 syllables were presented to the pretest listen-
ers over closed headphones in a sound-attenuated booth. Items were
pseudorandomized by concatenating 10 individually randomized
lists containing one of each syllable. There was a short practice se-
quence in which each token was played once. Responses were made
by pressing one of two buttons labeled “F” and “S,” counterbal-
anced for handedness across the sample such that half of the par-
ticipants made “F” responses and the other half “S” responses with
their dominant hand. Items were presented at a rate of 2.6 sec be-
tween syllable onsets.

Results. Percentages of [f] responses to each of the 10 steps of
the continuum were averaged. The continuum was judged by lis-
teners to be most ambiguous (50% [f] responses) at the point mid-
way between Steps 10 and 11. Hence a more fine-grained 41-step
continuum was made from the endpoint stimuli using the technique
described above. Step 20 corresponded to Step 10.5 on the 21-step
continuum. This step [?] was then used to make the ambiguous
items in the exposure phase of the main experiment and, along with
Steps 12, 17, 23, and 28 (corresponding to 85%, 70%, 30%, and
15% of [f] responses, respectively), was also used in the phonetic
categorization phase.

Materials and Stimulus Construction
Lexical decision. Stimuli were constructed for two experimen-

tal and two control conditions, using new recordings of the items
used by Norris et al. (2003). Experimental words and nonwords, as
well as filler words and nonwords, were produced by the talker of
the pretest and recorded during the same session. Experimental
items were 20 [f]-final Dutch words (e.g., olijf, “olive”), 20 [s]-final
Dutch words (e.g., radijs, “radish”), and 20 strings that would be
nonwords whether they ended in [f] or [s] (e.g., kwirtaf, kwirtas).
Note that olijs and radijf are not words in Dutch. These three sets
were matched in triplets for stress pattern, final vowel, and length
(such that there were five items per set with one, two, three, and
four syllables). The two real-word sets were also matched for fre-
quency (13 per million for [f]-final words and 14 per million for
[s]-final words). Except for the final [f] and [s] in the real-word

sets, no experimental item contained any further instances of these
two sounds, nor of [v] or [z]. In addition, there were 80 filler words
and 100 filler nonwords, with each of these sets consisting of an
equal proportion of items with one, two, three, and four syllables.
None of the fillers contained the sounds [f], [s], [v], or [z]. The full
set of experimental materials is listed in the study by Norris et al.

There were two versions of each experimental word. One was a
natural pronunciation, but in the second version the final fricative
was replaced by the ambiguous sound [?] (e.g., olij?). To ensure
that any transitional information in the final vowel did not cue [f]
or [s] and was consistent across sets, ambiguous versions were
made from recordings in which the final phoneme was intentionally
mispronounced as the velar fricative [x] (e.g., [olεf] as [olεx] ).
This velar fricative was then excised from the preceding vowel at a
zero crossing at the onset of frication, and replaced by [?]. Experi-
mental nonwords were also created from recordings with a final
velar fricative.

Phonetic categorization. For one pair of experimental exposure
groups and the two control exposure groups, the items of the cate-
gorization phase were those that had been selected on the basis of
the pretest, in the context of a vowel from the same talker (Talker 1).
The other pair of experimental exposure groups listened to test
stimuli that had been constructed by splicing these same five [f]–[s]
steps onto a vowel that had been produced by a different female
talker (Talker 2). This vowel [ε] was, as with all other spliced items
in the experiment, taken from a velar context. A number of tokens
of [εx] were produced by a female native speaker of Dutch of sim-
ilar age to Talker 1. Recordings were made in a sound-attenuated
booth onto DAT, then digitally transferred to a computer (48-kHz
sampling rate and 16-bit quantization), downsampled to 16 kHz,
and edited using Xwaves. A token of [ε] (171 msec in duration) was
isolated at a zero crossing at the onset of frication and equated in
intensity to the vowel of Talker 1 (67.5 dB SPL) before being spliced
onto the five fricative steps.

Design and Procedure
Lexical decision. There were four exposure conditions, each

with 100 words and 100 nonwords. In one experimental condition,
there were the 20 natural [f]-final words and the ambiguous ver-
sions of the 20 [s]-final words (e.g., olijf and radij?). In addition,
there were 60 filler words (15 of each of the four lengths) and 100
nonwords (25 of each length). The second experimental condition
was identical, except that this list contained the natural versions of
the 20 [s]-final words and the ambiguous versions of the 20 [f]-final
words (e.g., olij? and radijs). Two control conditions consisted of
the natural recordings of the experimental words, 20 [f]-final items
in one and 20 [s]-final items in the other. The listeners in both con-
trol conditions also heard the 20 [?]-final experimental nonwords,
plus 80 filler words (20 of each length) and 80 filler nonwords (20
of each length).

The 96 participants were assigned to one of six groups (16 par-
ticipants per group). The two experimental exposure conditions
each had two groups, differing only in the stimuli used at test—one
that would hear Talker 1 in the test phase and one that would hear
Talker 2. The two control exposure conditions each had one group
of listeners. The stimuli were presented in a pseudorandomized run-
ning order in which experimental items did not occur on the first 12
trials but were otherwise spread equally across the course of the ex-
periment, with at least four fillers between two experimental items.
The running orders for the four conditions were identical to the ex-
tent that the appropriate experimental items always appeared in the
same positions (i.e., the slot in which one experimental condition
contained the natural version of a word would be filled by the am-
biguous version of that word in the other experimental condition,
and vice versa). The control conditions were based on the experi-
mental conditions such that the natural versions of experimental
words were in the same positions, and ambiguous versions were re-
placed by nonwords. To maintain an equal number of words and
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nonwords, 20 filler nonwords were replaced with filler words in the
control conditions.

Up to 4 participants were tested at a time in a quiet room and
were presented with stimuli binaurally at a comfortable listening
level over closed headphones, with an interonset interval (ISI) of
2.6 sec. They were instructed (on a computer screen) to decide as
fast and as accurately as possible whether or not each item was a
real Dutch word, and to respond by pressing one of two buttons la-
beled Ja (“yes”) and Nee (“no”). The participants were further told
that there would be a short second part for which they would be
given instructions onscreen after the lexical decision task. They
were therefore unaware, during the lexical decision phase, that they
would be tested later on fricative perception. Half of the partici-
pants in each condition gave “yes” responses and the other half gave
“no” responses with their dominant hand.

Phonetic categorization. The phonetic categorization task fol-
lowed immediately after the exposure phase and was exactly the
same for the six conditions, except that two of the four experimen-
tal groups listened to slightly different stimuli—that is, stimuli that
were made with a vowel from Talker 2. Six repetitions of each of the
five steps from the [εf]–[εs] continuum were presented at an ISI of
2.6 sec. The order of presentation was pseudorandomized to ensure
that the five steps were spread evenly across the list and that no step
would occur twice in a row. The participants were given onscreen
instructions to press a button labeled “F” when they heard an [f]-like
sound or a button labeled “S” for an [s]-like sound. Again, the posi-
tion of the labels was counterbalanced for handedness. Unlike in
the pretest, there was no practice block.

Questionnaire. The participants who listened to Talker 1 in the
categorization phase were given a short questionnaire at the end of
the experiment in which they were asked open questions as to
whether they noticed anything unusual in the lexical decision part
of the experiment, and if so, whether they were conscious of taking
this into account when making their responses in either part of the
experiment. The participants who listened to Talker 2 were given
two different questions intended to determine whether listeners no-
ticed the talker change. The first question asked whether any dif-
ference between the two parts had been noticed. Unless the sponta-
neous answer was that there had been a talker change, the second
question then asked explicitly whether listeners thought that the
voices in the two parts were the same or different.

Results

Lexical Decision
Performance in the lexical decision task was used as a

criterion for exclusion of participants in the experimen-
tal conditions. If participants failed to label at least 50%
of experimental words (ambiguous or natural versions)
as existing words, they were excluded from further analy-

ses (as in Norris et al., 2003, we excluded these partici-
pants because, first, given their unwillingness to label
the experimental items as words, it is difficult to inter-
pret their categorization data, and second, failure to label
unambiguous items as words most of the time indicates
poor compliance with the instructions). In the experi-
mental groups that heard ambiguous [s]-final words, 4
participants fell below this cutoff point (2 in the same-
talker condition and 2 in the different-talker condition).
In one of the groups that heard ambiguous [f]-final words,
1 participant fell below the cutoff (same-talker condition).

The lexical decision data were analyzed in order to de-
termine how acceptable the ambiguous items were com-
pared with the natural items, and how similar (in terms
of acceptability) the [?]-final [f]- and [s]-words were to
each other. Mixed 2 � 2 analyses of variance (ANOVAs)
were performed by subjects and by items on the reaction
times (RTs, adjusted to measure from word offset) for
“yes” responses to experimental words and (separately)
on the mean percentages of “no” responses.

The factor exposure group (the two experimental condi-
tions) was a between-subjects factor for the subjects analy-
ses and a within-subjects factor for the items analyses,
whereas the second factor final fricative (whether the
original word ended in [f] or [s] ) was a between-subjects
factor for the items analyses but a within-subjects factor
for the subjects analyses. Tests were performed sepa-
rately for the same- and different-talker training groups.
A summary of mean RTs for “yes” responses to experi-
mental items is given in Table 1. Overall, listeners were
faster to label the natural versions as words than to label
the ambiguous versions as words (mean RTs of 188 and
240 msec, respectively), where RTs were slowest for the
ambiguous [s]-final items. This difference was reflected
in the analysis as a significant interaction between the fac-
tors of final fricative and exposure group in both the
same-talker exposure groups [F1(1,27) � 6.10, p � .05;
F2(1,38) � 20.15, p � .001] and the different-talker
groups [F1(1,28) � 18.80, p � .001; F2(1,38) � 21.60,
p � .001]. Neither of the main effects was significant.
Our results are similar to those obtained by Norris et al.
(2003).

Table 1 also shows percentages of “no” responses to
experimental items. Listeners were more likely to accept

Table 1
Mean Reaction Times and Mean Percentage “No” Responses in 

Lexical Decision in Experiments 1–4

Experiment 1* Experiment 2 Experiment 3 Experiment 4

RT % “No” RT % “No” RT % “No” RT % “No”

Natural fricatives
[f]-final words 188 2 222 3 173 3 295 1
[s]-final words 187 7 226 3 183 9 250 12

Ambiguous fricatives
[f]-final words 209 4 224 2 196 4 280 5
[s]-final words 272 23 265 22 207 20 288 28

Note—Mean reaction times (RTs, in msec, from word offset) are for “yes” responses only. *In Experiment 1,
the data presented here are the combined results across the four experimental groups.
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the natural versions as existing words than to accept the
ambiguous versions: On average, they rejected 5% of the
natural items and 14% of the ambiguous ones. The rela-
tively high percentage of 23% “no” responses to am-
biguous versions of [s]-final words appears to be due
mainly to mono- and bisyllabic items. There were four
items that 40% or more of all participants responded
“no” to, all of which were mono- or bisyllabic [?]-final
[s]-words. Again, this pattern of results replicates Nor-
ris et al. (2003).

The overall difference of 9% in “no” responses to nat-
ural vs. ambiguous items was significant in the same-talker
groups [F1(1,27) � 29.28, p � .001; F2(1,38) � 8.38, p �
.01] and in the different-talker groups [F1(1,28) � 25.93,
p � .001; F2(1,38) � 15.28, p � .001]. The main effects
were significant in both the same-talker groups [final frica-
tive, F1(1,27) � 58.21, p � .001; F2(1,38) � 7.73, p � .01;
exposure group, F1(1,27) � 14.18, p � .005; F2(1,38) �
4.26, p � .05] and the different-talker groups [final frica-
tive, F1(1,28) � 50.21, p � .001; F2(1,38) � 13.76, p �
.005; exposure group, F1(1,28) � 7.43, p � .05; F2(1,38) �
7.66, p � .01]. In short, the results from the same- and
different-talker groups were very similar to each other and
to the results obtained by Norris et al. (2003). Listeners la-
beled most of the [?]-final items as words.

Phonetic Categorization
The primary data, however, are those from the test

phase. The mean percentages of [f] responses to the five
continuum steps are plotted for the six groups in Figure 1.
In the same-talker conditions, participants who heard the
ambiguous [?] in [f]-final words during exposure labeled
the continuum mostly as [f], whereas those who heard
[?] in [s]-final words during exposure categorized most
sounds as [s]. Averaged across steps, this constitutes a
41% difference between groups. The listeners in the two
control exposure conditions gave intermediate responses.
In an ANOVA on the percentage of [f] responses with step
as a within-subjects factor and training condition (exper-
imental vs. control) and fricative type (natural [f]-final
vs. natural [s]-final words at exposure) as between-subjects
factors, there was a significant effect of step [F(4,228) �
28.61, p � .01], indicating that the percentage of [f] re-
sponses varied overall across the continuum. The three-
way interaction of step, training condition, and fricative
type was also significant [F(4,228) � 3.04, p � .05].
There was also a significant interaction of training con-
dition and fricative type [F(1,57) � 9.03, p � .01]. No
other effects were significant.

One-way repeated measures ANOVAs on the same-
talker data were performed for direct comparisons of the
two experimental conditions, each of the experimental
conditions with their respective control conditions, and
the two control conditions. Crucially, there was a signif-
icant difference between the responses of those who lis-
tened to natural [f]-final words and ambiguous [s]-final
words, and the responses of those who listened to natural
[s]-final words and ambiguous [f]-final words [F(1,27) �
13.81, p � .01]. The comparison between the training

condition group that listened to natural [f]-final words
and ambiguous [s]-final words and its control group
(natural [f]-final words and [?]-final nonwords) was sig-
nificant [F(1,28) � 4.97, p � .05], whereas the differ-
ence between the training condition group that listened
to natural [s]-final words and ambiguous [f]-final words
and its control group (natural [s]-final words and [?]-final
nonwords) was not significant [F(1,29) � 4.06, p � .1].
Importantly, there was no significant difference between
the two control groups.

For the different-talker groups, categorization of the
continuum steps shifted globally toward [s]. Orthogonal
to this shift, there was a mean difference of 22% between
the two groups. Data from these two groups were analyzed
together with the data of the two same-talker groups that
had received the same exposure conditions. We carried
out a repeated measures ANOVA on the percentage of
[f] responses with step as a within-subjects factor and
fricative type (whether listeners heard natural [f] or [s]
words at exposure) and talker change (whether or not
there was a talker change in the test phase) as between-
subjects factors. There was a significant effect of step
[F(4,220) � 27.80, p � .001] and significant main effects
of fricative type [F(1,55) � 20.10, p � .01] and talker
change [F(1,55) � 25.67, p � .01]. Crucially, there was
no interaction between these two factors [F(1,55) �
1.86, p � .05], suggesting that the size of the difference
between the training groups did not differ as a function
of whether or not there was a talker change. This was
confirmed in a planned comparison of the two different-
talker groups, which showed a significant difference
[F(1,28) � 6.26, p � .05].

Questionnaire
Same-talker groups. In the experimental condition

with natural [f]-final and ambiguous [s]-final words, 9
participants (64%) reported that they had heard unusual
[s] sounds in some items. Typical comments were that
the words had not been articulated properly or that the
talker spoke “with a lisp.” To the question of how this in-
fluenced their responses in the lexical decision task, the
most common reply was that they were sometimes in
doubt about whether or not to label these items as words
(4 out of the 9). Two participants replied that they be-
came more alert and listened more carefully when they
noticed the unusual sounds. The remaining 3 did not
think that their lexical decision responses were influ-
enced by the unusual fricatives. None of the 9 partici-
pants reported being influenced by the unusual exposure
sounds in their categorization responses.

Only 1 participant from the other three conditions re-
marked on unusual fricatives—namely, that there were
“English th-sounds” in some of the items. This partici-
pant was in the control condition group that listened to
natural [f]-final words and [?]-final nonwords and did
not report being influenced by the presence of these
sounds in either of the two parts of the experiment.

Different-talker groups. Three participants replied
spontaneously that there were different voices in the ex-
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posure and test phases. Of the remaining 27, 18 replied
“different” when asked explicitly whether the voice was
the same or different in the two parts, 7 replied “same,”
and 2 replied “don’t know.” Overall then, 70% of the par-
ticipants who were included in the final analysis said that
there was a different talker, either spontaneously or when
asked explicitly.

Discussion

The perceptual learning effect reported by Norris et al.
(2003) was replicated and found to persist when am-
biguous fricatives, made from natural productions by the
exposure talker, were presented to listeners in the context
of a vowel from a novel talker.

In the exposure phase, the overall performance of the
two pairs of experimental groups was very similar. Lis-
teners labeled ambiguous versions of the experimental
items as existing Dutch words most of the time. How-
ever, although the ambiguous fricative [?] was catego-
rized equally often as [f] or [s] by the pretest listeners,
participants in the main experiment seemed to treat this
sound more often as [f]. This [f]-bias was also observed
by Norris et al. (2003) and was reflected in a higher per-
centage of “no” responses to [s]-final items. This asym-
metry may be explained by the constant—and therefore
uninformative—vocalic context in the pretest that en-
couraged listeners to ignore any coarticulatory cues in
the vowel, whereas in the exposure phase the ambiguous

Figure 1. Experiment 1: Mean percentages of [f] responses in the six conditions plot-
ted against each of the five continuum steps. Upper panel: Experimental and control
exposure conditions with Talker 1’s speech presented during exposure and categoriza-
tion. Lower panel: Experimental exposure conditions with Talker 1’s speech presented
during exposure and Talker 2’s vowel with Talker 1’s fricatives during categorization.
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fricatives occurred in variable vocalic contexts that ap-
parently cued [f] more reliably than [s] (see Norris et al.,
2003, for a more detailed discussion).

The main finding of the categorization phase with the
same-talker items was a replication of the perceptual
learning effect reported by Norris et al. (2003). Listen-
ers who had heard the ambiguous sound [?] in [s]-biased
lexical contexts categorized the fricative continuum mostly
as [s], while the group that had heard this sound in [f]-
biased contexts categorized the same continuum largely
as [f]. The control groups, which had been exposed to the
same distribution of critical phonemes devoid of lexical
context, gave intermediate responses and, as in the Nor-
ris et al. study, did not differ from each other. This sug-
gests that, in accordance with Hervais-Adelman et al.’s
(2002) findings on noise-vocoded speech, the observed
effect arises as a consequence of lexical feedback and
cannot be explained by a phonetic contrast effect (i.e.,
listeners do not appear to be able to learn, on the basis of
contrast alone, that since they hear, e.g., an unambiguous
[f] during the exposure phase, the ambiguous sound
must be an [s] ). This lexical influence is related to the
Ganong effect (Ganong, 1980)—the tendency of listen-
ers to label ambiguous sounds (including word-final
fricatives; McQueen, 1991) in a lexically consistent way.
As discussed extensively by Norris et al., however, the
present lexical effect differs from the Ganong effect in
one crucial way: It reflects a lexical influence on per-
ceptual learning, rather than a direct influence on ex-
plicit phonemic decision making.

There were two main findings from the conditions in
which, during the categorization phase, listeners heard
syllables in which the vowel came from a different talker.
First, categorization of the continuum shifted toward the
[s] endpoint for both groups. This global effect is most
likely a consequence of the acoustic properties of the
vowel (Johnson, 1991; Mann & Repp, 1980; Mann &
Soli, 1991). For instance, one explanation of this shift is
that the lower pitch in the vowel (197 Hz for Talker 2
compared with 242 Hz for Talker 1) and/or the lower
spectral center of gravity of the vowel (651 Hz for Talker 2
compared with 738 Hz for Talker 1) led listeners to ex-
pect a concentration of energy for [f] to occur in a lower
frequency region. Since most of the fricatives had energy
peaks that were, with respect to the preceding vowel, rel-
atively high in frequency, these sounds were categorized
largely as [s]. Borrowing from the literature on vowel
normalization, listeners could be said to use extrinsic
(Johnson, 1990; Nearey, 1989) information to adjust
their interpretation of linguistic cues in the fricative.

Second, and more important, there was again a per-
ceptual learning effect: The listeners who had heard the
ambiguous fricative in [s]-biased contexts gave more [s]
responses than did the other group. This lexically biased
learning effect was orthogonal to the global [s]-bias.
There are at least three interpretations of the learning ef-
fect. One obvious possibility is that this kind of percep-
tual learning generalizes to another talker. The listeners
in the exposure phase made an adjustment to the [f]–[s]

category boundary, and this adjustment affected pro-
cessing of subsequently encountered speech, regardless
of talker. An alternative explanation is that the effect per-
sists in the different-talker conditions because the frica-
tives that were used here were still produced by the talker
of the exposure phase. It is plausible that these stimuli
were recognized by the perceptual system as being pro-
duced by the exposure talker and consequently treated as
such, even though the preceding vowel indicated that the
syllables were produced by a different talker. On this ac-
count, the perceptual system analyzes the incoming sig-
nal for talker identity and applies previously stored in-
formation about the talker on a phoneme-by-phoneme
basis. A third account is that using a vowel from a talker
of the same gender and similar age did not contain enough
information for the perceptual system to treat the utter-
ance as coming from a new talker. For example, Nus-
baum and Morin (1992, Experiment 4) found evidence
that the speech perception system does not necessarily
carry out a new adjustment computation for a new talker
if the voice of the talker is acoustically similar enough to
that of the previous talker. Although the majority of par-
ticipants (70%) indicated hearing a talker change, it is
not clear whether this change was processed as such on-
line. Furthermore, only 11% spontaneously pointed out
a talker change when they were questioned. When the re-
maining listeners were asked the question explicitly,
very few were confident in their replies. This account
was tested in Experiment 2: If the persistent difference in
categorization responses between exposure groups ob-
served here is due to too small an acoustic difference be-
tween Talker 1 and Talker 2, using a more extreme con-
trast should eliminate the effect.

EXPERIMENT 2

The aim of this experiment was to test whether the
perceptual learning effect that was found for the different-
talker groups in Experiment 1 was due to insufficient
contrast between the voices of the exposure talker and
the test talker. We thus repeated the different-talker con-
ditions of Experiment 1, but this time the test items were
presented in the context of a vowel from a male talker.

Method
Participants

Thirty-two volunteers from the MPI for Psycholinguistics par-
ticipant pool were assigned to two training conditions. None had
taken part in Experiment 1, and none reported any hearing disor-
ders. All were paid for their participation.

Materials, Stimulus Construction, and Procedure
Lexical decision. Materials in the exposure phase were the same

as those used for the experimental groups in Experiment 1.
Phonetic categorization. A new set of materials was made for

the categorization task in the same way as for the different-talker
items in Experiment 1, but this time from recordings of a male na-
tive speaker of Dutch (Talker 3). Recording and digitization proce-
dures were the same as for Talker 2 in Experiment 1. The vowel se-
lected for splicing onto the five fricative steps was 152 msec in
duration and equated in intensity to the vowels in the categorization
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phase of Experiment 1. As before, this [ε] was excised from a token
of the syllable [εx]—that is, from a velar fricative context.

Questionnaire. The participants were given the same question-
naire as the different-talker exposure groups in Experiment 1.

Procedure. The procedures were identical to those used in Ex-
periment 1.

Results

Lexical Decision
We used the same criterion for exclusion of partici-

pants as in the previous experiment, which meant that the
data from 2 participants from the group that listened to
ambiguous [s]-final words and from 1 participant from
the group that listened to ambiguous [f]-f inal words
were not analyzed. The lexical decision data generally
show the same pattern as in the previous experiment (see
Table 1), albeit with some variability across participants’
RTs. Seven mono- or bisyllabic ambiguous [s]-f inal
words were labeled as nonwords by more than 40% of
the listeners. In the RT data, no effects were significant.
In the percentages of “no” responses, there were signif-
icant main effects of both final fricative [F1(1,29) �
37.05, p � .001; F2(1,38) � 8.45, p � .01] and exposure
group [F1(1,29) � 24.29, p � .001; F2(1,38) � 15.55,
p � .001] and a significant interaction of the two factors
[F1(1,29) � 30.49, p � .001; F2(1,38) � 14.05, p �
.005].

Phonetic Categorization
Mean percentages of [f]-responses are given in Figure 2.

The average difference in responses between the two ex-
posure groups was 25%, in the same direction as in Ex-
periment 1. These data were analyzed again together

with the two same-talker experimental exposure groups
in Experiment 1. There was a significant effect of step
[F(4,224) � 32.17, p � .001] and an interaction of step
and fricative type [F(4,224) � 2.99, p � .05]. There was
also a significant main effect of fricative type [F(1,56) �
20.03, p � .001] but, importantly, no interaction of frica-
tive type and talker change: The difference between the
two training groups was not modulated by a talker change.
Furthermore, a pairwise comparison of the two training
groups from Experiment 2 showed a significant differ-
ence [F(1,29) � 6.45, p � .05].

Questionnaire
None of the participants spontaneously stated that

there was a different voice in the two parts of the exper-
iment; when asked directly, however, if the talker in the
two parts was the same or different, listeners unani-
mously replied “different.”

Discussion

As in Experiment 1, listeners appear to apply a previ-
ously learned category boundary shift to fricatives that
are presented in the context of a vowel from a novel talker.
Unlike in Experiment 1, however, there was no main ef-
fect of a change in talker; that is, there was no global shift
in categorization responses as a result of a context vowel
with different acoustic properties from those of the vowel
of the exposure talker. We suggested earlier that this ef-
fect occurred in Experiment 1 because the lower centroid
and f 0 of Talker 2’s vowel might have caused a bias to ex-
pect the [f]–[s] boundary to be in a lower frequency range,
too, consequently leading listeners to categorize the con-
tinuum largely as (high-frequency) [s]. Following this ar-

Figure 2. Experiment 2: Mean percentages of [f] responses of the two exposure
groups to each of the five continuum steps: Talker 1’s speech presented during expo-
sure and Talker 3’s vowel with Talker 1’s fricatives during categorization.
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gument, however, a similar shift would be expected in the
case of the male vowel produced by Talker 3 in the pres-
ent experiment since it was even lower in spectral center
of gravity and f 0 (620 Hz and 111 Hz, respectively) than
the female vowel produced by Talker 2. Conceivably,
there was a more powerful gender normalization process
at work, which overrode an effect of the kind observed in
Experiment 1.

Importantly, we again found an effect of previous ex-
posure even though in this experiment the ambiguous
fricatives were presented in the context of a vowel from
a male talker, which was acoustically clearly different
from the exposure talker’s vowels. Accordingly, all of
our participants reported the percept of a male talker
during the test phase. Hence, the interpretation of the re-
sults of Experiment 1 in terms of insufficient difference
between the two talkers used at exposure and test can be
dismissed, and we are left with two possible accounts of
the present results—namely, that the perceptual learning
examined here is applied to different talkers, or, alterna-
tively, that the perceptual system “recognized” the frica-
tive sounds in the test phase as coming from the talker of
the exposure phase in spite of the different-talker vowel
context, and consequently applied the previously ac-
quired modulation of the [f]–[s] category boundary.

EXPERIMENT 3

In Experiment 3, these two accounts were tested. We
used the same experimental exposure conditions as in
the previous experiments but presented listeners with
test stimuli in which both the vowel and the ambiguous
fricatives came from an unfamiliar talker. If the first ac-
count is correct and learning generalizes, we would ex-
pect a difference in the categorization responses of the
two exposure groups. If, however, learning is talker spe-
cific, there should be no effect of exposure in the cate-
gorization of fricative sounds from the novel talker.

Method
Participants

Fifty-eight members of the MPI for Psycholinguistics participant
pool, none of whom had participated in Experiment 1 or 2, were
tested. None of them reported hearing disorders, and all were paid
for their participation. Forty-eight took part in the main experiment
and 10 in a pretest. More participants were tested in the main part
than in the previous experiments in order to increase statistical
power. Power analysis (Cohen, 1988) after we tested 16 participants
in each group suggested that power was lower by an order of mag-
nitude compared with the same-talker groups in Experiment 1
(0.086 here and 0.842 in Experiment 1), due both to decreased ef-
fect size and to increased interparticipant variability in Experi-
ment 3.

Pretest
A pretest was conducted in order to establish five steps on a new

[f]–[s] continuum that match the acoustical properties and ambigu-
ity of the stimuli used in Experiments 1 and 2.

Stimulus construction. An [εf]–[εs] continuum based entirely
on Talker 3’s speech was created using the technique described in
Experiment 1. The [f] and [s] endpoints were recorded by Talker 3

in the same recording session as the vowel [ε] (which was also the
token used in Experiment 2) and redigitized in the same way. The
fricative steps on this new 21-step continuum were matched in du-
ration and intensity to the continuum used in Experiments 1 and 2.

Procedure. Informal listening suggested that the most ambigu-
ous range of the continuum was Steps 9–18. These 10 steps were
thus presented to listeners using the same procedure as in the pretest
of Experiment 1.

Results. Percentages of [f] responses were again averaged for
each step. Five steps for the main experiment were selected to
match the fricatives used in the previous experiments as closely as
possible. Since the fricatives in those experiments had average per-
centages of [f] responses of 85, 70, 50, 30, and 15, the steps that
corresponded most closely to these percentages were also selected
here. To this end, it was again necessary to create a more fine-
grained 41-step continuum. The five steps that were used for the
main experiment, then, were 24, 26, 28, 30, and 32.

Materials and Procedure
The stimuli for the exposure phase were those that were used in

the two previous experiments. In the categorization part, the five
[εf]–[εs] steps that were established in the pretest were used. The
procedures for the lexical decision and the categorization tasks
were as in Experiments 1 and 2, except that the participants did not
fill in a questionnaire.

Results

Lexical Decision
Application of the 50% cutoff point on lexical deci-

sion performance led to exclusion of 2 participants from
the group that listened to natural [f]-final and ambiguous
[s]-final words at exposure, leaving 22 participants in
that group and 24 in the other. Overall, the lexical deci-
sion data followed the same pattern as in the previous
two experiments (see Table 1), again with some vari-
ability in the RTs. Five ambiguous [s]-final words and
one natural [s]-final word were labeled as nonwords by
more than 40% of the listeners. In the RT data, there was
a significant interaction of final fricative and exposure
group [F1(1,44) � 6.17, p � .05; F2(1,38) � 14.28, p �
.005]. None of the main effects were significant. In the
percentages of “no” responses, there were significant
main effects of both final fricative [F1(1,44) � 61.07,
p � .001; F2(1,38) � 6.84, p � .05] and exposure group
[F1(1,44) � 10.59, p � .005; F2(1,38) � 5.36, p � .05]
and a significant interaction between the two factors
[F1(1,44) � 20.89, p � .001; F2(1,38) � 9.67, p � .005].

Phonetic Categorization
The mean percentages of [f] responses to the f ive

fricative sounds are plotted in Figure 3. There is a small
mean difference of 7% between the exposure groups,
going in the same direction as in previous experiments.
We again conducted a 2 � 2 ANOVA to compare this ef-
fect with the categorization data of the same-talker ex-
perimental exposure conditions in Experiment 1.

There were significant effects of step [F(4,284) �
30.88, p � .001] and fricative type [F(1,71) � 8.79, p �
.005] but not of talker change. Crucially, there was a sig-
nificant interaction of the two latter factors [F(1,71) �
4.17, p � .05]; that is, there was a difference in the mag-
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nitude of the perceptual learning effect between Experi-
ments 1 and 3. We then conducted a planned comparison
of the two exposure groups of Experiment 3 only. There
was no significant effect of fricative type ( p � .49); that
is, there was no effect of exposure on categorization re-
sponses in this experiment.

Discussion

Unlike in Experiments 1 and 2, where listeners were
presented with ambiguous fricatives produced by the
talker that they had heard in the exposure phase, here we
found no effect of exposure when listeners were tested
on fricative sounds produced by a novel talker. This re-
sult suggests that adjustments to atypical speech are
reapplied in a talker-specific manner and do not gener-
alize to processing of utterances from other talkers. Fur-
thermore, the presence of the effect in Experiments 1 and
2 suggests that adjustments affect a specific phonetic
contrast, and they are reapplied regardless of the context
in which the test sounds appear. Since this conclusion is
based on a null effect in Experiment 3, however, it was
followed up in Experiment 4.

EXPERIMENT 4

The aim of Experiment 4 was to show that perceptual
learning, under appropriate exposure conditions, can be
applied to the fricative continuum of Talker 3 that was
used in the previous experiment. At the same time, we
wanted to have another test of the specificity of percep-
tual learning of a particular phonetic contrast. Would
perceptual learning about Talker 3’s fricatives occur in
the context of words produced by Talker 1?

We therefore used speech editing to splice an ambiguous
fricative [?], based on Talker 3’s speech, and unambiguous
tokens of [f] and [s], into the critical fricative-final ma-
terials from the exposure phase, as spoken by Talker 1.
Thus, in one version of the materials, the [?] in the [f]-final
materials (e.g., olij?) spoken by Talker 1 was replaced
with the sound used as the most ambiguous step in the
Experiment 3 test continuum, based on Talker 3’s speech,
and the [s] in the [s]-final words (e.g., radijs) was a nat-
ural [s] spoken by Talker 3. In the other version of the
materials, the [f] in the [f]-final words came from Talker 3,
and the ambiguous sound in the [s]-f inal words was
based on his speech.

If an adjustment of the [f]–[s] boundary on Talker 3’s
fricatives can be induced by this situation, the null effect
in Experiment 3 can be attributed to talker specificity.
Furthermore, if learning about Talker 3’s fricatives can
be induced in the context of speech produced by another
talker, this would provide additional support for the ac-
count that the perceptual learning mechanism operates
regardless of context and can affect a specific phonetic
contrast.

Method
Participants

Thirty-nine members of the MPI for Psycholinguistics partici-
pant pool took part. None reported hearing disorders, none had par-
ticipated in the previous experiments, and all were paid to partici-
pate. There were 19 participants in the group receiving [f]-biased
exposure and 20 in the group receiving [s]-biased exposure.

Materials and Procedure
Lexical decision. Again, two lexically biased exposure condi-

tions were identical to those of Experiment 3 in all respects, except

Figure 3. Experiment 3: Mean percentages of [f] responses of the two exposure
groups to each of the five continuum steps: Talker 1’s speech presented during expo-
sure and Talker 3’s vowel and fricatives during categorization.
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for the two following manipulations: The critical ambiguous frica-
tive [?] used for the creation of ambiguous [f]- and [s]-final words
was now taken from the Talker 3 continuum (specifically, the frica-
tive sound that had been established as the most ambiguous sound
in the pretest of Experiment 3; Step 28). Unlike in previous exper-
iments, the natural [f]- and [s]-final words were spliced as well. For
these items, the final fricatives were excised at zero-crossings and
replaced by the appropriate natural endpoint of Talker 3’s contin-
uum (Step 1 for [f] and Step 41 for [s] ).

Phonetic categorization. Procedures and stimuli for the test
phase were identical to those of Experiment 3.

Results

Lexical Decision
On the basis of the exclusion criterion used in previ-

ous experiments, 4 participants from the group that lis-
tened to natural [f]-final and ambiguous [s]-final words
at exposure were not entered into further data analyses.
The lexical decision data show that participants tended
to respond more slowly than in the previous experiments
and to label more experimental items as nonwords (see
Table 1). Five ambiguous [s]-final words and two natural
[s]-final words were labeled as nonwords by more than
40% of listeners. On average, however, 93% of the nat-
ural versions and 84% of the ambiguous versions were
accepted as words although they had been constructed
by concatenating speech from different talkers.

In the percentages of “no” responses, there was a sig-
nificant main effect of final fricative [F1(1,33) � 64.56,
p � .001; F2(1,38) � 6.33, p � .05]: [s]-final items were
labeled as nonwords more often than were [f]-final items.
There was no significant main effect of exposure group
and no significant interaction. In the RT data, neither of
the main effects, nor the interaction, was significant.

Phonetic Categorization
The results of the test phase showed a mean difference

of 39% in the percentages of [f] responses between the
two exposure groups (see Figure 4). As in Experiments 1
and 2, the pattern was such that the group that had lis-
tened to [?] in [f]-final words gave more [f] responses to
the test stimuli.

We first compared this bias effect with the effect in
the same-talker conditions of Experiment 1 in a 2 (type
of natural fricative at exposure) � 2 (experiment) ANOVA.
There was a significant effect of step [F(4,240) � 30.92,
p � .001] and of fricative type [F(1,60) � 29.07, p �
.001] but no main effect of experiment. Importantly, there
was no interaction between these two factors: The bias
effects in the present experiment and in the same-talker
conditions of Experiment 1 are of similar magnitude.

Second, we repeated this ANOVA with the catego-
rization data from Experiment 3. Again, the only signif-
icant main effects were step [F(4,308) � 36.51, p �
.001] and fricative type [F(1,77) � 9.30, p � .005]. Cru-
cially, however, the interaction between these factors was
significant [F(1,77) � 4.25, p � .05]. This interaction
was then followed up with a pairwise comparison of only
the two exposure groups in Experiment 4 [F(1,33) �
15.38, p � .001].

Discussion

The listeners in this experiment applied an adjustment
to Talker 3’s fricatives that was learned when an am-
biguous fricative produced by Talker 3 was placed in the
context of words produced by Talker 1. The learning ef-
fect here was statistically indistinguishable from the one
in the same-talker conditions in Experiment 1, but dif-

Figure 4. Experiment 4: Mean percentages of [f] responses of the two exposure
groups to each of the five continuum steps: Talker 3’s fricatives in Talker 1’s speech
presented during exposure and Talker 3’s vowel and fricatives during categorization.
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ferent from that in Experiment 3, where the fricative
sounds at exposure and test came from a different talker.
We can therefore conclude that the null effect in Exper-
iment 3 was a consequence of the experimental setup and
that it occurred because the perceptual adjustment in-
vestigated here does not generalize across talkers.

GENERAL DISCUSSION

The results of this perceptual learning study show that
an adjustment made by the perceptual system in response
to one talker’s unusual production of speech sounds is
stored and reapplied to speech of the same talker, but
does not affect processing of speech from other talkers.

Perceptual learning after exposure to an ambiguous
fricative sound [?] was evident when this and other sounds
on an [f]–[s] continuum were presented in the context of
a vowel [ε] produced by the talker about whose speech
learning had occurred, as well as in the context of vow-
els produced by other talkers. When presented with test
syllables made with vowels from other talkers, listeners
perceived a talker change, but the fricatives were treated
in a similar way to when they appeared in syllables made
entirely from the speech of the exposure talker. With an
[εf]–[εs] test continuum made entirely from utterances
of a novel talker, however, we found no evidence of ap-
plication of previous learning, unless the fricative sounds
learned during the exposure phase had themselves orig-
inated from the test talker (i.e., the test talker was in fact
not entirely new to the listeners).

The perceptual learning effect clearly seems to be lex-
ically mediated (Norris et al., 2003). Evidence for this
conclusion comes from two control conditions, in which
listeners received the same distribution of critical sounds
as did the experimental listeners, but in which, unlike in
the experimental conditions, ambiguous sounds did not
occur in lexical contexts. Since listeners in these control
conditions did not show evidence of a category boundary
shift, the difference in categorization responses in the ex-
perimental conditions cannot simply be a contrast effect.
Rather, the modulation of the category boundary appears
to be the result of a feedback signal from the lexicon. When
an incoming ambiguous sound can be disambiguated by
lexical information, feedback from the lexicon to a pre-
lexical level results in an adjustment of the phonetic cat-
egory boundary that can, in turn, affect perception of fu-
ture instances of similar ambiguous sounds.

From the perspective of talker normalization, this ef-
fect is in line with previous research on normalization of
an individual’s speech (Nygaard & Pisoni, 1998; Ny-
gaard et al., 1994). Listeners make adjustments to idio-
syncratic speech production, and the outcome of these
computations appears to be stored for later use (Mullen-
nix et al., 1989; Nusbaum & Morin, 1992). One question
that was examined here was whether this kind of learn-
ing may affect the processing of, or be misapplied to, the
speech of other talkers. Given that in Experiment 3 we
found no effect of exposure on categorization of ambigu-

ous syllables produced by a novel talker, the answer to
this is negative. However, this may turn out to be true
only under single-talker conditions. Bradlow and Bent
(2003) have shown that listeners are able to apply the
outcome of a perceptual adjustment to a novel talker
when multiple talkers at exposure share the same idio-
syncrasy (in their case, Chinese-accented English). Fur-
thermore, Lively, Logan, and Pisoni (1993) found that
talker variability plays an important role in the acquisi-
tion of a new phonetic contrast, rather than modification
of an existing one. Taken together, these two studies sug-
gest that talker variability facilitates the development
and modification of abstract representations of speech.
When there are multiple talkers at exposure, the system
may be better able to discern acoustic patterns that talk-
ers have in common from those that are idiosyncratic. In
the case of single-talker exposure, however, it is less
clear which properties of the input signal are character-
istic of a phonetic contrast and which are characteristic
of the individual talker’s vocal tract shape or articulatory
habits. The perceptual system would thus be well-advised
not to generalize learning to other voices too readily, be-
cause such adjustments do not necessarily benefit the
processing of other talkers’ speech.

Talker specificity in application of perceptual learning
is in accord with the results of Mullennix and Pisoni
(1990) and Green et al. (1997), who found, at a phonemic
level, evidence for a processing dependency between voice
information and linguistic information in which linguistic
processing is contingent on voice processing. In the pres-
ent experiments, we found evidence of such a processing
dependency in the application of a previously learned
category boundary modulation. More specifically, our
results suggest that application of learned adjustments to
a talker is mandatory when that talker’s voice is encoun-
tered again (i.e., even when that talker’s speech sounds
occur in the context of another talker’s vowels).

A second question we asked concerned the phonetic
specificity of perceptual adjustments. The mechanism
by which this learning is applied to the incoming speech
signal appears to be remarkably sensitive and robust.
Given the null effect in Experiment 3, the effect in the
talker-change conditions of Experiments 1 and 2 can
only be due to the fact that in these experiments, frica-
tives based on the exposure talker’s speech were pre-
sented. Whereas the syllables as a whole were perceived
as coming from a novel talker, the perceptual mechanism
that reapplies stored adjustments appears to operate on a
subsyllabic level, irrespective of context. The speech sig-
nal thus appears to be monitored continuously for talker
identity and for potentially useful information about
talkers with a resolution at least at the level of individual
segments. Additional evidence for a segmental locus of
the learning effect was found in Experiment 4. In this ex-
periment, a modulation of the [f]–[s] category boundary
was made in response to fricatives that were based on the
test talkers’ speech but had been spliced into the expo-
sure talkers’ utterances; there was simply no other infor-
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mation available about the test talker during exposure,
apart from his [f]–[s] productions.

The present findings thus suggest that the perceptual
learning mechanism investigated here affects represen-
tations of fricative sounds at a segmental, prelexical
level. Further evidence that these adjustments are pre-
lexical comes from a related cross-modal priming ex-
periment (McQueen, Cutler, & Norris, 2003), which
used exposure conditions similar to the present experi-
ments. Listeners in that study showed identity priming
effects for ambiguous items as a function of exposure
condition (ambiguous items such as [do�?] primed either
doof, “deaf,” or doos, “box”). An adjustment made at a
prelexical stage of processing therefore appears to have
biased the interpretation of subsequently heard ambigu-
ous sounds, which in turn affected activation of words
that had not been heard at exposure.

No current model of word recognition can accommo-
date perceptual learning at a segmental level. Models
that have units of perception only at the lexical level
(Klatt, 1979, 1989) can explain adjustments to individual
talkers but not specificity of these adjustments at the seg-
mental level. Other models (e.g., McClelland & Elman,
1986; Norris, 1994; Stevens, 2002) that propose abstract
phonetic categories prior to lexical access, on the other
hand, do not yet have a mechanism of handling talker (or
any other kind of) variability in the process of mapping
the incoming speech signal to these categories. They can,
however, be supplemented by models specifically aimed
at handling variability in the input (e.g., Johnson, 1997;
Kruschke, 1992; Nearey, 1989; Smits, 2001a, 2001b). This
will hopefully lead to models of word recognition with in-
creasingly fine-grained and dynamic input representations.

With respect to the relation of talker identity informa-
tion and phoneme recognition, our results support a pro-
cessing model in which linguistic and talker identity in-
formation are processed in parallel, and in which talker
identity information constrains the interpretation of lin-
guistic cues (cf. models of vowel normalization, e.g., Hi-
rahara & Kato, 1992). Talker identity information, in this
sense, comprises what is intrinsic in the signal and pro-
cessed on line, as well as previously acquired and stored
information. According to this view of talker normaliza-
tion, the perceptual system achieves perceptual con-
stancy by exploiting the sources of variability in the
speech signal to constrain the interpretation of that in-
herently ambiguous signal. We therefore do not endorse
talker normalization in its narrow sense as a process in
which any indexical information is stripped off the sig-
nal prior to access to linguistic units of representation
(see, Pisoni, 1997, for discussion).

The results from these experiments extend previous
research that has shown that listeners adjust individual
phoneme boundaries in response to unusual speech (La-
defoged, 1989; Norris et al., 2003; Scott & Cutler, 1984)
and that listeners make talker-specif ic adjustments
(Mullennix et al., 1989; Nusbaum & Morin, 1992; Ny-
gaard et al., 1994) by showing that perceptual adjust-

ments to speech can be highly specific. These adjust-
ments appear to be specific both with respect to seg-
mental information (the adjustments can be specific to a
single phonetic contrast) and with respect to information
about talker identity (the adjustments can be about one
particular talker). We have argued that these findings can
best be explained in a model of speech processing in
which fricative information is represented at a prelexical
stage. These prelexical representations are then modu-
lated by feedback from the lexicon in a talker-specific
manner.
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